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Enhancing efficiency of lead-free piezoelectric materials

for energy harvesting applications
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Abstract

This aim of this study is to investigate the relationship of processing-structure-
properties of the lead-free piezoelectric materials in BaTiOs;—BaZrOs—CaTiO; (BT-BZ-CT)
system. All ceramics were synthesized by conventional solid state reaction method with
normal sintering involving the use of high—purity starting materials. Physical properties,
crystal structure, phase transition, morphology, dielectric, piezoelectric, and ferroelectric
properties were studied. The ternary system of BT-BZ-CT, the composition region of
0.86BaTiO; — (0.12-x)BaZrO; — xCaTiOs (86BT-BZ-xCT) when x = 0.03-0.11 and 0.88BaTiO; —
(0.14-x)BaZrO; — xCaTiO3 (88BT-BZ-xCT) when x = 0.03-0.11 were investigated in this study.
Temperature-, frequency-dependent dielectric data, electric field-dependent strain and
polarization as a function of composition are presented in order to understand the
relationships of structure-properties and find the high piezoelectric response in this system.

For the ternary system of 86BT-BZ-xCT, XRD and Raman results indicated that the
ceramic composition, x = 0.03, was a rhombohedral structure that transformed into an
orthorhombic structure in the composition range of 0.05 < x < 0.09, and eventually
transformed to a tetragonal structure in the composition, x > 0.09. The multiphase
coexistence of rhombohedral, orthorhombic and tetragonal structures in this system was
expected in the composition range of 0.05 < x < 0.09. For the 86BT-BZ-xCT system, the
results show that the ceramic in the compositions, x = 0.02 exhibit a rhombohedral
structure. With increasing CT content, the ceramics transformed from the rhombohedral to
the orthorhombic structure in the composition, x = 0.04 and eventually to a tetragonal
structure at the composition, x > 0.08. The polymorphic phase boundary (PPB) was observed
at the composition x = 0.06 with showing coexistence of orthorhombic and tetragonal phase
nearly room temperature. These PPB compositions exhibit high piezoelectric and
ferroelectric response responses may stem primarily from the rhombohedral-tetragonal
phase boundary, due to greater lattice softening and reduced energy barriers for polarized

rotation.

Keywords: Lead—free piezoelectric, Ferroelectric, Barium titanate.
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wazluszuu 0.86BaTiO;, - (0.14-x)BaZrO, - xCaTiO, feadaisufise1an1uz09uda
2. Anwgaumndtumesfimnzauitelildioniniifiannings
3, Fnwautinemenin lassaiandn mswdsuila aud@leddnvsn andinafielsd

& a a & A a a v
LaﬂmiﬂLLangaﬁiaLaﬂ‘ﬂiﬂ‘WLmiﬁJﬂJl@

1.4 N8 FUYAFIULALNITOULUIAUAAVRILATINITIY
dwdudufufsmdnuieledidnnintduazerdeusngnisaliisledidnlnenss (Direct
effect) Fauduunngmsaintagldfuusanaviu uses vidonslinnudu (Stress) uadTantues

inliAnnsnsedanielndin (Electrical displacement) \indiu danaliinusegluily uin/au

1% '
= =

\WinTuiirmiiwesTanluiunegnsanudiuiu [1] wansiagun 1.1 lneUununinszdanianiy

I UsHURWAMUAURTADIN LU hanesIaun1si 1.1



Center of Onhogg applied to =
positive charge plezoelectric material

Center of
negative charge

JUN 1.1 nsiiauszquuiaanislediannin Weldsuwsauau [7]
D = dT +&E (1.1)

dlo D Ao nawesmsnszdanaluih
T fo Anuduiilindly
d fie Andulszavismaiieledidnvian (Piezoelectric coefficient)
€ Ao Ananngaun1aliin (Permittivity)

E Ao anuwduaunylain

v ¥ vew v 3 oA v & N a X yw ) a £ =~ N
At ol uAuTe) aelllosiu naviinnseudliiuinduld lneArdudssanomaiislsd
dnn3n (d) iususuenanuannsavesianiunisiaeuanuruitlid ludulniile Jsfivioe
\Ju Aaeuy sellwiu viseeiuigegnaie fe UssglwihiiAntudeniliniievesusinseyinveTan

v v

Y & U S Y] g v v o a £ = a & a
Tues sumulddidiseanisUsnnaliihuing Janfildasdesrdulsvansniafisledidinnings

