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Abstract
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the polycrystalline materials has on the
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Chapter 1 Introduction

1.1Background and Motivation

Piezoelectric ceramics are used as senso
convert electrical energylLea@admeomariec &li t«
(PzZARas historically been the materi al of
conskaapt 0 PCENrelatively easy dmdasanuf a
gowdersatility Momrougltedodpigregnamatcison i mice
relaxor | ead mMagad stiiutrB my togbra¢t RMINdel v cr ed
hi gher piezoelectric chaPgehdaptatipct en? 0l
pC/bNit a growth method to etomogerctadldy PMI
PT i s sstaughtbeing

The Bridgman met hod, cpine zmaFiMNR Esiliilngg | @s e d
cryss,t agr es e ndtiss atdwod nnragigglr pwtds i s from t he
use precious metal ,onmakacinlgl @ heampe otcepisc ala
Secondl y, di sccrcdipfafnics iecsn io efofniici ent s i n
resiuntcompositional gradientscaysngl taec
ul ti matheolnyogeomus criylsasad sprfoobrinmeems. can b
over comeSuls8tda@ets@r alwt h met hwhdi c(hS SdGe&EG)cr i b e
conversion of a polycrystalline materi al
seedPr eavtitoeurspt s apr & B6€IG hlaalel ec@inh g ol hi g
mi crostructural evolution, and particul ar
during it.8 oonaeralohot press is therefo
pressure; providing the driving force to



1.2 Aims and Obijectives

From previous work conidtucitedcliaan hi Batres
mi crostructyséabf iuseeldg easamprcesscur sors i n t
prevery chdalhleenaqiing .al aim of this work i
a uni apiass hwitth the aims of reduding po
range -porfeslBomng &X foéer i umedd rat mdkeernb btavon d h e

temper atuaeldi puied spuh @sst heo mti ecretofsd & fuectt Burr e «

sampl es.

The paexfthi siwot kb beper etanseasder i alssd aitre <alyisd
gr owt hT hter ivailasb.i I i ty of the SSGG vpersoiciegsast is
the amsungl efcragstal fgmotwit hn of further
t emperTehtpuress.ence ofi nl itghuei df oprhna seef excess

polycrystalillilnel mat rbiex | ntvles t $ Y@ G elr mase aNn

Theireg a significant gap i mheihg kiateradur
manganese -BopesdmpPM&dls. The findét e immermd t |
feasibility @IMNSBCSHSystnemhe Mn

Text ofi mgezoel ectric cerami cswhiessr ea gwerwt h
i's encouraged on seed templates in the m
to determine whether the hot press can &
anisometric single crystal se&tdemathtdeeanc



The

aims of t hi saswofrokl laovwes summari sed

Design and build ofa uniaxial hot press to produce highly dense
polycrystalline materials to be used in SSCG tridstablish hot pressing
procedurdyy investigating optimatonditionsof:

o Tempeature

o Pressure

o Presence of PbO liquid phase
Carrying out of SSCG process. A study of factors affecting single crystal
growth rate are to be carried out including:

o Further heat treatment time

o Further heat treatmetgmperature

o Presence of PbO liquid phase
Exploratory work using knowledggined above to apply to manganese doped
PMN-PT.

Feasibility study of hepressing as a tool farientating textured ceramics



Chapter 2 Introduction to Piezoelectric Materials

2.1Introduction to Piezoelectricity

The
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dir
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and
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di s

phenomenon of piezoelectricity was d

found that when certain naturally oc
r tszu bgreeme chani c al force, whetvled t @magleariist
nges in agreement with either compr e:
2) .

~—+

he onset of their discovery and conti

eived increased attention as they are
ect piezoelectric effect, wahpeprlesctahte oont
h as gas I|lighters, airbag sensors or
re mechanical energy 1is the output,

ges i n mictrrosrmcsodecsk o mddqppdaikea tsi.ons t ha
h the direct and i,hoereegaampkbepeimedi ICk

-

ng aids, sonar, parking sensors, Wwri
en, 2012).

lum titanate is one of the most thoro
erials. This material was discovered
Japan for its wuse in capacitore. Anot
anate (PZT) which was developed in the
perties to barium titanate aBdri smst.
anate and PZT have the advamntapa dfe we
| ored to specific applications.

e r,gedmtxloy ferrdbabedt rsiycs emms kdead of

earch area. The i mproved piezoelectri
| acement in medical i maging equi pment
cussed in mor2. detail in Section 2. 4.



2.2 Crystallography

2.2.1Crystal Structures

The arrangement of at oms i n a structur
fundamental to the materi al properties.
crystal sytshesns , sewermi aystems there is ¢
centering types, which giveslattseesoaa §&0h
i FRiglre

Simple Body-centred
cubic (P) cubic (/)
¢
c ¢ c
b
a a b
% a a /

Simple -centred Simple Body-centred

t tetragonal orthorhombic orthorhombic
P) )} P) ()

(P)

Figure 1. Diagram of the 18Bravais Lattices (Hammond, 2009).
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Thels®#r avai s |l attices can be further diwvid

groups. Pbi nthe gr3u p-se n2tlr osyenmaeatomi c, of

piezoelectricFidhrnesPiiexoeshewnrioity is a
related to the symmetry of a crystalline
al t hougéentnroonsy mmetri c, exhibits other sy

occurrencé¢ Hafmma ndi, p QI0©® 9) .

From those materials that exhibit piezoel

These structures exhibit polarity, where
centre of negative charge. Pyroegecitnic
temperature. I n ferroelectric material s,
equi valent stabl e states by t he app

( Moulasdaer b2e0rx3 ) .

7 Basic Crystal Systems

Cubic, Hexagonal, Tetragonal, Orthorhombic, Monoclinic, Triclinic

32 Crystallographic Point Groups

11 Centrosymmetric 21 Non-Centrosymmetric

1 Non-Piezoelectric 20 Piezoelectric

10 Non-Pyroelectric 10 Pyroelectric

10 Ferroelectric

Figure 2. Diagram showing relation of crystallographic structure to piezoelectric, pyroelectric and ferroelectric
properties.

2.2.2 The Perovskite Structure

The perovskite BitgurcdHehe i ®snsbowhatcement

wi t h 1 anpsr etsheantt-PT,n &@PMNt hi s i s the mater.i
However, the perovskite structure is gen
formulsa AB® unit cell i's comprised of <ca



cell , s m&slilteers ciant itohne ,@aent fa@acef cteme riedi to x
A cubic <cell is represented here but t
rhombohedr adgnodn aolr,t hor hombi ¢ configurati on
the oatRBRshietse di spl aced from its centred po¢

nomentrosymmetric and therefore may exhiltk

A site ion

B site ions @

Oxygen lon @

Figure 3. The perovskite structure shown here for RMNsystems.

The Goldschmidt tolerance factor is wused
cations in t heThoiesr oivss ksi it cei)s tiwru el cpur d@ethieonn o |
factiosg dxpnesseeds of the ionic radii (r)

A wide variety of <cations can be accommc

resul ts i n structur al di stortion t o accc
factofl ofs @sBoci ated with an ideal perov
. i i 1)
O S L Y
e 1 |



2.3 Properties of Piezoelectric Materials

2.3.1Dielectric Materials

A dielectric is an electrically insul at]i
the presencel eodt rainc afpipdlice.d The structure
governs the insulating properties. Gener
orbitals in adjaseacti faitoansl yt of oorv ead ragpgmi c
combination of i onic and <covalent bondi
el ectrons to occupy a spread of energy | e
no electron can occgypyl enel sameadi adyrater
band of enerMpiudss oins afnar miled b(ert, 2003). T
guantum mechanics; that the sharply defir
an energy band when a | arge number of at
and Herbert, 20 0s3hoFnnDgHKirme process i

(  2atoms

[ - multiple atoms

Figure 4. Diagram of energy levels and band gap in dielectric material (Bell, 2016).
The bands created in this way define how
field. The valence band is highest fille
next highest energy band is define@&das th
to this band with an input of energy, ei



sources such as photongofMawl s udrad oHe 1t
bet ween the valence band and the conduct

excess of 2 eV (Moul s onc camnddu cHeorb etrhti,s 2b0a0d

than 2 eV, i mplying thate whamd sailfdctci emg
excited and promoted into the conduction
electrical current through the materi al

2.3.2Polarisation

Dielectrics are consi-rdemga ttroarbsepdrmts udfata
t he structure i S exhibited through t he
rearrangement of the dielectric structur
chargegpliised tmatedial ecardicpol e moment i s

short range polarisaFighref the material

+++++++

Figure 5. Polarisation of a molecule and electrostriction (Bell, 201

Fi gbhssrhreows t he deformation of the structur
a n&lutstate. A ( pi)spoon sei ameor needrot e q u al point
di st amade magni tudasoshaiyaa@eohQ)

n 0Q® 2
The dipole moment is considered as a vect
charge. The dipole moment per uni t vol u
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materi al . Pol ari sation can be viewed as
i RFi gbir e

Figure 6. Series of elementary dipole prisms (Moulson and Herbert, 2003).

The polarisation of the (3nNaMculisadn iand xhe
200mhetrree di pol e moment i(sm)uadert ou rttiltee wa louw
uni t nvoercmaolr t o the surf adgier @dt ¢ d{egptdwamr d s
t hpeol ar { PRrhii®snequati on shows how the pol a

from region to region.

1N €)

—_ €0

1
2.3.3Capacitance
A capacitor is a dedvweiccte itchmat cihsarwsed wtha c
paral |l el pl ates separated by an insul ato
charge builds up on one plate but €annot

up of opposite <cthwmogpbatres.ul tat rowndutchieng
capacitor decreases the total electric f
i ncreases the cagpachBiagiciea capabil ity
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— 1
E P
+ - ¥
u u

Figure 7. Capacitor with and without dielectric material (Moulson and Herbert, 2003).

Equa@d ommhows that the charge denBiigyr en t
7 compensates part of t he charge densi
Thel ectric fiedydtEhbsarephasigpt @l@espolarbiys
charge density appeandnghenpehmlbsurfatg

. 4)

Tot al charge dewsetproduekpoéssode field

permittivity of free space, summed with

pol ar { aEtqiucg®)) i. o n

” - ‘O 6 (5)

Pol arisation s proportionmatetro alhandl &
expredgsheed passbdaectr iof X& scemtei lpielr imtipgatcievi t vy
Mandetketric fieEdua®) Moad somowamdi Her be
Xei s a di mensionless constant which expre
of the materi al to separextlei ohamgalmnpdodu

for a dielectric in a capacitor.
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v ..-0 (6)

Equat@add)an@ may be cionnkbgiuragfitoon express t he

charge densi teyl eacst rai cf wsnuastciedpre.¢dbfi il ¢ tfyi el d

, -0 .-0 p ..-0 @

A capacitor i s (8lwHhHarme dt hegy Eaqgpadiitomnce ( C)
charge agpmacti hddr)adphvatdedolbtyagehebet weldn t he
(shown gidhCembdBgua (B winElquat(7idenri ved previa
gives t he( Gdhrpaceci ttdhrecespace bewiwehe na tdhiee |pelc
mat e(rB gaul 49)).i o n

®

, U
(0] -
Y

. .06
(0] P 0 9)
2.3.4Relative Permittivity

When comparing a capacitor with a vacuum
di el ect rnti ceampatce tiaamlce 1 s | n&)r.e alsheed poeyr nmai tft
of a d@Qekedefioae@Pin Equation

- - P . (10

The rel ati (i speeegnialt itva ttyh @ ecflyord mpadrvea d y
t o t he permi ttivi(y shmdwn friere EBJpuwactei or
( Moulasider b2eOr0t3 ) .
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i} 1y

The relative permittivity is often refer.]
value of the dielectric properties of the
by which a dielectric materi a&ld)cadry st @gre

vol tage.

2.3.5Dielectric Loss

Captiors in ordinary <ci ramuiAC Afppdihde.at o bha
reaches a maximum value the capacitor pl
point the current drops to zero. The voli
pl ates is released, resul ti nuriinngano nien chre
cycleaphei tomndstheamgyadil Rlases i ts char ge
of emargyaining a constant phase differe

9AThis procefsgBseshown in

1.0 e Current

—Vollage

(a.u.)

0.5

0.0

-0.5

Current, Voltage

1] 90 180 270 360 450

Phase angle (“)

Figure 8. Dielectric in alternating electric field (Moulson and Herbert, 2003).

An i1 deal dielectric wiAbletlwaeea @uphasneée ain

Leakage of current results in |Aospheassei n

13



di fferencEi g&rmhelWwire irmti o of the

capaci ti

known as the dissipatioma$aditepl aypyddibnr

1A2( Moul son and Herbert, 2003) .

cap

I loss

V

Figure 9. Dielectric loss, trigonometry representatifiioulson and Herbert, 2003)

siF=)
=1 m
o -

2.3.6 Piezoelectricity

(12

Piezoelectric mat erni alpyp | enehaibhkaiotn cgatdd asirt nir 2 et

t hiadevel odpeecdt liys propeftedbordld tapptl hed to t

The piezoelectric effect is reversible: 1

applied stress and experience the conver:

(Ye, 2008). Hihgish @ s shown in

14



Figure 10. Direct (a and b)and indirect(c and d)piezoelectric effect@loulson and Herbert, 2003).

Figlbeehows strain applied to a piezoelect
f oolwWls Di pol es occur within the materi al d
mani fesaisf aseacharge of .the material (1 ke

2.37 Piezoelectric Coefficients

A valuyjesodfden quoted as a general indica
coef fguanretnitf i es t las s v ovwihatme dac hpainggzeoel ect r i

subject to an electric field, ®hetmedeol
of operation is descy i ©emhmaessi yggudott eerds doru tn
operating modes are used in d&ifglhérent ap|

(b)

Figure 11. Schematic showing#l(a), 1 (b) and ds (c) modes adapted from (Hammond, 2009).
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2.3.8 Ferroelectricity

A ferroelectric materi al has a crystal
pol arization which can be rever.sT&nd swhen
exhibited in thwi phaeade s kiAtB®),ltshter(uwcn iutr ec el
barium titiRAagk2Zes shown

e | 7

Ba* o . n*

Figure 12. Barium titinateunit cell structure.