1%
[ =

Wiy datu Madendaniieledidnvisnitesnndnlugunsalifunemaanuidarud Aty

9

atine Weligunsaliiussdnsamlunisldnugsgn wavdedAgyBnegranis Ae Tdunulunis

& g [

KAATIF AuAuAmIamu fafunssuunamantedeaniuizide ligsniAuly msteudnen
on wasdufinsoduandoudndae fadunisife Anviuasimunlunisndntamuanil
UsrAvsnmiiasuwidelddumilunasdedignasld Adeuanunsofiagifisdszavsn muosndafud
wazandunuNHanadle

dmsuTanieledidnvinliasmeiimiaulsannsoudseenlsidu 5 nau Uszneusne (1)
naudanladlulowmiiilassasuuumesesialng (Perovskite structure) (2) nguiifinuiFesln
niundussduszneundn (3) nquarsusznevdaimiiilaseairuvuinesenalnd (4)
asUszneulaimiiilassadaduiu (Layer-structure) uaz (5) nguansiifilassadauuuisanu-

UsBUD (Tungsten-bronze structure) Ingtanizanstungud (1) (2) wag (3) dulaudAnaiielyd



dnvsnAeudlamnunitngudus egalsinnuastungu (1) sanilavlulewun feuwdesdiauda
madielaBlanvsnin winswiseuwsinlildanuruwiugaiuilaen Wesnnnsssmveves

§ o

sdanitatlugienssuiunmsunduwes il slnAingngu danuvuwiue dealudiauds

13 o =

malnihiidesas [8] dmsuTanlungun (3) wslismnladmiuesivsznounan Felaindulany

1%
a o

wiin Wuiivsedwandenliwansisanaziiunidn deduluanuiddedfdinnuaulatanielss

[ '3

Enmnlunguiiiuueslnmiunidussduszneundn iesnnifuasuszneuiiniouldde 3
audfmafielsdidnvinaoudned Snitsdadufinsodauandeudnie

wuSeslnniun (BaTiOs vise BT) gnAunulag Wol wag Goldman [9] Tul a.e. 1945 lng
wuisdmiuatuillasaiauuunesenlalng nedlgamaiadd (Curie point) 71 130 °C Tt
anigunniindd awlilanmdidnniniidlassaanuuAadn vennnidvanansonmamunis
Wasulaldiaamgdl -80 uaz 0 °C Fudunsdsuannmameslsdidnminiiflasaiiuuy
seuludnsea luiduameslsdidnviniflassaiuuuesslssendn waznisudsumaania
wledlsaidnviniflassaauuveeslssendn liduameslsdidnniniiflassaiauuuimnss
Inuea audwu dnsunusedlnmuedandinidadidnsn iweledidnninuasmlesisdidnnin
Aoutnaf uansism e 1.1 uideiSeuifisuiuanslunguues PZT nuihdsilaud@ndesagunn
oedlsfnna liuuand Sonidevarenduannsausussauiinisiimesuuiioylymiunlia
Puldlnemaiesmyioansusznaudun asluifieWansarasvowdsialyalfifuinusesdeia
\uiivsuiufegudrin uinusessiaia (Morphotropic phase boundary e MPB) iyt
fanstinafiunnssiuegisiosasmauzuiuogludinian Seanmnsadamaliauifimaieledidn
yEnlamsutuld frunuiderne Sulfnvasararsvosudefiuansuiinusesdewa luas
YaanguLussulnvun Aty Sunidevatenguldusulwandinidaiilaeindu

A58 VRTINS IUTEATUTNBUDUY WanIfanIT1e7 1.2

A15197 1.1 auﬂ’@mqmamwuazauu‘”@mlﬂﬁwaqmiﬁﬁmwﬁsﬂmmum [10]

GOV USunau
gaumaliase (°C) 130
AUUILUY (NF/aU.9H.) 5.70
AAsiilaBidny3ngi 1 kHz 1700
A sgedenelndidnnsn 1 kHz 0.01
Piezoelectric ds; coefficient (pC/N) 190
Piezoelectric ds; coefficient (pC/N) -78
Electromechanical coupling factor (ks3) 0.49

Remnant polarization (pC/cmz) 133




A15199 1.2 auvimsiiiveaesinfdiussdnniundussrusenaundn

*

. £ dss dss k, P Tc 91994
Bk (PC/N)  (pmAV) (C/em?) ()

6BT — 94BNT 580 176 - 0.3 38 288 [11]
6BT — 94KNN 1060 104 - 0.29 8 358 [12]
4BT — 88BNT — 8BKT 810 170 240 0.36 38 300 [13]
6BT — 92BNT — 2KNN - 30 560 - 16 260 [14]
94BT - 6BZ 2560 420 - 0.49 - 107 [15]
75BT - 10BZ — 15CT 3500 620 1140 - 15 93 4]
88BT — 5BZ — 7CT 2500 387 - 044 12 110 [16]
91BT - 4BZ - 5CT 2070 338 - 036 14 120 [17]
97BT - 2BZ - 1CT 2200 375 - 0.44 10 115 [18]

Ml/’]y“/iﬁz BNT, Bi1/2Na1/2TiO3‘ KNN, K1/2Na1/2NbO3, BKT, Bi1/2K1/2TiO3, CT, CaT|O3 and BZ,
BazrO,

1% '
A v Aau ay 1A

uenaniEiinidunauiug insAnwirdefunguues Liu uay Ren fafilsnanianudn
11984 Aedin1seunadey way woslaulluy asluluwudeulnniun ndwindidelasiusu
nuideiiieades [4, 15-21] wavansadewdualnesunsuvesarsluszuulnsninves
BaTiOs-BaZrOs-CaTiOs (BT-BZ-CT) lé’é’qgﬂﬁl 1.2 ﬁ]’]ﬂEULLamiﬁL‘ﬁuﬁda’liﬁﬁﬁﬁﬁuﬁ’]\‘is] i
Tassasauaneafuly Tneusnadiididensilasadauuummselnues dundlasadauuuens
Tssoudn Avdesilasiauvusedludnsea wardihituillasadwuuidn  dmsuusnad
ymFouinaidliinsfnwunnousazaaihasduuinusesdemaveuaiieglndruliuies
dlofinnsanauddeves Liu way Ren fafinaniunudn #13130A TNV triple point fidndmes
@13 50BZT-50BCT %3eiign 758T-10BZ-15CT lumialnezunsudiuios Ssaziiiuldindugnsmid
3 Tnseadne Usznoudie wmselnuea sedludnseauavindn wenani wWefinnsana wsiuves
wlalmesunsuiazdiiled firnudululfgefienansranuudna triple point Wuudnadiaes 3
Hugesmes 3 Tassads fe mstlnuea seuludnseauasesslssendn Sedsnaliauifmaiie

lediannsnlanaulmduiedu geluninduluusinudinad tdilassasrawuuAinig1un

Weates Amhuavdwaiaumainsgnay Jardwailaenswionisuiluldauatelalugg

Y

QNN UTIULeY
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BaTiO,

Uil 1.2 widlaozunsuvesansluszuulasniaves BT-BZ-CT

1.5 YUABUVBINITIYHALATNITANRUIU

1.6

N kRN

AnunduadoyauaznumuenasminasiieIdes

Jawseudan gunsal warasiadl

vinsdaaneginendnlussuy BT-BZ-CT fidndiusineg showaiaufizetanuzveauds
yhmsAnwngamgidumes szeznan fmnzandldlunisisiounsiiin BT-BZ-CT
Ainnwdiondnualvessiniinieuldlaewaia XRD uaz Raman
Tnswilasiasaniganalagmaiin SEM

nsTaaudinielni Town audRladdnnsn weslsdiannsn waziieledianyisn

nanaInnazlasu

1

N9UTINSFUILNTHUATILIHINEN BT-BZ-CT dnewailaiBuiAtenaniuzveaudaiiely
Iewsiifinnuudgrsganuisnssuiumasdouesidn BT-82-CT Wldlwnindisiam
UGS

nswdanuduiussenitanszuiunmsdansed lassain uazauifvesianiieidy
wumnslumsauauaslslsandRnudideans

nyvandiniesnisnnuas autivisladidnnin wleslsBildnvsnuaziisledidnvinves

wsinMeseule
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UNN 2

VOB HASNANNIT

2.1 JaouieluBiann3n (Piezoelectric property)
Usngmsabiigledidnningndunuiulul 1880 lng Jacques uag Pierre Curie ¥l
MMsfnwdvsnareswsinaraUsegliilwendn 1w avend (Quartz) Msunlad (Tourmaline)