Thteitanium atom umi ttt he@eniclé mtt ees @ fowalmels an
the material experiences polari zaitam,n. A:
this creates a dipole within the unit ce
cell, causing titanium atoms adjacent to
This | eads to the formation of )dFoingaurnes i |

13 hows t-thet rcaadpomrcal di stortions in barium

Figure 13. Displacements in the cubietragonal distortion in BaTiO8Moulson and Herbert, 2003)
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2.3.9 Phase Transformations

Piezoelectric perovskites have temperatur
phase transitions due gtld ebampemat utanaAe
to a tetragol&l, plhasaen aotrABGd&mMambfiucr t her
rhombohedr ®I0ACph aPshea sa&t t r antsHsoyrmmmeettiroyn so fw ht
structurehiixcheshbhhgedn a |l oss of piezoel
further in Section 2.1.11.

Figure 14. Phase transformations with temperature of barium titanate unit cell (Moulson and Herbert, 2003).

2.3.10 Morphotropic Phase Boundary

Phase changes in a piezoelectric perovsk
mor photropic phase boundary is of partici
more crystallographic phases may be stabl

The point which pasphaasree sturlatn soffo ramackhieasnng e

place I s defined as Morphotropic Phase B

The phase di-RTgriasn gHiiogBBIHIiPAMIIN composi ti on:e
intentionally formul at ed around t he MP B
properties compared to other compositions:s
have been apgdlrarbiuz etdihcanrt theepp a sinnmgtrh e ar e
ostructur aMdhiicrhs toachauirosnbhwhierda a ket r sg amr el p |

17



i ol ose proxi mi.Wheétmealretther MPBbebedyi®otadl he
i's am@ploingdpiottlsarof[fO0 1] dd rmriewdn omot & thieonf i e
rhombomeldarmil zati on v etcettorra gt tomaaltr idon hkee ¢ ®rod
i n the protxeitmighdyamols utlhtei ng i n | arge pi ez
measured in composi{Rojoas, c20238) to the MPI

200 - --#-- Tmax P
| ---Ts¢ CUBIC o~
150 - --o--TMa-T Pm3m Al
— | == TMe-T gl
O e Tyor e TETRAGONAL
® 100 L a9
S - 4 [
§ 50 S /‘ \ (//‘\
e ] = Pe Cm Pmv,  PAmm
E 04 F ': ‘(Zf RT
1~ RHOMB./MONOCLINIC Y/
504 .~ .7
; MP%
1004 \ /

0 5 10 15 20 25 30 35 40 45 50
xin (1-x)PMN-xPT

Figure 15. PMN-PT Phase Diagram@t o n &t hl,&2021).

2.3.11Curie-Weiss Behaviour

The GNeriiss Law i s g@RenThbys Hgawmate xomr es s e

susceptibility as a function as the mat
temperature of the materi al (d) (cCTormap aree c
2000). Below the Curie temperature spont :

this temperature the el ecWeiixcsallLaw,s ctelpd in

becoming |l ess susceptible as t hGurt emper
temperatur e.

0 (13
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As a paraelectric material is cooled throc
transition and becomes ferroelectric. The
to consider as wupon heating 1 ntoi e@shearpaear
| ostt @gdiastd so the operating temperature

l i mited by this parameter.

2.3.12 Domain Formation

Figugdows that it is energetically favou
o f nei ghbouring anomhet csame dispelcaced. l
titanfuwummi dme centuradetphoesrietfioorne ,i nf atlhles i r
well s and Mdomai hermell80ive to each ot her
( Moul son and Her bAdamai2n0s0 3f) or nT héew e rmglydiomi
associated with spontaneouswiptoltyaealpzpaltyiionng.
an electric field in the opposite direct

over come karer ieemrergggpar ating the two wells

9Afdomains can form via this mechanism als
change of tABewi uohingekchn ®@ induced by a
( Moul son and Herbert, RO®BGe This i s deme

(©)

Figure 16. Domains in structure that are (&8andomly orientated (b) under an electric field favourable domains

grow (c) net polarisation and (d) mechanical stress inducirfgs@ftching (Moulson and Herbert, 2003).
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2.3.13 Relaxor Ferroelectric Properties

Rel axor ferroelectrics are ferroelTlketric
dielectric response of PMN oVErg®miZer ange
Contrary to ferroelectrics, where the ma
i ndependent and the temperature at which

Curie cpoifmtr B relaxor, the temperature

frequency dependence and is not associ at

Pb (Mg,,s Nby,3)04

Dielectric permittivity x10°

(%) $SO] 214129[31(

Temperature (°C)

Figure 17. Dielectric responsef relaxor PMNshown over a range ¢émperature anfrequenciegSmolensky
and Agronovskaya, 1980

PMN exhibits this behaviour as there is d
by ei floer>NMghis di sorder |l eads to format
are responsible for the broad dielectr
alignonfenpol ar narkoe sr epdiaoccres whi ch causes
pol arisati,omemechaommemof which is the fr
peak (Cr.oss, 1994)
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2.4 Contributions to Piezoelectric Materials

2.4.1 BariumTitanate

Baritumanat e was t he first piezoel ectr.i
commerci alised, initially as an acoustic
commonl wowsétt the di scwtvery ofti IPIZTused

capacitors due to its hfgbedfef moltsat cowo
is advantageous especially with restrict.i
Barium titanate (S still of Il nterest t
mechanically very stable, secondly becau
above room temperature, and finally becal
fonr of ceramic polycrystalline samples. D

such as semheomdesdopeszoel ectric devices.

BaTihbas a perovskite structure which is
transfor mati on s zaurned earlgsoon ep rbeyv iBoauTsilOy di s c u
The Cuermpeerodt uraeri um titanat AC.i sAbaopvwe o
temperature the cubic unit cell i s stabl e
propertCrgstall ographic di mensional chang

showhi gh8 e

4.04 T R [ SR [

a

o
s - ¥ v
- volume
by
E 4.0}
@ L i g S
a
— 4.00
8 |t a o
PR v
=1 Telrogonal
3.98
|

SR | ——
[

50 100 150
Temperature, °C

Figure 18. Lattice constants of barium titanate as a function of temperaforeagnd Shirane 1962
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Barium titanate can be prepared by ssever
traditionally wused in Bommiagt pohsgetli yetsta
geolr hydrother mal method (Moul son and Heb

Dopi ng eifs BeaalrirG ed out to adjust the prop
i ntended end application. The Curie tempe
A site idtelpbagi t wti'iomn offort *hBb nMBaai n wal | pi n
can al so beacicredot mad dwiptamts st'th pbactdeol
TitPatil et al, 2020).

T FEC ' : ,
. 1625 Hex, BT S.S, 4
_.» Hex. BT SS. o
1600 b= e he
"aTIO, Liquid 1
1500 | ,;,l':h” Hex. « Cub. BT 88 : -
e
~ 1400 | Cub. BT S.S. MY
Z (s, 150, \ e ~1320 = =
£ 1300 T.A BT S8 [ Cub. BT $.5.4Ba,Ti,.0,, c? ’
7 , | ~1250° = i
£ 1200 _,.c0 d
£ : -t |2 |2 ]
& 1100 - o Cub. BT S.5.+BaTi,0, ™ 5]
L o 5
1000 | ¥ by g
= 8 ]
900 |- £ .
¥ ]
m FEN NI SSRGS SRR ST TR B PR IS BSOS SN TR
5 50 55 60 65 0 715 80
< B0 mol% TiO, 1o,

Figure 19. Phase Diagram of Ba@iO: (Lee et al, 2009).

Single crystals barium titanate cannot b
as the Bri dgmame tanodd sC zdouceh rtad stkhhe exi st enc
hexagonal phase. This hexagonal phase 1is
stabl dust@mglei ng through to rgesmlitedimpiee at
161 8AC and so this process is unsuitable
used instead such as Remei kads met hod of

and Sasaki 6s method of melt growth (Sasal

I n Remai kalbes omeof hitbahlrs tmar €1 tpammaltueed usi n.
amount 0.2% of % MBagandk i dev grodd SWi wuim f | uc
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which is placed into a platinum crucible

before being slowly cooled to 900AC (Rem

The method developed by Sasdki3d3550s &R a Omi
mi x tiusr et hen heated to 1450AC and t hen C

tempetat emeable crystallisation, at which
(Sasaki, 1965).

Sotlsitdat e crystal growth of barium titanat
smal | amounts of | iquid phase are presen

the addi2Siionmgloef cTrxy8® tmanl B . Wnamm ibre exni ot a
be seedidpplay cBayTsit@ |l | i nas i matlrei xxrwistthal B akie
vi a Remei laanprheetsh ovce.r eS anneal ed at £ tempe
and AG5030moudYasmgmornd Sakuma, 1994).

2.42 Lead Based Relaxor Ferroelectric Materials

A true retaxest bas®idndlee rory ®tcdlrs cbegan |
and Shr orugp o(rlt9edd7 )on t he unusual hy PANr ge
and NINsingl e crypmitead o arlad cctrw aas sc a@ighderft ioe d e r
~2500 pi€/ Nvheinity of t he mor phoThepic
el ectromechani cakwasupkepongtedettfi 6i @8nwi kI
This work prompted more investigation int

-

el axor ferroelectric material areTlwi del e

-

eported in the |iterature.

—

he first generation of piezoelectric si
f pdemchoy compou-RPRdsosP®PMNabBePEZNmateri al

arge increase in piezoel eFcitgrliteeh pves ftolm ena

- O

mproved strain properties-Pdf aGe-RarMaNt i 0 |
compared to various PZT compositions. TF
observed in r-RPRdmbokdRBMNIVi AZMN t he (001) ol
PZ%H, a O6sof théa sp@adbz@0e | peCc/thb Dacn7d5 k( Me s si ng
2004) .
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o

3 SinJIe Crystal Single Crystal
PZN-4.5%PT P
0.6 Single Crystal S
| PZN-8%PT
§ (001
~ 04}—¢ inglé Crystal
R= PMNL24%PT
g @on)
W
0.2 s, PZT=5H
Ceraniics,PMN{PT
'eramics,PZT-8
0.0%= - ‘ . -
0 20 40 60 80 100
Electric Field (kV/cm)

Figure 20. Strain levels of single crystals and polycrystalline PZT (Park and Shrout, 1997).

Generation |1 saw tthee nianmtyr osdyusctHeividdhTsaufc hp sa
the addition of | ead indium niobate resu
Generation 11 pi ezoel,extpreird esicreglhe gbhr y 0ts
therefore unsuitable for high power appl.i

Gener aaarceompldbifdred ogRb (I N1/ 2-Rb-BRMEP)TO3 whi ch
has i mproved the mechanical gual ity fac
retainoomgarabl e piezoelectric propert.i
(Baasandhmen, 2021).

A summary of the properties obbasseerdv erde lianx c

mat eri al sFiig2Isehown i n
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Figure 21. Property comparisons between thiggnerationof leadbased relaxor single crys@PMNPT, PIN
PMN-PT and Mn: PINPMN-PT showing piezoelectric coefficient, mechanical quality factor and Curie
temperature (Baasandorj and Chen, 2021).

2.43 Summary of Piezoelectric Materials

The

gr owt h
piezoel ectcomp omr e@®dgletred | igM of

SSCG

obt afimed

PT

for

mat er i

al

of

pr oMM T
t his
hi gh

studiPddriehaxbrsfworkheheret P

t hese

mater i

o6fi r st

t mamer eacesmpl expaerd i REMN ar

power

al e
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applications
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Chapter 3 Introduction to Single Crystal Growth

3.1 Introduction

The benefits ofPTsirredlaex oor ypsiteazloeR MMt Tri c

such as wunderwater systems and medi cal d
growth method an interestingtandeesswn@ar
di scuss the current techniqgues availabl e

of th&t&obki €r yst al Gr otwh éan  &1StCaGR e Mmed hrowd e

review of the mechanisms underpinning thi

Finally, a |literature surseyglie copnpdtual et
of PAMIN and curSS®GG owe TRKMN n

3.2 Single Crystal Growth Methods

Single crystal growth methods can be sub

sol ution grsotwatthe agnrdo wstohl.i d

3.2.1 Melt Growth Methods

The Czochral ski and Bridgman mgtrloavdsh ar
techniques. The GGzedrMiealpsrkoidumdti loond oifs si r
el ectronic and optical applications, suc
we l | as some fluori @dM®Mi bBhdaokjdei si agdeWg

Th@zochral slki sim®iwinaaleThe material to be g
in a controll edraamobspheceucinblae.nohhe ma
temperature for a period of time before

freezing point. A seeentdelits atnhde nb yi npsuelrltiendg
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seed si mutitheanemnwyst gl |l i sation process occ

crystal is controlled by manipul ating t he

Crucible

Certain
atmosphere

Figure 22. Schematic diagram @zochralskimethod (Bassani, 2005).

Single crystal growth from melt all ows f
excellent quality in a relatively short t
The wmelotwt h techni que s hoowese gsmarhe adi sda dfvia nc
i n maintaining a stable teapliraviumge dhuem
h omo g eensepietcyi al | y rierultth e lcca sd ewteent s ar e pr
mini mreaoagivity of the melted materi al \

production and equi pment .

The Bridgman method is also a widely wuse
Si mi | aGz adcohimentetkhde Br i dgman met hod empl oy s
t he nesl tp.riThci pl e of the Bridgman dfechni g
the mhyetirahsl ating a melt from the hot

The Bridgman metihgd®®B eiherehawmrcriurci bl e cont

materi al i s transl ated along the axis of
Building on this work, the Stockbarger
temper at uhrieg heznopneersgt ur e zone, an adi abat |

temperatur e Z0one
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Temp(larature 7/&7 g‘ Ampoule
: §, Heater
é Melt
|
=
B |
©
] } Thermocouple
|
| Crystal
| &/ ¢ Thermal insulation
|
v v
Can SEESISAE] U\_J

Figure 23. Schematic of the Bridgman single crystal growth method (Batraggerwal, 2018).