Feruaud (Zinc blende) Wudu Tnarin “piezo” dufisndwiunannaiwindn vaneds “nns
nn” Fedutsngnsaldieledidninife Unngnisaifitagannsafndalii (Electrical
polarization) Fuidasanarueden (Strain) Tufiandleldfuanudu (Stress) iy TasEen
Usngnseliih “Usngnisaiiiteledidnvdnlaense” Fauansluzui 2.1 (n) waglumandudiu
deinstiaualwiundanfieledidnminudranmsaiinauiedon dadudndrulaensaiu
aualihilmdlldnsdenuanngndiih “Unngnsaidelediinninlaedon” duandy

SUT 2.1 (@) [1-2]

v

Generator Motor

F=wma

Converse Effect
(n) (2)

UM 2.1 (n) Usingnmisaliigledianvinlaeasakaz(v) Ysngnisaliieledidnvsnlneden

u

[Pakladann 22]

aunsiiuguildedursdsingnisalifislediann3nns 2 Usingnisal lnefiansanain

autanaliiuaznistanguvesian [1] fie

D-dE+EE (generator) (2.1)
S=sT+dE (motor) (2.2)
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Ao An1sunuiiniglngl Dielectric displacement)
An ALAU (Stress)
Ao @l (Electric field)

Ao ANUASYA (Strain)

O »w m —H O

Ao dudszdvtifisledianysn (Piezoelectric coefficient)
s fie ANUMEIRLTAR (dIundUTBINBATAYRIANNEAVIEL)

€ Ao ArdaNINEBNANNNS (Relative permittivity)

PNFULUUTDIAUNITN 2.1 war 2.2 wandbiiiuianduwnna1Ivean1sdnisesdiluian
FeazduiudivantRvesianiug uenanilianiisledidnvindliaudRnvuiuianig Jededinig
& o v v A = A A o Y ' ' & o a £ a
seuduiesliiionansfisdoulvresannennimun fegrau  dsy WJuduusednsiiiele

a < a A = YR a [ 5 [ 5 a A
Bianniniinanstsrnuduiuslunaialnanlswtulunnasainduaalui luiianig 3 Wednng
Wianuduluiienis 1 vseamudiavesian ((agui 2.2) vieen ds; Muannisiialnatlsgduly
Aanng 3 Wedinnsbimnuaulufianie 3 [Wudy
dwmsuTaniieledianyintusesinisdusyavadieledidnynuasAaning ouduinsid
Ags wethlUldlugunsaininsdunaznisindeulny 1 inTesdygaasiounasiaiesd msy

Suile [1]

JUN 2.2 HameednanlsiwdudeinsliaunuluiuazanuduniTanieledidnyin [Fauuas

911 1]
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32
[ Symmetry point groups ]
]
| ]

21 11
[ Noncentrosymmetry ] Centrosymmetry
(Non-piezoelectric)
20
Piezoelectric

(Polarized under stress)

10
Pyroelectric
L (Spontaneously polarized) )

4 N

Subgroup
Ferroelectric
(Spontaneously polarized,
\_ Polarization reversible) )

Tungsten Oxygen Pyrochlore Layer
bronze Octahedral (Cd,Nb,05) Structure

(PbND,O,) (ABO;) (B, T1;0,,)

Perovskite

structure

3UN 2.3 unudananinisuuanguuawaningMsldiuguaunnsvewan [fandasaini]

Tnemaluudndnazanunsontseandunguatuanuiasld 32 ssuu lag 11 szuuiull

TnuazauNnsHIugAAudnans daulndedn 21 nguavilidnvagvemdnluauuinsliiiuge

tuaglinansautAmaiieledidnnin Wewnimdnasivdsuluilulasaiafidauuinsiiugn

g
Augnans Bawdntunguiazdiviies 20 nquiiasasansandiniaiieleBidnvinld dwdn 1 ngu
Audnatadlelasuusinsgnu wazdnlundniiieleBidnvisnia 20 nquilagdiiies 10 nquilaunse