Modern Bridgman furnaces are commerci al/l
zonesesmbiwneéd good control of the | owering

the melt. This method is commoiITy susngdec
crystal s.

Ot her I ess commonly used melt techniques
zone met hodFiag2e4 eshown i n

PN

y_ 4
e
=
.
single crystalline polycrystalline

charge

furnace ___
flame ___|

rotation

ingot translation

}

pulling

Verneuil Method Floating Zone Technique

Figure 24. Schematic diagrams of other melt growth methods for single crystal growth; Verneuil Metho
and Floating Zone Method (Right) (Byrappa, 2003).
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The Verneui l me t h ofdy s iad ns ot ekecnhorming uaes, fil sa mes

higloal ity cr yosrtuanldsu ms ucshpiael ¢ rutiTki sand

technique involves a furnace with oxygen
iI's a fine powder which is continuously

powder passes through the flame in the cl
a support rod. As more droplets accumul at
flame forming a cyliadrikoéeaB)single cryst:
During the floating zone method, a polyecr
a heater, where a narrdowqguegi omtwirhflacmel
di ffuse and segregate from sol i des eogvieorn t
t he wholTegsawpd esi ngle crystal, a seed cr
needs to be brought into contact with the

(Byrappa, 2003)

The drawbacks of these methods include v
time, also the use of expensive platinum

from the process.

Melt grown methods are effective but | mpe

single crystals. -PTIReilmglievetyydtaalgse ddaurN b

Bridgman at rates in the order of mm/ hour
consi derabl e di fficulty i n precisely c
concenitm aPPMiIdncr ystals. This is particul ar

composition c¢close to the MPB as a small
i mpact on tthheermateesr.i aTheprchemi cal heter
Bridgman grown crystals Messlemng at |l al ge2d

3.2.2 Solution Growth Methods

Solution growth methods are useful for gt
the mel't growth methods due to f aocrt ors
materials that undergo phase transitions

poi nt. Solution growth methods wuse star:t
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solution, which then becomes supersatur

evaporation of the solvent.

The flux growt hFimgaHheThi si saelthodwsne di non spon
nucl eation from -aasofatiom dpoinNnnguiplee cC
starting materi al along with flux are pl

alumina crucible to preventi hloesangtsmeal a

thehaced into a furnace and heated to a
held at this temperature for several h ou
sl owly cool ed. During this afotodn ngher oat

has ctoempyl echfeb lueed can t wen hbeanr eaeavded sol u:

s b Heating
L= ) h = element
e Alumina
S bubbles Sealed
< L — alumina
= /
E / \‘ crucible
-
S i 1
5 = T Sealed Pt
= 1. | - \ crucible
[~
v - Crystal
alumina tube L] alumina supporting
Lt DG

Figure 25. Schematic diagram of flux growth method (Wang and Li, 2012).

Thi s memkreadyssadatghatwit el y I|coownptae nepde rt aot
met hods such &swB8vedgmamoclbeattomahtdi pl e
var i atrieoimsemrmpuandloypdnstri buti on throughout

solvent inclusiofWamgt aedr ¢ésuyul 2i01@)cr yst

The Flux Bridgman method is a combinatio

met hod where stardrcoogptmatnerdi alns aahpdcait li wnxu

after reaching a suitable temperature s
oxygen cooling system is set at ,gihmi lbaort t c
tbhe conventional flux growth (Wang and |
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i n manuf acPtTurmea toefr iPAZINs where growth of | a

up to 75 mm i mmdi améeegtand 55

Top seeded solution growth is also a fl u»

starting matpgraitadmswmaindl & |aurxd ithhen pl aci n¢

the molten mixture. The seed crystal i s
Fi g28 e
Pulling
H Rotating
Seed crystal Grown crystal
Crucible Feed materials with flux
(Flux melt)

Figure 26. Schematic diagram of top seeded solution growth method (Sun and Cao 2014)

This method offers some advantages in ter
and enabling control of crystallographic
growth rate is slower and again this met

hi gh tempelrattiomrwemi Bhds (Sun and Cao 2014)

3.2.3 SolidState Crystal Growth

The sothite crystal growth method utili ses:s
growth in polycrystaild ionfe preartteiec @lbare idrti e
simplicity and cost effectiveness. Theor
the seed crystal, grows at tdulexipeaeg sien og
grains being consumed and the ultiemate f
principl estodt & heer yssotl a lg hgrmwdiw ty i FTenei t sh onde t h o d
can take place in a conventional furnac

associated with melt/ flux met hods.
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Solid State Crystal Growth
\J

I KX XIR

a0aduadugdagdegd

O".".‘Q".O'.' @ '.
§

Seed Crystal
Polycrystalline Body

= .‘
Grown Crystal
] et |

. 7
0900290700950 9004

C

Heat Treatment

Figure 27. Schematic diagram of sol&tate crystal growth technique.

When the SSCG method is successful I n f
advantages over conventional growth tech

mai n advantage i s honorgePRdN tgyr ooMt hg rpoawnt | «

the solubility of the titani umhiroehsulst i f
i n a composiatoagat hgr.gd meBtSECrGy sthals pr obl ¢
as all growth takes pl2acles)i.nt the solid
The l' i mi tations of this technique ar e

mi crostructure of the polycrystalline cel
seed and soh the gohyncrystalline matri x

t hat grow within the matrix can i mpinge

rafAefudit herbattlyas been identified i s con
(Lee et al, 2015).

3.3 Background Science

3.3.1 Grain Growth

Grain growth occurs in polycrystalline m:
occurs tovenabl eraduction in grain bound:
total graiant hhowmgdhamuy athe polycrystal i s 1

i s r eadsu csehdo wn (LW Ehgiuaang oec meEpr 89863 s t he
in free energy that occur scavhsinn@tgmsi id
The grain boundaryleneafgvhalAses thepreserat ed

tot al grain boundary areas respectively.
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o 14)
YO Qo T 0O 0

3.3.2 Atomic Diffusion

Di ffusion can take place via |lattice or
a minimum in the centre of a | attice (fa
boundaries the atoms have | ess neighbour

boundaries have the highest free energy

Conseqgasentaltyms diffuse through the | atti
boundary will mi grate towards the centre

grow at the expense of smaller grains, wl

n

Atom diffusion

-

Grain boundary
migration

Figure 28. Grain Boundary Migration courtesy of Andrew Bell.

The di f fsutsamtn icsont emp8olat dr et dae@peadegsat al
uses a seed crystal, a perfect single cr
which wil |l theoretically consume all t he
producing a single crystal
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Atoms diffuse from high concentration to
Law shoWh iWhteree atosm fépxeseDted bwneddif

coefficient, and dC/dx i s pbphéroemacendisati
OQé (15
v Q6

Di ffusion i s depenpdaetnitWhegne ctcheas svpaercyi ebse taw
cation/ aniowacianichceespatthwdys these can t

|l attice, surfamwcapownmr ati mamopwnrdta.r y

3.3.3 Normal Grain Growth

I n the case of ( NGG)MaHhe germe mgyyroiwftther enc e

rains comeszefrroonc utrbveat uore of t he -grain

O «

ontroll ed boundary migration assumes t h;

S position dependent only.

| Fi g2%aee oms are shown i mpodiyfcfrersdmtl | p osei tgir

at position,ahk,e elanmitinnemulna tftriecee ener gy t hey

n posattitoone Bconvekageafpepwboundaghbours a

a higher free energy then at posit,ion A.
have the | east number of nei ghbours and
expr eEgad(lipwmer e G represents t agi faree e

position.
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Figure 29.Schematic showing exaggerated non uniforshigples polycrystalline grain.Atoms are in positon A:
lattice, position B: convex boundary and position C: concave boundary.

q 'Q 'Q 16
Atoms will diffuse ttohepediotmeo msd @fo slidwern
will ten to position A to obtain the mini
i n t wo di mensi ons, t he direction of gr

nei ghbouring grains can be mpeedfi ctedvatruw

the grain boundrairgys,® e his i s shown in

_ ¢
Yss = 2Vssi cos >

Vs \

; |
s [\ / ¥
' /—<\\ / Yss
—~ T\ /

Vss

Figure 30. Twodimensional view of grain matrix where arroimslicate direction of growth (left) and schematic
two-dimensional internal interfaces of solid grains (right).

The number of nei ghbouring grains and t
determi nes t he curvatur e of t he boundar

boundaries, and these grains are more | ik
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Grains with <6 sides are most | ikely to
mi grate towards their centre,iof trhaidd utswa
di mensi on,alr eexad melgaiiglriab mi bbm oad dteh ensat r i X
towards di hedr al angles that are deter mi
equilibrium at the interface between gr ai

the angle at the boArredarlt-simigeti nbapgqual |

I n summary of the case of nor mal grain g
the reduction in total grain boundary en:
area. Therefore, | arger grains with conyv
smal |l er grains with concave boundari es.

The grain bo(wndartyhewreelfooaiet ydet er (mfnoerd by
resulting fromahdubtdeaer gr aun\Mymawsneeaairoywnmad

Equag@iyon

U; 0gQ 17

Figlikaows the free energy state of an atc
showmg®Hy represents the activati dgm), ener g)
occurs when there is an energyatetfemdbrc
di fferent states occur when the atom is
of the boundary occurs when thereAl b a ne
atom motion Fresestbshentacpédutifcukar dir ec

L )
o
-~
>
o
-
2
Ogl- ----- .--
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= :
mgu- ----- -.-- —_——
e ¢ Co—
5 Gra?n .
* boundary -
distance

Figure 31. Schematic showing the energy state of atoms on the surface of Grain | and Gmgirépresents
the activation for atom diffusion between the two grainsgndepresents the driving force for atom diffusion.
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ma | grain growth obeys the @€&r abhod i ¢
ference between the squares of grain

portional to the product of the iIinter/]

1o im 871 0o (19

3.3.4 Abnormal Grain Growth

The
pol
t he
di &
ene

res

The
beh
dr a
Ac
sec

Sol
Th

(@]

e
cau
gro
201
The
fac
Ligqg
seg
di s

sohtée crystal growth technique expl oi
ycrystalline matrix. Grain growth is s
idealised case where grain growth i

uti on of grab morgnadesgrraaimelr gr ogt ht,o C

rgetically favourable grains growing
ulting in a bimodal distribution of g
re have been sever al mechani sms propo
aviour . These include second phase pa
g mechanism and the |l iquid film enhan

ording to the s@Gl uotcec udagaigw mneemcgh afna rsce,
ondary phase particles is reduced | o
ute drag occurs with an interaction b
solute cannot migrate aloumglaa ygraaidn t
ses a drag force on the movement of t
wth for select grains and ultimately
5) .

principle of the | iquidméassé mdenhasic
ilitated by a liquid filmis much fast
uid film enhancement I so d dboyu geh t s dlou taii

regat. jwhrerer d@aeger grain are seen to be

solve more readil yndeTphoissi t i sosno |,tvheed Ine
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facilitating fastenor enasgga piwd ansogfort arared
(Leal2015) .

Morecently it has been observéaast mar et h
signi fideeamreacewingent hegr | AcGGu w.i Faceted grain
been observed to be more |ikely to.under
(2016) showed t he thiigreatri o tki metsipeesctarte
faceted system. This resul't suggests th
boundary wvaries .wiThhi st hcer idtrigmva ansgd sfhooriwcneg t ¢

be related to thesystgeam.e of faceting in |

The grain growth here has been observed
reaction or the diffusion of atoms i mplyi

this Iis showrFig@8@Rematically in

‘\gmax (i)
(average size &
size distribution) / AZmax
N N (overage size &
(i) size distribution) O

Growth Rate

s -

Driving Force O

Figure32 Schematic illustration of the &émixed control r
(Kangetal, 2016)

The growth of faceted single crystals ha
to the abnormal grain growth ofgofhadddet ed
the complete system is dependent on gr ai

The grain growth behaviour qfLeae systadm Q:
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Wh eqge= O NGG

Wh e n gqfi< <®ma x PseNG&

Wh e qu.Ogqmma x AGG

Wh eq@ma £ <ODc Stagnant grain growth

3.3.5 Summary of Grain Growth Mechanisms

Figa&dows a visual summary of the grain

sectiiomcl uding NGG and the proposed mecheze

Seiln bo s mprae fomacds Single Crystal Seed

their centre of radius
of curv:

Single Crystal Growth Area

Figure 33. Summary of graigrowth mechanisms.
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3.4 Contributions to Single Crystal Growth

Growth -BT ®@©MWNsttraaldsi theonally been conducte
Shi manuKlLioognewl t he -PTr st ngdeubsagnogy stthad v er
Bri dgman met hod. I n their experi ment, t h
and it was then moved down tiaett 2005 Wwer
used the modified Br i-RITg nsai nn gn&e hcertlyi smteal |l gsr o @
(30 mm diameter I 150 mmbTie@gtbel|l eteandctk
crystals are grown at mm/ h rates by the |

Composition segregation is an unavoidabl

growing solidGsownt icknyosvemy stgaltdi.om afndTi

l ongi tudi nal piezoelectric wvariation al
modi fied Bri dAgMbMMTsmeghe&@r mmt ah di ameter
mm in ,wasgtgme®wmg modi fi ed BEGHigommd amet h

Mat sushi;hoawe(v2erl1 1s)egr egati on ofi ndcen stiisttaenn
propelrhtpieeszzoel ect r 4)c readnegofm cli3eDr0t tfodel 700

modi Bredgmearmod used (coptund@d:0@héeacdiomg)
the crystéadcogpawed to 20% variation i n

met hod.

Zawi | s.K2i0 0e3t) elncounter similar probl ems s
in developing techniques for growing | ar
di fficulty in precisely controlling the
based csriynsgtlad s 6 . This is particualdarel y pr

properties are verVhaslreamiiddlv eh dtoe rcaognproessii tt

grown single crystals renders a | arge fr

As such research oltas sbusaiegyg oumihodetr ¢ adkreyns t a |
met hod to prodBMBPTsi Mgl ea cgreynsetrbael SODEER r v
met hod i s carri écetovete niars taithpielPdMMNH To aaly  f
chosen neandthédeMPBIl ycrystalline is seed
PMNT single cny*toalt heeechseadandreat-ed. Va

processing such as wuse of a hot press, C
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regi mes also differ with vari atioan oitrhetri n

at mospheres.