vnlnantsiedulaee d1nnisiialnanbsetudanuisaninnisadutnldluianenseatutula e

1%
|

daliauuliniguenidrluundidanaziSonndnnguidn  “eslsdidnn3n” &3

9

= 1

= a a a e 1 1 14 va v I3 1
nanaslsdianninfnaiunsanlsgeenulaseasialadn Ao ﬂ@uiﬂiﬂai’NLW@i@W'ﬁiﬂ@ nay

lassaiarisamuuseud wagnqulaseaiistuveslaiv dwandlugun 2.3
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2.2 YaouineledianvEnisinznadussdusznaunan
Tuefnfinanlngianslutsansulanadifiaes [Eins@nudueiuasiauias e
TwdianyEndusgraunsuats iieazilairsgunsaldidnnsednddiiuszansamgaiieldlu
asnsmdangnn Funsnldfimstamnasifiendadufivuszannluin Inmdeslaeenled
wunii@alnniuauazunaidenlnniun dedaladidnvinuseana 100 wagsieanlul 1941
Wainer uag Solomon lddununuizeslnniun faduiaqiieledidnninudelvflésuany
aulaegneds lesandaledidnyingada 1,100 FadumaliuuiFoalnmiuniinisfnuitueeis
unsvane sieanlafinsdunuinansussneunauesmemasialadidnyiingaruiisatu gelundn
thu asUszneunduuesmsiadslitefinhasUssnounduvasdlmiun fe anunsawndunoslid
gumginnindeildanunsoandunulunssviunssdnasidesnmnn  deduiadumeli
asUszneunguilldfinenudunuasiauniuegisninereauisiagtu degradu arsly
sEuuaANIue (PLTIO) tamwasladeulnniun (PZT) wauaumduigesiadaulvniiug

(PLZT) waniliiatulawun (PNN) waziandad lulotus (PZN) wusduy

T 500/

§ Paraelectric

je’ 400/

=

g 300 Ferroelectric
g- tetragonal
()

|_

Ferroelectric

200, rhombohedral

100+
100% 100%
zirconate % Composition titanate

Uil 2.4 wialaezunsuvesansluszsuy PbZi0, - PLTIO; [23)
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dniu PZT dugndunulne Jaffe uavany Tull 1952 [1] vdndufinaiedueniadii
auddnlugnanvnssuauisiagtiu Wesnn PZT fautBmadieledidnyiniilansiuunn lng
amnsafazdsundsaunalufundsaulaiilags  Tnslawizuiiinsesdeszviiana
(Morphotropic Phase Boundary, MPB) §adusessiassninuvasenludnseatunnsglnuoalng
fdnsdwszhagesladouiulmdendu 52:48 feguil 2.4 venandl PZT Ssilgang a3
g4l 390 psmwalua (7 MPB) wasduflenduusdns  daauiBenatigdndae vilsinnsdnigeq

Y
1%
[

lnlade fenasladidnninamasiesensdunesinsgldanumgiliawintn gelund

Qe

Tunmansegueiia PZT llanuusansgawasauvuiiiuaaduaiunsanieulaligwinuin

tndewieuivanstungulvmiun

2.3 JaquieleBianninliansnena (Lead-free piezoelectric material)

= U Y = a < A ay v a ' v = &, oA
9L PZT LUU?aﬂLWHI‘U@LaﬂmiﬂmiﬁiUﬂquu@N@Eﬂ\?ﬂ'ﬂq\ﬂl’n\? Lua\‘ﬁnﬂLUUﬂqujaﬂW

HauvAnaneledidnnsn ladanvsnuazwmaslsdidnysnindeu laganizas1989US5086 0

1%
a

seninwla weegrelshanudaniisledidnnindainaniidvsuiavenansented (PbO) 1lu
aadtsznavagannnindesar 60 lnsdwin dudulavendniidunanzdoduindemduegis
w1 Bsluniugiifigunsaibidnnseindfifasussamiidussdusznaveyileniadesiiarlésu
ameialigedudosnanmstuda nstudousaznisganuaisng fissiinanauiou
iesannnisvihnuresgunsaiBidnvsetind Ssiinasies Torzaiusnauesiiesnelaenss (y aues
szuuUszam suuarln Wudu saddilsunesnagldlinuddaludediduegaunn Tnglu
¥ 2006 annwglsy (EU) Isoenszidouiiflanuddnedanste Tnsdeusndusafouisenis
Mdnavengunsaididnnsetinduie WEEE Faillanudn “uismindngunsaldidnnseiind
whondulFufiateuimeintanfiusdnauedniu lnsasdossuduanduilaafiotnduly
vhangvizedouuaiiotndululdlml”  dudefiaesdusufouidhenisaugunisiind
duiillulssmaandnuide RoHS ilemuauuagianiirdudsisifansidusunnevie
ansfesiudusdusznou Toun azda (Pb) Usen (He) wpawley (Cd) onezanaudiasidloy
(") Wdlusiiuslufiiad (PBB) uarlndlusiiunlefifadaives (PBDE) uanantudiiszine
Gy FusannmldldGueensudeuludnunedinan dmiudnifoiesfldinisfuslutesd
maudiu Wnefdnidevatenqulineewdnuduaiuazimuasiieledidnninlians