The useszifnBlad i Or yst al Mesed n@dPtl)) aftsi biae d
titanat e S I sosPTuThaea rtaliac ewi tplar afndN e r
Pb(Mgb)s&¥30 mol % (PMNBIO®3and BaTieO very si mi
PMNBOPT has | atti cej apnadr abmeertieur m taij t=a nda.t0el 5a
4. 036 e pHraocm iac al ,ippoiint pofefveiiPedwb ce ys b al se
| ooavosd mmer ci alf Brays O8] ar eB aeTai sO 3e rw a so0 e gohbot saei
ot her peamndisadsatt @€iss chembhc ghl y esmppa&Eb laéenu rt éh e
preseilRlc® IlopflgajsMe ssi ng et al, 2001).

Some initial work on thi.61999) cafwvher uodle
had shown that the SSCG method had been
crystalYafmammoitMeetssrnudt 8 W8 and ts3bgs Braifma@mot o
and T., SakRanma.

I n the Lwore@ 9@ hb ( Myh/)368d 35 mol % ( PMMBIS® T)

single crystals were embedded in polycry
and cold isostatically pressedodteS8stddd MP
fromA@®O 1D Ofbbasd MPaobtaifnul |y dense matri x
gr oWthre sintered pellets were thenA@nneal
to MAXO@ith a doubl e cr uepabckei nag rpaonwdeere ntto
volatilisation of | ead. | tnnwang ft diten db oium
bet ween the seed crystal and polycrystal
seemihd so hot pressing was inporpaei datyedn
t her ehporee drag effect and facilitate gr
crystal

FigBsdoawSEM i mage of t-BePpreapmapleds PMIN t h
Li e(tl 9aqheire an area of single crystal g
made obvious by the porosity in the poly
proposed ithatthied tworgk f actors of weiree gr ai
the efpgercd scwmdr sening and compashebabhnal

stage.
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_ Grown Single Crystal

Seed Crystal

— | () LM

Figure 34. Polycrystal/grown crystal/seed crystal interfaces of a sarafi hot-pressing forlkat 950°C
under 40 MPa, followed by pressureless annealit§ hours at 1200C (Li et al, 1998).

Fi g@Beows the cross sectiomasf gaosvseed ey
millimetres into talha epolayareyad ti amlgl ifroe magto
under prceosnsduifteil cersss.Hoolw,e v1ex9 8 ) he pol ycryst.:
much more porous resulting in I oss of die
pressedTla@ampbeosgrtoywno fc rtylsefalo md &c rde avsceld%
pressurel essvalhbyeplotagi hg an8 annealing.

Polycrystal

Figure 35. Seed single crystaténtre of PMN 35 mol% PT grew severatillimetres into polycrystalline
precursor after annealing at1150°C for 14QLhet al, 1998).

This work by Li et al (1998) was concl ud
established t he feas ibmisleidt ysimnfgl egr cwwiyrsc
polycrystat sisneagptée new-sampgreo aatylsmfal s alr
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generaél,Lotihey of waasgrfaoi udnido etgoh tbger pyr opor t i «
t hbeoundary mobility raamdgriabhéeodredansagi hoec
these woektdhéahce thefgtowettlc wpast eall . so st at
hoppressing a seeded PMNgBTYyptablti he cowmpt
yi el ded amafturlilxy adnedn sae s i mari di shihtayn t ri roegdi uec t i
crystal ajfwidhreemmhetad e snpgl aced on the effec
porositygromwiitrg sftuatilur e wor k.

Khan .gt198a8) al so succee3dsedT isni ngt @ewicnrgy s
approximately 0.5 mm size i n Itihgeuipdr ewsietnhc e
addi tion of PbZzZr O3 835 PPTb G.i nignl et hcirsy ssttaul dsy ,
in PMNPT powder and uniaxially pressed to
t hen-i sobplraggsssced at 380 MPa,praasd2dd Mdfal vy 1
an®i50AC f er A¥Opemé shsoitng, the compacts wer e
of the s anmempnoossmitnnaoln and annealed for 10
furnace wusing a double alumina crucible
resulting specimens were thefmhvegaolaigeh gd ati

si zet wdaest er mi ned by the. |inear intercept

FigBBdows the resulting samples(p99@uced
after hot pressing with embeAl@ efdorseled hmhmnu
The average grain NOi.De wafst e e pamage ahliians g Ot
coarsening reported with thel0Oaemitagies gr a
guoted that @emeggltiadgi grewshndilae occurred®
| ater suggested that thepras&mocgoge®swahd
second phasesysbalyeryisnhagleihitegd@&8r ¥ (sh
This work suggests that suppmprres si obno uinmd at
pinning by such features.
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Figure 36. Seeded specimen after 1150°C/10 h anneal packed iri BEIT powder in a double crucible: (A)
low-magnification light optical micrograph (note that dark spots in matrix are grainquit frompolishing,
andthat seed cracked during processing); (B) higmagnification SEM micrograph of seed/polycrystal region
(Khen et al, 1999).

I n the experi ment s( Khaarnr ieetdviacu, te HOMe&s) himd s
specimens are annealed with at3mosphksetiat
growth did ocEug@refhesrHesmo@mba g8ina gr ain coa
reporit3e.d3 aN 0.3 Om, considerably mdree t ha
PbZye@dri ched at mosphere. The maxi mum gr ow
at 1.8 mm. worth noting that there were

produced that were dispersed Fihgr8dyuegi hno ut

the region of gXawal gisngl efcthetakbcoBD ph
t hey were pri maead ¢x y@ @ mploastei da iptf ioa lbley | ar g «
pores in the grown area and polycrystal
secondar yo pthasfer palpol i shing. The sampl es
but quantitative density valuesndf sbhets
i's unconfirmed whoeutheor tpharsosiist ygrian nt hpeulsl
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Figure 37.Microstructure of seedespecimen after annealing at 1150°C for 10 h surrounded by PZ powder in a
covered crucible: (A) lounmagnification SEM micrograph showing considerable shugiestal growth, and
highermagnification SEM micrographs of (B) seed/gresvpstal region, and (C) polycrystalline matrix (Khan
et al, 1999).

Khan et al (1999) conclude that the most

experiments is the attehdasrtd fsecmatdi prh ac
polycrystalline matrix of RhZzZpGmwder mefhha
PbO based second phaseanmaeshleaspsgurmadtduirteo itse
expect btdempser dtlGuds@odfonsi derably greater

points of PbQ aPiBdUNt haen P BPben i ect i cs, 886 A
838AC respectively It -hadasecasenend thlmas d
boundary mobility and thus prometatd mabwi

The growth kiPmesiongl efcPWSslt als was al so
I n this study, SinNngblTcvwvysas thihteq soivy Wt alf
technique was obser v@/dP bwl tdnaohptaheet sagd dbiatriiounr

titanate single crystal seeds.

The BMMWT ceramic powder was prepared wusi
anwas i ncorporat g€£d PwiOt, h va rr&ymmlg®w.f o Tohmt ilp o wd
were then cold isostaticall ysipnrgelses ear yastt
embedded in the powdeACahdrtheénhanneakegd
of s$hudy was to deter mOoe tihe efifceotst PoboC

growth fr.om the seed
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FigB&dows the results of single(2096}) al
where samples have been producedO waintdh v a
al | anneald@df cart 112 0o uFBsg@Behexysgaepl esl ar
follows: a) 8% mol OPb®ODneé&xt®Bsmol bg x Adé&s snofPt
LiO and 6% mol excessO RNn@ ard nb) 4% cmcsls LP

Figure 38. Microstructures of the single crystal which has grown toward (a) a 8 mol% PbO excess
Pb(Mg1/3Nb2/3)OBPbTiO3 (PMN PT) powder compact, (b) a 1 mol% LieDmol% PbO excess PMRT
powdercompact, (c) a 2 mol% Li2® mol% PbO excess PMIRT powder compact, and (d) a 4 mol% Li20
mol% PbO excess PMIRT powder compact during annealing at 12001C for 10 h in oxygen (Kim et al, 2006)

Fromm gBB8sesampl e (a) shows consi dealathbbe gr o
f or mataibomm r onfail n gtrbad npso |l y cr y 1t & la Insipbhneo rifrdba) Ir 1 X

gr ai nisniadvriey ®#tdal growt h due to i mpingemen
|t i's summarised in the work by Kim et
growth is determined by the difference ir
grains. When the driving force for cryst
the growth iIs governed by diffusion.

Al t hough SSCG was shown to be achievabl e
grain growth from2@dmeoseedlbehweaes, 50 he
crystals were not | arge enough for pract.

of poofe sever al tens of microns.
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King et al (2003)-Phasengleocsystdaked &Mdw
met hod. I n this study single cryst-al see
35PT with varying amounts of | iquid phas:

PMNPT single crystal g e WMBI3 5WPelr ep oevdlea csd ea
uni axially pre3sedeapellDetMPawere then co
34MPa and then -pubssesgdeat!| 20hMPpr éosi B9
temperature for samples with O vol % exce
| owered to 880AC for all samples with e
l i gqui d psheacstei.onfelde si ntered pellets were
fuceafia® @ourACat 1150

The average grain sizepsrefsari ngl IstepmpMea =
approxinant Ky n@. 2Fi @8 85eh @ WBBEtMh e noafg etsh e

Si nagrlyest al gr owt ip hfasre ward iuones filmagtuhiidsn svoa r
The gradient in pore siczrey sftradm itnhtee rifmtceer
of matri x coarsening duriigBdsetohwes atnhnee adg ri a
crystals achieved by King et al (2003) .
5hours AGC wilt5i® i ncreasing excess PbO cont
d) 5G08nmftrhom t he seed can be smenAdai nbe

porosity can be seen in the matrix and t|

Figure 39. Light optical micrographs of PMINBSPT singlecrystal migration annealed for 5 h at 1150°C for (a)
0.0, (b) 1.5, (c) 3.0, and (d) 5.0 vol% PbO additions (King et al, 2003).
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I n summary of the work camrmiwe d o w@tt eb ynakiin

observed at an excess PbO composition of

both the matriystahdgsowgheconstants incr
content, attributed to an increase in po
the <irygltal growth constant was independ

i nterf aaconnaadthiadn s1m.

Sintering in oxygen atmos.pRe08)wwhdexrpP Wi
samples were hot pgre MPHNABaf @or puSYSMA@ sat
OXYygenatomo sap htesile®o whs g0 eThere i s a signif
i n porosity of t heawhaugslien gc rayns t @ax y ggerno wa
at mosphesei s specul atgehaln ¢ on to@avbhiaam eafl byp |
sai d rteadnudc@ e evolaogtaisonducfi nQ thevelvapiokat
compobegrwtos ding the | oss of hféoild wiwd nRib @ emic
PbOgI2Pb(g) .+ 02(g)

r i TR N | G A e, v a 2 RGN TR
(c) .\()x_\*gcn hot pressed 254 G \\i (A o+ JAir hot pressed kg3 ﬂ-_.) e
; - - IRVORRE - o Y i are, o R
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sipgle crystal S wsmgle crysfal R T s
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Figure 40. Grown PMN PT single crystals using 1115 -oriented BaTiO3 single crystals. The ceramics were
hot-pressed beforsingle crystal growth at 900 °C for 30 min at 45 MPa using (a) oxygen and (b) air
atmospheres. The hptessed pellets were subsequently annealed in air for single crystal growth at 1150 °C for
10 hours(Richterter et al, 2009).

Commer ci al pr-odotéaionngfpieadel ectric si .l
met hodbebas r.ecCGedadomp IBOPTFMIRZ TP MNnd Mn

Doped-PPTIMMN i ngl e crystals using the SSCG p
using barsiumglte tampateal i seedsy Tittle |

t hper ocess bphegeomahgmwenablss ze single crysta
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to purchase fremn&€enacomdp,a of the size
achieved (Lee, 2004).

3.4.1Summary of Single Crystal GrowthLiterature

Tabllsdhhows a summary of the pr-RPViowst evlor k

From the |iterature survey condua@ttednas
and pr ofc eBRBN ngr owwn witaa tteh ec rsyositiad gr owt h

gained. The main points of interested to

1 Crystal growth has been seen to be limited by porosity in the matrix, the
presence of pores and/or second phases at the single crystal to polycrystal
interface is reported to significantly reduced single crystal growth rate
(Kim etal, 2006) (Khan et al, 1999).

1 Hot pressing has proven to be a valuable tool for producing highly dense
precursor materials for SSCG. Itreported in several works thabtipressing
a seeded polycrystalline compactRi¥Ni PT prior to crystal growth yielded
a fully densamatrix with a significant reduction of porosity in the grogingle
crystal after annealin@Kinget al, 20@) (Khan et al, 1999(Li et al, 1998)

1 The presence of liquid phase in the systs beneficial, it is reported thizie
growth rate maxima were observed at an excess PbO composition of 3 vol%.
For PbO contents from 0 to 3 vol%, both the matrix and single crystal growth
increased with increasing PbO contewitjich wasattributed to an increase in
pore mobility(King et al, 2003)

1 Hot pressing or annealing in an oxygen atmosphere has a positive effect on
single crystalgrowth, it is reported that there is a significant reduction in
porosity of the single crystal growth area when using an oxygen annealing
atmospheré¢Richter et al, 2009)

I't i s thereforaag tviotfalt htisatwotrtke tfhiartsti sp un
hopr esppricngess to maxi mise density and mir
possprbdcemas er i al sobtai made oDepti mal amoun:
growth in the SSCG process.
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Tablel. Tabulated summary of literature survey of PIAN single crystal growth via SSCG method.

Lietal. Lietal. Khan et al. Kim et al. King et al. Richter et al.
Reference
1998 1998 1999 2006 2003 2009
Material PMNi 35PT PMNIi 35PT PMNi 35PT PMNi 35PT PMNi 35PT PMNi 35PT
Seed PMNIi 35PT PMNi 35PT PMNi 35PT BaTiOs PMN-PT BaTiOs
900 °C
950°C 880-900°C
900°C- 1000°C | 900°C- 1000°C 45 MPa
Hot Press 20 MPa Not hot pressed 20 MPa .
1 hour 1 hour 30 mins
30 mins 30 mins
Oxygen/Air
Hot pressed at
1100°C 950°Cand20 1200°C
X 1100°C 16 hours MPafor 30 min 10 hours 1150 °C 1150 °C
Annealing
16 hours Presence of Annealed Oxygen 0-10 hours 10 hours
PbZr& surrounded by atmosphere.
PbZrQ; powder.
Approximate 0.14 ¢
15 em/ 6 em/ h 520 &m/ 20 em/ 10-30e m/ h
Growth Rate
High porosity in | Slower growth Secondary PbO | Some abnormal | Increasing PbO | Significant
polycrystalline rate though to be| rich phase grains formed excess was seen| reduction in
matrix and caused by pore | formed in that limited to increase porosity of the
growth area. coarsening, and | polycrystalline grain growth by | growth rate as it | single crystal
Comments compositional matrix and abnormal grains | increased pore growth area
degradation growth area. in matrix. mobility with when using
during the presence of oxygen
anneal liquid film. annealing
atmosphere.
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Chapter 4 Materials Synthesis and

Experimental Procedure

4.1 Introduction

This chapter will give a dneattaeirliead sd eusscerdi
wor k. The powder synthEesiis friorusgtel yt os lpaverd,t

eval uation of processing met hopgse sasnidn gc h

experiment al met hod is then detailed, wh
presspgegi fic supplementary material s. Th
experi ment al met hod and finally a descri
analiy techniqgues used in this warklerleny

that are used for specific experiments ar

section.

PMNT ceramic powder is prepared via the
Secti omhi4. 2met hod entails mixing stoichi
powders. The powders are then heated tog:

I nNs @aisitdite@ cA wiosnt. e so ¢ e druerqeuti o = o r LMMNP dteo
avofidr mimmpurity phases. This method is w
met hod, whewgd\Bpirse cfuirrssotr f or med and t hen
PMNPT synthesis step.-PTheaonomposeteonedf a
changing the amount of raw materi al us et
PMNPT are selected nrmeasre tbhloaunmanr yh ovhri @i c
Section 4.1.1. 3.

This chapter wild/l al so review the synthe
f or tphreeshsotand texturing experiment al pr o
Secti ons rde s3p eacntdi vde.l 4y . The hot press exp:t
here to demonstrate the equipment and ma
bespoke die that 1is used to contain the

inert packing powdeundsa&nd protect the ce
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For the texturing section of this work,

of i ncorporation of the platelets i nto
formul ation of barium titanat, e tllagseirinsuse
produced via the solid oxide route.

Fi natlhley,characterisation techniques to a
techniquetshei nAl uldiemedes met hod foay dens
di ffraction, scanning electron microscop
anal ysis. Specificselmpaet priepatriadn ome ff load

this section.

4.1.1 Background

Lead Magnesium Niobate (PMR)Y is a sel adosts
of PMMNaan d i t aanaltte tPobkKie O talperooski ofe an r Al
shoWwngd4tewhere | ead cations occupy the A
anions and a distribution of magnesi um,

sites in the octahedr al i nterstices.

D

A site ion

B site 1on

@m®m-o

Oxygen lon

Figure41. PMN-PT unit cell structure and ion placement.
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4.1.2 Pre-SynthesisSteps

Tesynt hesi se purPel, pdrhev pkietbheg NEIDMN mmat e f i ak
be produced. Swartprapds&Sthrpue $Ol@dBRG s if $ |
MgOsepar at etloy awoiPbbQ he ni obium and | ead
to form a pyrochlore phase. TheB@gndchl or
due to its paraelectric nature, signific:
PT.

To avoid formation of20dihhse fpyrsac hplroordeu cpehda
Equat@®onEqualtihem shows t he s eRT nids spraogdeu cw

where O0x6 represents t#¥d.composition of

(MgCOs)a-Mg(OH)2-5H;0 + 5NBOs ¥ 5 M@sNBCO + 6H,0 (19

1/3(1-x) x MgNb:Og + PbO + xTiQ ¥ 20
(1-x)Pb(Mg@w/aNb2/3)O3-xPbTiOs

4.1.3 Choice ofcomposition

PMNPT s$eisachbbuti on made up of | ead magnes
The phase diPalgriam dohfgWwPEMNThe composi-ti on o
PT used in thisNweOk.i3sszPO.ThiOBb Wdg sel ect
near t he rheambaghoendrlalmor photropi c phase ¢k
to the rhombohedr al phase. We al so initi
undertaken by Ho Yong Leeds egrcounp oati t Cem
PMNPT in their solid stat e2OcirRylseteale tgraolwt h:
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Figure42. PMN-PT Phase Diagram@t o n ét &l,&202).

4.2 Powder Synthesis

Each step i s shown

f oMg Msaenthakubgeqgfienhe
PT. The analysis

techniques used &apbpeensu:
al so hi ghilg4g3hae ed i n

The method beginsywi ohi t¢ime oaggichdd&s i a mdc aorfb od

hydroxi de (MERHPabhher atew materi al s

are milled,
and tidbandemare t hen maddeeds it wmo hgrodbdeBt®ee dP MN
The materials are milled agai n, dri ed, and f

and pressing takes

pl ace to shape the green
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Raw Materials
(MCHP, Nb,0s)

Raw Materials
(MgNb,QOg, PbO, TiO,)

Drying
(120 °C, 24 hrs)

Drying
(120 °C, 24 hrs)

Precursor Material Addition
To produce MgNb,04

Further Material Addition
To produce PMN-PT

-

Processing Path 1

Milling
(24 hrs)

Milling
(24 hrs)

Binder Addition

Drying and Sieving
(90°C - 300 pm mesh)

Drying and Sieving
(90°C -300 pm mesh)

Isostatic Pressing

...............

Green Density
Analysis

Density Analysis
XRD Analysis
SEM Analysis

Calcination
(MgNb,05 - 1150°C)

Calcination
(PMN-PT - 850°C)

XRD Analysis XRD Analysis

Figure 43. Flow chart summarising the powder processing route for hot and cold pressed pellets, including
characterisation techniques.

4.2.1 Raw Materials

The

and

t h sstu maraa mwbAdck Tihre

of

raw materi al s

tphuirs t

manufacturer each raw materi al i s

Table2. Rawmaterials for PMNPT synthesis.

Raw Material Chemical Formula Manufacturer Purity
Niobium Oxide Nb20s SigmaAldrich > 99.9%
Magnesium carbonate
hydroxide pentahydrate (MgC0Qs)a:-Mg(OH)2:5H0 Honeywell > 99%
(MCHP)
Lead Oxide PbO SigmaAldrich > 99%
Titanium Dioxide TiO2 SigmaAldrich > 99.9%

55



4.2.2 Drying andWeighing

The raw powderls2Arfeorf iatstl eflasted2&athour s t

Thymar e then weighed to the desired amount

4.2.3 Mixing

To ensure a homogenous mixture and wunifo

milled on a ball mi | | for 24 hours (Mode!
i spor oah sol vent, which is added to the d
creaknmed dansi stency is achieved. Zirconi a
as milling medi a.

The milling is monitored to ensure the m

rat her than cat aFiag44 enTgh,e tchaissc aidsi nsgh ormont ii on
media forms a compmareaxd \elBsraber whdeer com

cataracting motion alone is not sufficiel

Figure 44. Cataracting (a) vs cascading (b) regimes in a tumbling mill (Djordjevic, 2005).

4.2.4 Drying
The milled powders are thoroughly dried
mi xer. This enables powdered to be dried

56



throughout the process. The dregmedcdhypowder

monofil ament pnewdearnh odpoabrnsiii tnle edt r-&lso wi n g

4.2.5 Calcination

The calcination procesdriaeadopdhegdgeheat hea
but kept bel ow the melting temperature,

bet ween the mixed oxide constituents.

The first calcinati oi stdps®kcbbdpifddac é:
this chapter. A cowomvéaetitonale Ppowndaces,6 i svhi
ima sealed crucibl e, a c cFa rgddibregl hteo ptolwal enm e ¢
heated to a temperature of 1150 AC at a

4hours and then cool ed at 300 AC/ hour b ac

1200 -
1100
1000
~ 900
@) |
C oo
2 i
S 700 -
m B
o 600 -
o E
E 500
() J
= 400
300
200
100

0 T T T T T T T T T T T T T T

0 2 4 6 8 10 12 14

Time (hours)
Figure 45. Calcination profile for magnesium niobium oxide.
The second calcination step occurs | ater

oxi de have been Mgthetdo tpor omlAPeIecuU rilSkbE f ur na

regi me for this calFcigdéteélphowdsetresp airse shheoav
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85MC at a rate of 30BhoAddwélolurand of hemwed

30MC/ hour back to room temperature.

1200
1100 i
1000 i
900 ]
800 i
700 ]
600 ]
500 i

Temperature (C)

400 i
300 ]
200 ]
100 i

0 T L L
0 2 4 6 8 10 12 14

Time (hours)

Figure 46. Calcinationprofile for PMN-PT.

4.2.6 Binder Addition

For some expworiktenitss rienguihriesd t hat a bi nc
powdert hese experiments are clearly | abel
calcined powders are mil |lbe d degadaen dwp t i t1K
deioni sed water to form a 6édoubl e creambd
t he powder s araey adoni @ ltraeifert vasoinvgdveerd.

4.2.7 Pressing

Thgrepeawder s are cold pressed into compa
pressure is 20 MPa Tihei nfg r areadri epctd bl @t ist u p1
i sostatically pressed at 200 MPa for 5 mi
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4.2.8 Sintering

Sintering involves further heat treat men
sintering pr®desampf eshesPMBried in each

wor k. For each experiment the exact sint

4.3 Hot Pressing Experimental Procedure

4.3.1 Hot PressingOverview

Thi s sectst ogheen ex pler isneetntuapl of the hot pre
the design of the die,i pawhkicoegr asnhimtcphes a
anmr oducte oinn eorft tphaThka ensgi gpno wodfe rtsh ed i lsactu s re
i n Chapter 5. For each experiment conduc

ti megiaven i.n the text

4.3.2 Hot Press Die Setyp

Thleoadifngampl es i n t hki ¢g4orfGa pears gpniwsl es h o w
iisnitially @oledadies?o0sOt aMPiacnatlolryl 3 mmi o $ a met e
with a single crystal seed compacareed i ns
approxi mat erdxpY . 3mmmnx Bensul ting pellet s t
press die surrounded by packFiimggifpowder ,
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Upper Punch — o

Die —e
Yttria stabilised zirconia
> packing powder
=) %— Sample Load Area {% PMN-PT green pellet
Lower Punch W — Single crystal seed
Ring —e
Support Y
Recess S - DAY

Figure 47. Schematic ofxperimental design for loading samples into the hot press, showing die components and
sample packing.

4.3.3 Packing Powder

The use of packing growdientod BRMENRITEem & mpl et

antdhe internal swriftacied odldsads tung dodat di pr e s s
t hPeMNP Ts amp | e. I t 1 s,tihnapo rtthaen tp atchke rnegf oproew d
anrdet ains the same crystal phase for the

thagoingny vol ume changesttdae toupHasaustea
ianreased pressVoleume dc¢ha&ngasnpdfe up to 5%
bet ween tetragonal and monocl  Thecmphasea
selected was yttira stabiliseg Adiorpedniwa .t
yttioOa 4ty 19% by awayst daalasstar cautburce. The p

and zirconia solRidg4s8od uti on i s shown in

Packing powder was formed at 19% mass yt
for the duration all hot pressAruns wher
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Figure 48. Yttria- Zirconia solid solution phase diagrariffsadikiya et al, 2016).

The raw

materi al s

used t

shownmab®he Thi s materi al

pr

evi ous

The yttr
for >24
t horough

Once dri

'y shown

i um oxi de

hour s t o

l'y mi xed

ed the powders

0O synthesise the

iI's syRThesiosedsr

ion 4. 2.

rconi umtdiR2x0i de

i mi nate any moisture

i n Sect
and zi
el
on

a ball mill with a 6

fl owionmder. The combined

rate of

pfourdreancsel 30 @ ABea

300 ACathouhaantewmpboarseeefor

Table3.Raw materials for synthesis of packing powidgttira stabilised zirconia.

Raw Material Chemical Formula Manufacturer Purity
Yttrium(l1l) Oxide Y203 SigmaAldrich > 99.99%
Zirconium Dioxide ZrOz SigmaAldrich > 99%

The

z

rconi a

powders are

packing

alme me b b n tfercafep € me d

t heam &XrReDt ysispeich ok i gt XIiR®D,
pestvdehi g% eT h au g fined ewtsrwo r |
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sharp peaks at the | abelled peak positic

structur e.

1 (111
% - (220)
g 311
= ] (200) Gih
LJ( (222) (400)

—rrrrrr-rrrr-trrr-rTrrTnr Tt r T Tt
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Position (26)

Figure 49. XRD spectra of yttria stabilised zirconia packing powder.

The packing powder wasTugeodvdted s uwr rmdiendc o
evemgpeBl et-Pdf uBBN in tlgeoéxpackmegt ppwer
surrtouemdpel |l et. The packing powder was fo
di e from tdregtr acdaulitbemadp e bt afpr@am t he pel l e

similarly also protected the pellet from

4.3.4Crystal Growth Procedure

Further heat treat ment i s conducted in c
conducted the relevant temperatures and
the.t Akt samples are further heaactritfrieadtad

powder of mpbei slhiom@i tcot he | oss of | ead fro
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4.3.5Cutting Procedure of Hot-PressedSamples for Analysis

After heat treat ment t he sampl easndarteher e
surfaces are ground down to remove any p:

samples are then examined with optical

contains a crystal seed, the optical mic]
of the seed by shining a |light through t
before cutting. The sampl ebsitsr atthee nf ommo ucnutte

As s hbiwghifhet he sintered samples iardonbken
using ® Ad¢cechutgpormeci si on cutter. The sampl e
a rate of 0.025 mm/s with the bl ade rotat

and no dtleaksagmpl e.