'
[

Aen WauImawnuasieledlannsnndaisnenndussausenaunan aaiulaannnisanun

U = =

Adelutanfisieledidnninliarsnemilungueie ed1elsinuaudfvesaslungy

9

1% ' ' 1%
1 ' = [ v o £ o

aananafidsdesninaisiiieledianninifezAnluesduszneundn  fatuidnlunagdes
nsfnwduaiwasiauaisiieledidannintunguiliivsz@nsaminieunsoninnii

asiieladlannsnndneidussfusenau [5-6]
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=
2.4 wulSeylnniiun (BT)
% ¢ T a & a ~ a & a a v 1
nsAunuyUsIngnisalineslsdianninwaviiielediannin sulasuaiiuaulaludig
arsulanasad 2 (nasl 1940) Tadianudesnisldaudiivussnfiniaanladidnnsnuinau
JannldiduianUszianaifelng (Steatite) luin (Mica) iy (Tio,) wunii@eulnniun
(MgTiOs) Fadlanladiann3nwindu 100 Wietipeninuu 91nNNSANYIUBS Thurnauer Wainer Lay

Solomon Txaguguiuiieulnniun (BaTio,) fiAafiladianv3naindt 1,100 Fwnninfan

9

lpdidnvaneinaug lutiasasasalanadeil 2 Faduinsffuienddfeludonvanieand
asszannukasaeUssmslfeuaulafinu Wy andgenint Singu Yadouasdiu

Tul 1945 uag 1946 151897UN15ANYIVEY WUl Uag Goldman NTALTLALNGUVDS
Hipple 10 MIT wueiuueslnmiundaasiladidnminguneiinuandfloslsdidn win
wagngued Gray wuinsinssualiiannneuenaunsadasedamumelunsuinligiea

= wa a & a =~ a’d _a v v v y X ] a
fnauantiuleslsdidnvinuasiisleBianysn Gannsdnsesiamenssnaliinguilizendt Inagds

I

(Poling) AlaannszuIunTstandunyuaddyiindsusniefidesluduaginevausseiiana-
i1 (Electromechanical)

wuSeslnyniun (BaTio; we BT) flassaieglunguinesevialnd dadulassadadiny
innluansuszneudifignsmaniiuuy ABO; il Ba axnosagnsssiuvitis A yuvssgugnuiead & Ti
ozAoNaYATIAILMLS B Asnanswesgugnuiad uasil O ezneusgaswiuniinataniivesgy

anurAnaauanslugun 2.5

‘ Ba** @ O* @ Ti

T>120°C T <120°C

JUN 2.5 uanalaseaineves BaTio; [ManUasann 1]
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Cubic

Tetragonal

T Orthorhombic

el

T =130°C

0<T>130°C Rhombohedral
-90 < T = 0°C

T <-90°C
U 2.6 uansnsidsundas@nlastaiavesusonlnmiunigamgiisnge [auuasain 24]

a a

wuiSeslnyuniigamaiiaTeyi 130 ssrneadua Inewuindosnmgiginingumnias
wudsslymiunazilassaiaduwuugnuiaidaduipniadiliid muwammﬁﬁumisulwm
wadndumsdidnnin udilevinnsangaumgiiasmludissening 0 fe 130 esrwaoansil
Tnssaadunvuimnselnueadainannisaslluiimmadadiemanisvesgnuied uaznnsue
fludn 2 fanisfinde Tassadsdafiianisvosluauddag (Dipole moment) dnaffulung
<100> agilenun 6 firvna inszastuiiguvniiisdiinalaeduiiAintues (Spontaneous
polarization) sty 6 firna uasdoangamnfawlutassewing -90 89 0 esaneaLdea 2ud