Sample

Single Crystal Seed

Cutting Direction

Figure 50. Cutting procedure schematic of sample containing single crystal seed.

4.4 Texturing Materials Synthesis and Experimental Procedure

4.4.1 Overview

I n thiswseeiktt iion iovetshégatieen het s pated se
al otnodb btrext uri ng piezoelectric matsedi alss .

texturing templates and orientated by thi
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the hot press. I nitially tHd gleataeni et 9 ow
t hat has been used in the previous sectic
textured b@ire zomarad cctambad reiwvuimt ht i t anat e pl at
this section will summarise the materi al :

and the general experimental met hod of t |

4.4.2 Materials Synthesis

The materials synthesis of the ceramic p
| itkkeat of the powder s Ymiuhkhees icse rsahho wn pionw ds
been produced and calcined, the platelet:
water acting as binder. Thei aniitx$taeusrtea toifc acle
cold pressed as bef orSet ocaincdh isommetterriecd h anr ituh

prepared Brcghtding to

Raw Materials
(Baco,, Ti0,)

Drying
(120°C, 24 hrs)

-
Processing Path l

Milling Platelet Addition
(24 hrs)

Drying and Sieving . . Green Density
(90°C - 300 pm mesh) it s Analysis
Density Analysis
Calieieinen Sinterin XRD v/'\nal svis
(BaTiO; - 1100°C) & v .
SEM Analysis

XRD Analysis

Figure51. Barium titanate processing route fraaw materials, with addition of BaTiplatelets.
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The

thoroughl vy dr

raw materials o

f

bari um Tabearade ef iamg

lize&x] PA towdsmi nate any moi s

I

then weighed accurately to give a stoich
|l PA which is added to the dry powder unt
After mil liisngmwtilhlde dsllOummr i rconi a mhel ing
powders are then dried tHHonrmeghl tfagaefedr si
f 1l owiomgd er . This powder is then sealed i
furnace to dalb@i W&rimum titanate.

Table4. Raw materials used to produce Ba3iO

Raw Material Chemical Formula Manufacturer Purity
Barium Carbonate BaCOs Alfa Aesar > 99%
Titanium Dioxide TiO2 SigmaAldrich > 99.9%
For the texturing section of work, bar.i
calcinesgpgo®d®&€r ® and mi xed mechanically.

BaTip® wdretreh e n

transferred t

4.4.3 Platelets

Barium titanate

T

cold i sagt 2t0i dMPlab ¢ fopr &s sne thrs

o the

h

pl atelets

ot press

sectionFiodhbBdotwsantstoene & paefc tshhe

S i

ze of

t hese

i's 7.
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Figure52. BaTiGs platelets used in texturing experiments.

4.4.4 Mixing

|l ncorporating the barium titanate pl atel
di stributed way is chall dnff exgfe dtahees tpol a thee
and ceramisspastotl eegregation becoming r
such as ©balll milling would cause segregsa
tumbl i nggnuault dchéso cause damage to the g
me dii @ | ibkreelayk ttobhas ptl a¢e e &crishatpreo pashitewei rkgey
orientation, this mixing method is unsui

shaking/falling/tumbling the mix also en:

't was thereforefdemedéddiussaet ualhemimoish g .
was done in a smafilspaetut acalBheipweekd ensgs t
kept as consjswenh ademtplswi ml et sg hi sr 5
ensur ed emoaweg Wwatainmée | ocated to the mixing

colour of powder/pladatelet mix could be a
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4.5 Characterisation Techniques

4.5.1 Density Measurements

For dtemediettyarontbh s i nt ertehde sAamphliemsedes met h
This method is based on the Archi medes
buoyant force exerted on a body i mmersed
t hat the bodycatispn aoktgi had ppilpmpilnec i & r ¢
met hod idfy dnermsTlhrrerdemts.i ty of the | mmer s e«

density of the flu@2d i s expressed in Equ:

QQei Qo w doi i 21
QQe i QO waha i i aoi i

Wei ghifngampl es is conducFtiggdh3oeA drselgeuppi
the bench, independent to the balance, e
sampl eewhoicdlepgl acleae mvi tt he,hibdldsea mpl e I mmer s
in the water. Mul ti ple readings of the m:

for eacahnd aamplaever age i s taken.

R
Sample Holder

Water Container

Sample

/ ® '\ Balance

Figure 53. Archimedes density measurement set up.
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4.5.2 Xray Diffraction

X ray Diffraction (XRD) is used to deterr

The materi al phase, composition and any |

A D8 Bruker diffractometerX-wagsuased pood
in a cathode ray tubeavémldt drieckct @ dmo o ov
sampllhee:r Xys produced have wavelengt,hs cha
coppaend caornmep 0 s elda nodb xMKay J.X-r Kys comprise o
wavel ebhgh HlsMMKnoc hr amatubshesdn a@arhael ysi s i s per
onl YCuddespectr a.

Powder samples and pellets are analysed
compacted into the sample holder, ensuri:

the surfaces are first ground down to r

| ocated into sample holders and | evelled

The interaction of incident rays with th

when conditions satisfy2Braggbds | aw, gi ve
¢ _ cCQOE+H (22)

The beams enter the sampl e .Atspe uagntgol eets ,a
constructive asatarfsggmanetegybgsmtuakhel attice
iFigbhdahe diffraction pattern iusmofnterp
di ffraction angle vs the intensity of thi
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Incident Wave Scattered Wave

K

Figure54. Representation of Braggbs | aw being appl

The XRD spectra of the key formulated co
Mg NoDs, P-MN ands BaTi O

Intensity (a.u.)

_-‘JLL‘_) BN

10 20 30 40 50 80 70
Position 20 (°)

Figure 55. XRD spectra of MgNKe calcined at 1150 °C for 4 h.
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Intensity (a.u.)

| o

10 20 30 40 50 60 70
Position 20 (°)

Figure 56. XRD spectra of PMI®T calcined at 850 °C for 4 hours.

Intensity (a.u.)

.

| ) |
\ i
] W \»M«..‘___._J ‘l. f\ i\ '.lk.....,...l"| \ ‘ “L..._J"W'UI L....J’“'I\

20 30 40 50 60 70 80
Position 20 (°)

Figure57. XRDspectra of BaTiO3 ceramic powder calcined at 1100 °C for 4 hours.
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4.5.3 Optical Microscopy

Optical microscopy is used detraei lt.o Vhewsqp
equi pment used is an OLYMPUS OLS4100 opti
used at each stage of the s ansplce ipoonl i4s hbi.r
tensure an even finishbamndagwehihd emicwe apalai

4.5.4 Scanning Electron Microscopy

4.5.4.1 Overview of Scanning Electron Mi

Scanning el ectron mi ctroosobpgr v(eSEMMNI i an
mi crostructure of the polycrystalline me

sintered samples and particles can be st

The principle of an SEM is to produce i me
of t he surface with A Bocbesmadi beafm ddbwe

el ectron microscobpiegw®per ates i s shown in

An el ectron bebhmoughaactehbebumbetit bmough a
| entsesf ocus on thlee salmpdter surbeaam.i nter ac

sample at the surfhew mhcoogh.to a depth

Secondary el edtureon o 4drme |&mati tce sacnast ft eerr i enrg
the primarytel @actabomlEdammtthe sampltee.ri ng
> 90A results in the efir ®dieors uoff alcaeclodc dt
Whetethe primary beam approaches the nucl eu
charge causes a def |Jceacutsiionng oift tthoe bfea srte m
sur fldNaemoscience I.nsTphoesmenoss @HD1&hecSeorc
(SE) ai#bdt aBa ek e(dBER)ed ron &dESrighd8lreown i n
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Electron
source [

Anode

Scan generator

Condensor
lenses
Amplifier
N E
. I i i l X, y scancoils

Objective

lens 4\
Back-scattered ~=
electron detector \. |

X-ray -— )

i ‘% ‘ f ’ Secondary
L \ Ul / electron detector

* \ ¥

I\
‘v‘-’i— Sample
— 2
A

Figure 58. Scanning electron microscope schematiar(oscience Instrumenz018

The scanning electron micaressemagehau Hed at o
SU8230 CFEG-f$EMd(emidsi on gun scanning
detectors used for secondary electrons w
detectors ( SE(U) and SE(L)) and a pl at e
( PBE) .

4.5.4.2 Polishingmprileecsedure for SEM

To examine the sampl e cuisrce pae , atrdeefrya Imhgys e

pol i sSThheed . newly exposed cross secstiil@ncsonof
moul ds and set i n eeo&yre8enhwas Hpedhian
accordance with the manufacturerds 1instr

epoxy hardenerre tThheen slaerfptl efsoraad#® eh @pwd 3 st
procedur e i galifetoend maeludva citru M sBewhli esrhi
technique was found to give consistent
cledutyng SEM.
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Table5. Buehler polishing procedur@&(ehler. 2021)

o _ Force Time Platen Speed Head Speed Relative
Process Step Polishing Surface Abrasive _
(Ibs/sample) (sec) (rpm) (rpm) Rotation
N . P600/P400 )
1 Silicone Carbide _ 4.0 Until Plane 150 60 Comp
Water lubricant
2 TexMet P 9um MetaDi Supreme 4.0 300 150 60 Contra
3 TexMet P 3um MetaDi Supreme 4.0 300 150 60 Comp
4 TriDent 1pm MetaDi Supreme 4.0 180 150 60 Comp
Colloidal Silica
5 ChemoMet 4.0 80 100 60 Contra

MasterMet
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4. 5. 4.3 Sample Preparation

Samples must be prepared furthédr tcerlaeni chamli
arettew®t and resin and polished according to
They are then attached to a small sampl e hol
SEM equiCpmezaoni. pat hen applied to-uphhe pyeoomplde .
conductive pathway awagiod trteothe -ihteir esea mpfhi roar b o

aerosol deposition to reduce charge build up

4 4514 near I ntercept Model

The | inear inteectipmamedelieagpaipds iy &téeasitl i ne
l ine of know | ean¢StEhiM iodappaglees haddcenami ¢ s ampl

l ength of grwaitrh U thien dtaeisisesr el ated to the ayv

proportional ity constant.
To determine the proportionality constant, t
to be a truncated octahedr al (or tetrakai de:

{111} octahedr al faces. Axdisrs sprolbyuctriyosnt aolfl ipno
during grain growth fhéel amgrpapoeybbdpenohppr s

octahedral, WwWhigtheis shown in

{100) }.- (w-a,

)
>ﬂ\ O p® @

et {113}

R
A
-

-1
Vo {’au Whe$ies equal to the
. / , is equal t o t h
\ N,/ .
— {121}\?_/ intercept over a
-

Figure 59. Truncated octahedral shape, model of average shape of polycrystalline grains and equation used in
intercept method (Mendelson, 1969).
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Both the grain size and number of grain bour
terms of surface areal/volume ratio of the gr
truncated octahedr al shape and having a | og
average Qarnadi nt hsei zaev er agean nbherexprtes eadt hThe
i FRi gbh&dows the generalised form of the equat
found to be 1.56 for polycrystalline cer ami
verified in MUbmrdell sem,0sl w9 )k

4.5.5 Energy Dispersive Xray Spectroscopy

Energy dirsgperspeect rXoscopy (EDX) is a techni
composition of a sample. This method is base
the sampl eat ahins ®ixgattesl some of the absorbed
el ecAhhioggher energy outer shell el ectron ther
energy -raasy.anfhX difference offagneredyasteat e s
each el ement andnsa specbeumdehaabtbeir oIhies
process i s FsymmaeThsedoiperating principle is
states that the square roaly ok thpproxegqacec ety

to the el ements atomic number (Atkins and De

For el ement al mapping carried out her e, t he
el ectrons comes from the electron beam used
described previously in Secti oenntdi.cha.l4 .t oS atnhpe
procedur e.

Emitted Core-
Shell Electron .,,\

S

™,

™,
s
H

Figure 60. Schematiof EDX showing excitation of cohell electron and subsequent characteristia} emitted.

External Energy Source 7

Resultant X-Ray q:—i’—',-:

O
Outer-Shell
Electrons
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Chapter 5 Design and Build of Uniaxial HotPress

5.1 Introduction

This chapter documents the design and bui
equi pment was designed for this thesis s

assembly was a significant part of this |

Hot pressing i s an established technique
ceramics. The process involves applying

green ceramics to shape andle€onedl isd att e

composnenithe wuse of a hot press, | i ke man
devel oped for met al s, -pechom@mancne ptruordbuic
( Moul son and Herbert, 2003).

Hopressing provides sever al advantages o

pressing dmeeaksligagsy Itieghami ¢ bodies to be ¢
sintering aids, so that the desired puri
application of higher pressures, it is p
shorten tthiemes i mad relgiiimiagtrrieaabdny ,gr owt h during
process (Liebertz, 1987) .

This section of wor k wi || cover the bac
pressoifhgwed by -pressipw ofebdoin the manuf
ceramics. Finally, the @exisgn uasred buwmi ltdioc

be di scussed.

5.2 Background Science

During the sjiastysetiemg wptbcdasgssy and achiev
configuration, for a crystalline materi a
defects, pores or boundaries. Ther modyna
the system by el jasi ntahd ngp eowirfoiap b ywrffi a csd
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greater than the grain boundary energy (

however, the process of grain boundary
before the process of pore elimination i
Thmechawmifsms FfOusi emoval ofFipptrieesMaatrtee rs hcoa
be transported to fill a pvoirae tahte pgorianitn ObA

i tself or the crydt ggbilea tptaitheswhT, kb i2s mmsiu 6k
i hhe distance bet weededrhemamsdemnmghrea e foffr et e

densi fication. Padd s n 8t amausbe hdoewesviefri ¢ a

~—+

ransported from an area oas tilge & ualfamcge ¢
or e Isihtapreot the overall vol Ampe | ( Adkisrn g @

o T

ur i nmgr ehsosti ng accel erates particle rearrtr

ncreases diffusion rates from grain int .

Dislocation

Grain

boundaries

Mechanism Transport Path Source of Matter
1 erain boundary diffusion erain boundary
2 lattice diffusion grain boundary

3 lattice diffusion strface

4 surface diffusion surface

5 VapOr transport surface

6 lattice diffusion dislocation

Figure 61.Schematic of paths for transport of matter during neck growth in sintering (left) and table
diffusionpaths to which numbers correspond (right) (Atkinson and Davies, 2000).

The s-entagg driving force for pore cl osl
pressur eewvwdlcvaenidedaby shrinldagmemaey ft pom etse n
todi ssolve in the matrix or diffuse to a r
i n | arger pores) The-persesrnglsapdaseoretlesd
drividgprf rode cl osur e -lmanadk ooveeu sceodnebsy apnoyr e
The pdaassheen t endso ttoh edoiwfaftutsiee isnur f ace of t

rather than to another pore, resul ting i1
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The combination of pressure dpdsi dbmwmpat at L
temperature than would be r e Reidruegdhrefgor c

sinteratema@gaefiamious abl.e grain growth

5.3 Design and Build of Uniaxial Hot Press

5.3.1 Operating Conditions

Thleot wirlelssbe operated at ial 2t0eOmpAeq.a tTthree arm
of pressure applied to the’(samplué awi lar ela
mm di amethdr MPat E@&Gch experiment wusing th
a dur athi dh'muofs . 4

5.3.2 Overall Design

The hot press i s-exesitgmegd veamrdurcdal atpbe
surrounds the furnace and supports the h
and die components suspend and contain t
and t huel ihcydceryal i nder | ocated on the botto
encl oses the die components for heat tre:
push rods to pPagGzddowbst haecgeder al desig
To gi vefa ssceaniseee t he hot press footprint

Xx 1.0 m and stands at a height of 2.3 m.
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< Load frame

Ceramic Die

Vertical tube

(
L furnace
r
L

Hydraulic cylinder

Figure 62. Hot press conceptual design.

Originally it was ptrheehes éd woo. Kpweopwdhmpses a

combination of press and furnace ,coul d

s andard presses had insufficient dayligh
a suitabl estaaadbdmel f hydraulic system |
i ndividually which is marhawsde.t o a press

5.3.3 Hot Press Components

53. 3.1 Furnace

A Carboll2ee-64@B®TNTrtical wabseduansadde st
component of the hot press. The furnace i
The internal di ameter of 200 mm all ows
operated with a standard prirmamandpraogeams?

ove€emperature controll er.
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53. 3. 2 Hydraulic System

An Ener pact omC1h0y2d rlalu | P 8 heayldi mpdieanrp awred e pu
oftt hseh el t hestreowakfiegB@ B2 T ®ON cylinder was <ch
capaci tsyi,aesdnas hoPtessavel applddeud hteqgy t he
pressing experi mntMPawi lwhi rct3t ehecnssisd i @ g
support for the hydraulic ram, which is f

directly from Enerpac.

Figure 63. ENERPAC RC102 10 Ton Hydraulic Cylinder &8B2Hand Pump and CATS12 Tilt Saddle
(ENERPAC, 2019).

An En€APp&atti2lt saddl e was uasle dg riregkvete airp tamey
hydr auloinc th&mbottom support and Tnhoeunt i n.
possibility of i ncompesmwerntal imgn maegrmatt edn as
possi ble through careful dersfiigguraatdi domui d t
surfaces such as the die compo,wentcsh 4anrmsd
exacerbated by ¢ hRh®80O0 enighteh taofl tt hsea drdohdesa wa s

a requtio emetnitgate thisFpgepeéem (al so shov

As the temperature of the furnace is 1incr
begin to expand and increase the amount o
t hi s, perfefsescutr e must be monitored throughou

a pressure release valve at regular intei
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Cylinder " Pressure Gauge

10 ton load max

700 bar max @
(547

f \W\/ Pressure Relief Valve
Needle
Valve Pressure Transducer
N A controls between 3.5 and
J 700 bar
T T T T T T T T T T T T 3 way valve
| T -
|
|
_____________ Filter
Pendant Pump
Control Cooler
i

Reservair

Figure 64. Process control schematic for hydraulic pump.

It was discussed to use an aut omdtaiterpr e
i n theidut heiTooer kdiesi §ngb4 eTlhmpvpa dttiuea t e s

hydr autanar ¢ senr voi r adt hOwebep V d [hed Ivea aval ve
i s adjruesdtuecde tfol ow rtadneaxa nd/mn /g Bpereeesds ur e

i's bel ow tr anshtebh eveagy sveatl vgo iwn tl |l behen op
prsewre passes abovewatyhev aslevte piosi nptl,a ctehde itnh
returns tfhpeu mgt feesmr voi r .afRdttiernm ainsd wkiealpe

t he hydrianulgaod lwardki ng conditi on.

To hel phsaeitt huipt I S swo & Bpabmhpe am and of f by
pendanmian al so mome aaayr ivlayl vpel a cne otpherne e n d

Theemp incorporates adgmastiartulme prreelsisaufr ev. al

53. 3. 3 Fr ame

The press frame I S constructed of hi gh
pur chatlesehedfff f Fiognd Edéd ws t he 90 mm x 90
the aluminium eexXtrruwmseiom@sscusedo ©heer by
assembhloeuds e nas shownVFig@ad Al schemaketcs | nf

feet are also provided by KJN.
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Figure 65. Schematic and likeness of KIN alumina extrupiafile used to form the hot press frame
(KJIN, 2005).

Figure 66. Hot press frame drawn in SolidWorks software.

The position of the support beaméi mntt he
the maxi mum fl| ewutrlke wod Bdedndfrlaeaometaton sec

maxi mum | oad. U Bwlgi ¢ thheslEqwatti m@a maxi mum
supported beam at its centre, the maxi mu
approximately 4.4 mm which is within the
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00 (23

The sections of aluminium are fixed toge
Each of the 64 brac-ket ssiswhigbdwenephh=EtLe

as per the manufacturersé recommendati on.

The base ends of t he al-huomi snea teax talulsd w nilse v
bases to be fixed. Upon construction the

posi tion.

53. 3.4 Bottom Locator Plate and Hydraulic

To mount the hydraulic cylinder onto the
a custom wwamsaodw ftrameocate the cylinder a
I Fi g6YyeThe frame is f ast eanedd iosn tuos etdh et ob o
hydraulic cylinder with | ocator 4dtrews.
shelf form Ener paetotno hhyodusaeu I tihce cRQ1 On2d elrQ

Figure 67. CAD model of bottom mounting plate housing the hydraulic cylinder and casting support (left) and
photograph of finished assembly showing hydraulic ram, casting support, tilt saddle, window frame and attached
hydraulic hose (right).
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53. 3.5 Top Mounting Plate, Mounting Coll a

Threot fpramsuwptr ovsdegaitrhteotpi |t saddl e used t
alumina push rod, to achieve this,- custo
house. The top support section of the he
mounting col | atrh easned al roec asEhoag\irp €baetleo w i n

Figure 68. CAD drawing of mounting plate enclosed in locator plate (left)randnting collar (right).

The | ocator plate is fastened to the top
mounting plate in place. Locator screws ;
hydraulic cylindapreesensuises tkerag&dsthh
nor mal to the top and bottom support. T
mounting plate and rotated int,ehbowe bayo
Fig@udies then positioned i nt e otahdee dnobuanitli nbge
fitting. This combination of components
saddle to a | arger arddaeomommpe et @p as s @ mMb
Fi g9 e
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Figure 69. Bespoke mounting componedésigned in CAD (top) and finished set up showing locator plate,
mounting plate, mounting collar, tilt saddle and top support beams of the hot press frame (bottom).

Sever al iterations of the components wer ¢
aim of t his iwa santdo hwehdeer rei-is yao fb up h edst shier e
compomanmt £« hen reinforce them accordingly
through the base ofFtpewei ht tbaddlop asur$

mounting plate simulated as a fixed surf;

won Mises M/m™2)
5,000 +08
l 4,500 +02
- 4000 +08
_ 3.500e+08
L 3000e+08
2,500 +02
2,000 +08

L 1.500e +08
1,000 +08
50008 +07
00008 +00

Figure 70. Load simulation on hot press components showing 100 kN load applied to base of tilt saddle and
mounting plate as fixed surface.
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From inspection of the finite el ement ar
amount of i nduced stress is | ocated on t}F

Both these componentBi @qlftee si mul ated togel

won Mises (N/m"2)
5.000e +08
4500e +08

. 4000e+08
. 3.500e+08
. 3.000e+08

e 2.500e +08

| 2.000e+08

_ 1.500e+08
1.000e +08

I 5.000e +07
0.000e+00

Figure 71. Finite element analysis modelling of 100kN load though top tilt saddle and mounting collar hot press

components.
The tilt saddl e analPisg®Rei A mnahxoiwmu ns evpaalr
498/ m2 von Mises stress is found on the
which is in contact with the bore of t he

won hizes Wm™ 2)

5.000e +03

L 4500e+08
_ 4000e+08
. 3.500e+08
L 3.000e+08
L 2500e+08
L 2000e+08
. 1.500e+08
1.000e+08
5.000e+07

0.000e+00

Figure 72. Finite element analysis results of 100kN load on tilt saddle.

As a result of the finite element analys|
was i ncreased as shown increased from 15

the componeiti g@ai@ eshown i n
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von Mise s (i/m*2)
2500e+08
l 2250e+08
L 2.000e+08
. 170408
L 1.500:+08
1850e+08
L 1.000e+08

| 7.500e+07

5.0002+07
2.500e+07
0.000e+00

Figure 73. Finite element analysis modelling of 100kN load thougivagked mounting collar hot press
components.

53. 3.6 Al umina Push Rods

Two push rods arwegoeguanseldafehpydbwasiuisetr a
to the sample and to suspewdrtheabampbe f
They ar e 550 cmni iaendd a6t0 0 pnuns h me d desntgdh 1t a Mdh e
high pressur e and have esmuddrhé epernets si ngr n
experi ment al conditions. Al umi na and Zi
materials and after consulting external

25mm di ameter would be used.

It was parti d¢wladrel ye nidmpsourtfasnce€ o mp If e tt ehley
perpendi ¢chleagt hotbhensure sthreaiaghts toHr pu
entire diendt Ipuse-bplrhgeds sdoedts wer e specified
that ensured no mome tthleaotudadilTahnen rouaamp an yi oAl

were able to meet these specif.ication an:
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53. 3.7 Ceramic Die

The cerwamanufiaect ur ellenfsi ¢ pm il gmi na cer an
custom manuf acitTihreedorbyi Mahokerncept was t
arrangement where the uniaxial pressure
from t hientsamiphe interior surface of the ¢
t he positiHonweotfditsh es ydsiteem was repl aced by

to all osweutpase of

The die is used to contain the sample an
highly detnmwiet m$ uaaxmnd at he high pressures.
the company Nanoker and has bThen btortiteodn
support wafs tahdegjoudsateecdo mmodate the al umina
5mm height and 26mm di ameter was incorpo
i Fi gh4 e

UPPER PUNCH

DIE

\\\\\\

o

26,00

_

N\

LOWER PUNCH ////

RING

Y
75&

\

SUPPORT

ﬁ

RECESS

; 5.00 65,00

Figure 74. Ceramic die modified design with recess for push rod.

53. 3.8 End Caps

The Mmamaf acd mp eodfe ntthe hot pr.dhsmgar eu stehde tec
buffer the interface between tthislatddumsna
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The end caps are simple di §bosy5mmet hntlkni
be slightly malleable to allow them to n
di ssipate pressure evenly to the surface

bronze or copper were consifdoerrapdpibsud a twiea re

Figure 75. End cap design in Solid Works and picture of manufactured end cap.

53. 3.9 Polycarbonate Safety Screens

As an additional safety measur aptperessar
framecltooseent hadurigug pevemeée.r i Trheinst awa sr uthes ens
the eventangf ffraigihemd $ abdplussth aroe exposed
furnace are contained. The shields are t

The front panels are removeable for acce:

5.4 Equipment Testing

The initial testeinmghadas t bendad utm chat a ods
withstand a | oad of 60 kN applied by the
The furnace was then heated graduovmbhly to
e x piaowso ul d Ilceanugsteheni ng oafn dt hheo wp utshhi er otdrsa n
i ncreased pressdhe deftbkbetspat ams al so m

di al gauge indicamogupnamt elde am dfhet bt ha
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—=+— Deflection (mm) L
—— Temperature Fumace (°C) .
. e ,\ s - 900
J e - =R 800 {3
Posettinsuestey \f/f\*/ ?/FI \:&\‘ L 30 L 8
50 - perrt V. \\'\\ F700 @
— J | Tt S
é 40 4 j /J [ E 60w =
0] /'_' c | L
5 ] ) L20 6 50 o
2 304 A S | k=
2 " 2 L4000 ©
o j n / - F1.5 o | (7]
[m] (o
20 4 / \ 2 L300 E
! Nt o 1.0 L 3
1 e 200
104 - "
_[ / 0> - 100
0 e . . . . . . . . . . 0.0 Lo
0 50 100 150 200 250 300
Time (Mins)
Figure 76. Hot press test run monitoring,
Figugbows that the increased pressure res
a maxomud.i s mmceolr tkeNh dBli s i s in |ine with

when performing the safety <calcul ations
temperaturanri ©€s etalser € ni $ he, toavteernaplelr aptruer:
above 80 AC this becomes more apparent.

rods begin to cool, the pressure and def
decrease in pressbrani aad erss ad pea ad lihaad tf ieitr
dwel |l Tphei pressure falls rapidly to zero

decreases back to room temperature.

5.5 Summary and Conclusions

The -phroets s was designed t o be abl e t o C
piezoelectric cer ariiics wbnhketrhwp roevsesruarlel fao

densification and reduce porosity in sini

The pradtass been desighe df odoX poepricimngetnet ailn c on
a temperatur ei Ir2an0peisd €s 900e ACp to 122 MP
shown tiers tti meg pbhuaesbeu itphmenthdeed capabl e of
condiThe nfsipnraels sh obtui IFd giousy eshown i n
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Figure 77. Picture of hotpress build at the University of Leeds.
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Chapter 6 Solid State Crystal Growth

6.1 Introduction

The aim of this sectiarmeofehforee ksiimg tloasund
mi cr ostruchTursea copfld esNerng t hi s knowl edge to in
seedi ng-sadamd es clriycs t al growth triualde.r sbfanids nf
how tdhpeebBetng process varies,afndorhotwh tesaf tto
this process to produce ideal -sprageurcgorstmat
process.

Il nitially a series of experiments were under
of PAMIN in thédyhotargregstemperdbhuseiandopt ew
annealing study to understand how the grains
fu
bin
add
boundaries to facilitate more efficient ma s
b

ility.

]

ther increase the density of sintered sam
ders to aid t.heLidewisd fpltage oni mptrerciersg was

ition ofddéRlvwegsss ulseeadd toox ipr omot e f or mati on

mo

Us

e X

g the knowledge gained from the prelimin
ri ments were then carried out . Firstly
i n
ab

S e

r mal grain growth fr eRdl tshien gsleee dc.r yFsotlall osw i

® S5 O T

n
e
orporatedPT npol tchreysRMN | i nhe greegempowd®er
0
d

SSCG trial s.

A further annealing otregesiing tequinidd ad fet emr
seed. A study of the annedaaleiffhg@dbise metehdend n t «
mi crostructure of grown single crystals is
l iquid phase is also expATorsampilne st Hairses sperygotdi
stoichi otmea@mntihc ad % ymo | afddri 8 et RWWAidandn PbO.

From the dat a gsatahteer ecdr yisnt atlh egrsooMtihd dkdce | s w

content, Arrhenius plots have been generate
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crystal gr owdtho atnhde caanpiawaet i on energy requi

polycrystalline matri x.

Finally, the ef-§tatevengstahstedb wonhapnhgeatnbeosde |
doped-PHMNE ampbkesagryghttalobganowed fromstaeasley sac
and compare to thaRTodampgloes.hi ometri c PMN

6.2 Experimental Procedure

This section wildl gi ve amr ococveedr wrieesw fod-l |tohwee de
pressing and subsequent solid state crystal

ceramic materials and suppl eGleaptey HdHacking

6.2.1 Sample Preparation

PMNPT samples that are sintered in the hot
accor dSiecg itomghAee@n pbowders are cold wungi axi al
pell ets of 13 dmmodi saddtewh taewd tghr een Ssatrreengt h
thesostati @a2l00y MPred oedbhemipnesssed pell ets ca

to the hot press for sintering.

The single crystal seeds -purscecde sisni ntghi sSiwayrl ke
samples were obtained from MaTeck (2013). T
orientated 10x10x1 mm squares. T h etslei ineerde i
Section dub . 9BmPmpdrecees, in a 3x3 grid,inusing

SectiogmBowhl2b®d®m titaPRPAteiagdePMNyst al seeds |

set of experiments.

6.2.2 Sample Loading
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The hot press experHingeoBteallh es esta mpd ei ped Haewn |ic
press die is surrounded by yttria stabili st
accor Secgi omhids 3i.3.used to evenly delsitnriinbauttee
di rceocntt & dvdel wrhi na diPd @gred | BRMNwhi ch coul d caus

interaction between the two materials. The p
die and compressed to form a fl at surrfiaace, t
stabilised zirconia | ayer, thmddetdhd or dmdilnitnh
bet ween pell et and daseedwatldp asnudr ftaoc ec oovfe rt hteh ¢
found gt mdt pcking powder iis sufficient to c
pell et.
Upper Punch — o
Die —e
Yttria stabilised zirconia
& packing powder
=] %— Sample Load Area %— PMN-PT green pellet
Lower Punch = — Single crystal seed
Ring —e
Support RN
Recess ——TFe |

Figure 78. Hot press experimental set up,

The die is then | oaded into the hot press an
pump. As the temperature of the furnace 1in
i ncrdagasei ngt al amount of pressure on the sam
pressure accumulating in the system as the r
of f from the hydraulic equipmpertsspueri @adi Qalsls
the sampl e. It was found during initial saf
stabilises when the experimental dwell tempe

rods can beaseaenouoadpPkP8& minutes after this p
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6.23 Further Heat Treatment

After sintering in the hot press, t he sampl
growth. Annealing takes mhaeoceaisaangpedabsadenti b
and busaedi fiinc( fh owmn widrer grSeat e ro.nfdheet. &si.d4c riinf i c
powder i s made of the same composition as ¢t}
|l oss of |l ead from the sampl es. For each expe
and witldt eoce in the text.

6.24 Material Characterisation

To understand the struct ursatlatceh acnrgyesst alh agr vt
mi crostructur al an alf yesmaicsh heaxsp elrd eme nu n d elrhtea k een
include optical mi croscopy, scanni ng agl ectr
spectroscopy. Texepdeaitnedbre nyg weed adrl &.i n

The preparat,toneofabmat ¢hiealmgicsy oaslt 3 abelicia s tmdnd ai
4 . Samples have been set in resin and polishe
|l i sted in Section 4.5. 4,Bueblkleenr &sr ornme ctohnemeengduei
route for c eBruaemil®Onalt eri al s (

6.25 Particle Size Analysis

The size distributRTonpowderhep agrrteiceculressori sP VN f
density of ceramics for med. The particle si z
and fl owabil jwhyi cohf dtihreecpdwdearf f ects the dens
sinterefd tbhoeysA mpdretsi cl e size analysis was u
size and distribuPTopopwtiepheedal ai hadsPMbdr k.

Figdsehows the particle size analysis data ¢
found tam,bd hQd.s75 s confirmed Fby8®Wlee SEM i magc¢
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Figure 79. Particle size analysis of PMRT powders that have been prepared and calcined according to Section 4.2.

TM3030PIus0219 2023-05-19 15:37 NM D4.4 x500 200 um TM3030PIus0220 2023-05-19 15:38 NM D4.4 x40k  20um

Figure 80. SEM images of PMIRT powders that have been prepared and calcined according to Sectiot

6.26 Single Crystal Seed Properties

The XRDumpeRMM Tsi ngl e diry sthaBwgdeieeaThi s confi
that the seed is [100] orientated.
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6.3 Results and

T (100)

| (200)
= ]
8
a -
2
2
E -

b il
T T T T T T T T T v 1
10 20 30 40 50 60 70
Position 20 (°)

Figure81. XRD Spectimof PMNPT single crystal seed.

Discussion

6.3.1 Hot Press Unseeded Initial Trials

The first

t o

under st and

set of experiments were conducted

how the mic-Podsei sect ed ewlnén poil 1y

the hot press compared to dHopresisnggi mat a v a
temperatures and pressures was exptlt beefefde cats w
ofurther heattheemtmeastructpuresls ealv slaumtpil ers . o
The -proetssed samples are compared to conventi c
out be inspecting the microstructure of both
pell ets. Sintering with tmhe odi dexafesad Illiequi d
materials is also explored in this section.
Results from this section &@iomdi ¢ idurshcaugniede |
pr estgo prioderaleeri als for solid state crystal
growth trials are then euxspilnogr e dchei rk ntohmel endegxet f

hopgr essin

g experiments.
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6.3.1.1 Determining the Optimum Sintering Te

The first set of experipertssi agmwi thb weatwnb
temper at ur e faenadt P rtelses umiecP To sstarnupcl teusr.e Tohfe PFOMIN |
temperature here is defined as thRTteapelras u
are obtained.

Samples were sintered in the hot press mai
temperature at whifcthr thiwmatsamiph gEsd wenmemealt d f
10@D up to®. 1R 0r0amp Ax/ahtoeurofwazsOOused for all sa

of 5 hours was Failgs8ok ékeews tchoensdisnteenrt .pr-ofi |l e
pressedCat 1150

1200 +
1000 +
800

600

Temperature (C)

400

200

0 T T T T T T T T T T T T
0 2 4 6 8 10 12

Time (hours)

Figure 82. Sintering profile of PMNPT in the hot press, dwelling temperature of 1280

Foll owing hot pressing, the samples were cut
surfaces weaparnatbynsiegargawh di f frragyc tdiiofnf.r aX t i on
identify the cryasniympuphasesgpwdetsiscean tmiatyelmotal s
ray diffracti-Bm pampkeesssbpht eM&ld for varying
al | at 20.4 MPa FpirgeBsBseur e, are shown in
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Figure 83. X-ray diffraction patterns of all samples sintered at a range of 106A20C°C.

The XRD specRirga8 Bsehliwmi ti nt he c¢cl assic perovsk
temperatures analysed. They are all weeehir me

in the pe@lkoyeorsiitnomecti on shows ,whi pbawospdti

indicate a tetragonal phase present due to e
spectraFsp&par siimgl e peak is observed indica:
all wunit cell edge | engths are equal. Each X
I n the formPMTataooommMoRMNMpurity seen 1 s the

Thelawambite method of synthePsTi hewaes (wWsdditl e dp
4.1.1.2) to reduce theFipg&kbenter m§ tbhipyrphkbas

avoided and no other significant i mpurities

The density of each sample was then measure
Section 4.5.1). The measured density tdhfe eact
percentage of which the measur edPTsaumpilte odealnls
showhahtélneThe temperature at which the highes
was afC,18®0Y dwhi ch corresponds to a percentag

Table6. Density of samples sintered in hot press at 10kN pressure for 4hours at varying temperatures.

Sinter Temperature (°C) Density (g/cn¥) Theoretical Density (%)

1000 6.97 87.59
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1050 6.99 87.31

1100 7.24 90.75
1150 8.10 99.93
1200 7.98 98.80

The density of the sampl Esg@sgelat sios dsspWwmay el
temperature i i@ ruwepmstis tifdréo0d eNG0AG y of the sint
from a dem@Fidtny So@ODE mMAs the temperature cont
1150 the density of the S@mpimbssdesrehsaghtl
to excessive | eacdaulscetsds ebiyimi g theer, psrtaeampgdretrsiart gu r feu

densi ficati on.

8.2

—

_

Density (g/cm?)
N N N N o
N £ =N [o)] oo o

~
o
1

e

T T T T T T T T T
1000 1050 1100 1150 1200

o
o
1 L

o
o

Sintering Temperature (°C)

Figure 84. Density of PMNPT samples sintered in the hot press at varying temperatures.

Fig8sbdows the microstructure of the sintered
AC t o ACL.2 OTOhae rhei gihs amount of porosity 1plr@EB ent i
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which is in agreement with the correspondin

densi fication has not been achi é&\Ced until t h

The microstr bd¢ tg@mseh oswhso wnh aitn | arge amounts of
occur in samples sintered below 1100 AC and
Here the cambédpMBeasnref and 1100 AC is clear!|
transport at a rate fast enough to compact a
the microstructure shows very I|little porosit
rtaher than between t hem-PTT hsea nspa nee hiost tprruees sfec
mi ni mal porosity can be seen which is in ag

t heoretical
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1000°C 1050 °C
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r &

LEMAS 15.0kY 8.4mm x1.80k PDBSE(CP)

: i

i L o 4
LEMAS 15.0kY 9.5mm x3.02k PDBSE(CP) ' LEMAS 15.0kY B.6mm x1.80k PDBSE(CP) =~ 30.0ym .

LEMAS 15.0kV 6.7mm x600 PDBSE(CF)

T UL
50.0um

Figure 85. Scanning electron microscopy pictures showing the microstructure of sintered samples in t
press atvarying temperatures from 1000 °C to 1200 °C
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Thazerage grain size of eRich8@sdtnhtiesr eids scaarpd el
t hlei near i ntercept met hod, Fide8fhd | edni heSasetei
increasing the tlemperh@uu0 eACriwans 1®MI0y a mi no
grain size, with the averagebegraThesaver agaeas
size then incr eanseasndatf ulrlt5h0e rAGCsdmol I~ 1alt 1200
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Figure 86. Average grain size vs sintering temperature of PRINsamples in the hot press.

The average grain si zPeT fsoarmpd ac hi sh adb Jphreesshsoewdn
st anddevidati on of the average grTaablltesi gieveeas
idea of the wvariation of grain size in the
sintered at 1200 AC, this is$nexpecia@dtt@eal amy
exacerbated when t heande mphearadfuaree itshe ngrrevatst
grains is higher. The vari atAiComnaf balllowdt ther
relatively empwi,ntlesatihgnaluni modal distri bu

sampl es.

103



Table7. Average grain size of hptressed samples with varying sinter temperature from 10200 °C.

Sinter Temperature (°C) Average Gr ai Standard Dev
1000 4.36 0.53
1050 5.72 0.18
1100 6.29 0.43
1150 11.03 0.55
1200 25.79 1.85

Fig8sdéaows the average grain size and densit:
temperature. From this set of experimets, i
are | ess dense and although they have a fine
for solid state crystal growt h. Ag hteha esiisn tt g
continues to increase, and the aver ameaf@grain
12AC. As the Ad€ndiegynat tb2@@crease, possi bl
sample at high temperat pres,s sargli é@ ed icrnothdlreic

experiamedCs @ o pirghllux edense sampl es.
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Figure 87. Density and average grain size plotted for-pptssed PMNPT samples sintered at varying temperatures.
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6. 3lhvEdstigating the Effects w@afreSintering Pr

The next set of experiments were conducted t
pressure dur i nogb sheomhigrirgeesfsfi exgt atnlkdi s had on tF
PMNT pell ets. Samples were prepared as bef ol
temperature was kept constant at 1150 AC, de

sinteringréeempera the most dense samples wer

Fig8&dows the microstructure of pellets sint
the hot press die surrounded by packing pow
tested but sintered in a conventei oanpapll ifeudr ntaoc
sample during sintering. SaviPpal easn bdidnOtaa8ree ca |l isn

shown.

0 MPa

LEMAS 15.0kV 9.9mm x800 PDBSE(CP)

20.4 MPa 40.8 MPa

Figure 88. SEM images showing microstructure of sintered pellets of varying applied pressure; 0 MPA, 20.4 MPa and 40.8
MPa.
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