lassasraduwuvessissendniinannisdadilufiavuesuvesimumindnunisvesgnuiniuag

1%

nmsvefvesinunthaunilslufiavieuegnuian Jadiianiedduudtigidadulungs

Y
1%

<110> ag}'ﬁ%wm 12 9ifinna L‘Wiﬁzazﬁuﬁqmwgﬁﬁ?ﬁﬁiwaﬂim%’uﬁLﬁﬂ%ULaqﬁqwuw 12 fiAn19
wauileangamgiiasuilutiaiisnnii -0 ssmwadea wuSeslnmiunazilasahaduwuuses
lugasaiinannsdadiluiiAnuesyuvesgnuiaiuaznimadiluiiaviesuve gnuiaided
famsvadiunuidagiimefiungu <111> ogianun 8 fiena innzarduiigamniideilnarls
wiufiAnduosioun 8 fiemns wanssagun 2.6
HagtuldfimsihuuFeslnmiumnldlunssdngunsalnsedudygia fufulseeid

ArnladianvEngeuasdunul sEauuunanedu (Multilayer capacitor, MLC) agnalsfnunsly
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Nuiagaainardindinmsldasifuudeunsedsasludeiiouiuusaasilasundasandanugiu
) & a o v W a ¢ . o v a ' a 2 ° )
Ineihlutuansiudmsutaansuaiuees BaTio, Mldwarevdn wu a1sifunan S dmsy

a a a 2 | a P v
msangamaiie3 asiiuman Ca - Prslumsiivgeamgliadiosveurannszlinuea usu

= =
2.5 wuissuwaaLdenlnnun (BCT)
PNNUITEA Aladanwlasiaunisledianyinliasmenilagnisununanstniaglu
a . A S da aw o % A o 2+ ~ a o« a < a
w31dla BaTiO; lnefiuutuniisddedwulidesiivn Ca~ wuvuiwsdaiisledidnninly

Ao . 24, & . S o o o o . v
S¥UU BaTiO; AU A (Ba™) &9 CaTiOs tudaduansfiaunsadrniunuiiasly BaTios uda

] o

dawavinbianisgadeladianyintuiidtanas wagluvamdeitiufaglliiuandiladian ninli

a9¥usne F9lul 2001 Natesan Baskaran wag Hua Chang [25] lavinnis@nwinavesnisiie Ca

Y

aslu BaTio, tlewaundsvavsnmusaufieludidnvisnlSasnsimliiiussansamadu iesaniy
Fafleuddesuutesiiladinsdneina Ca fidnowsndafieledidnn3n BaTiO,  Natesan
Baskaran wav Hua Chang 3slsvnisduasmesiesdaieledidnvinldasneialusyuu Ca,Ba,
TiO, 108t 0 < x < 0.3 Tu Fanunidnaiueduszney x = 0.15 azdawaliasiiaiainsilad
Gnvingefianuasligumpinidldnudigedu

sounlul 2004 Chen way Wang [26] lavinisdaasevanieledidnninlsansnens

a =

WielhiUseansnimyandu lnen1si3e Ca adlu BaTiOs A9dunIShUSEUU (Bay,Ca)TiO; bl

1% '
= =

UseAvBnmAAa L 1neft x = 0.10 0.30 0.50 0.70 Wa 0.90 FIRNUI x = 0.30 Tuazdsnals

a

' A a a = 9 vy o A a a A o
ﬂqﬂ\ﬁ‘ﬂlﬁaLaﬂ‘WiﬂQ\Tﬂaﬁ Chen uway Wang ﬁ]\ﬂﬁsﬂaa?ﬂjqﬂ'W']\7‘1/]1@@Laﬂmiﬂﬁ]%a@a\uuaaﬁaju

9

29AUTENDU x TANLANAITY Aakandlusui 2.7

Y Y
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1800

1600 |- —a—x=0.3 /

I & x=0.5 )
1400 —h— x=0.7 KI
I n
£ 1200 v x=09 oy
g -
S 1000 - o
e I " .
2 I ™ -
B 800 _----l-l"'.'. ._..."
5 e L eve®”
% feesesssesssssssned

600 -

e Ak
400 LA AAAALA LD b AL A bk b b bR A AR

200 TYYTryYYYywyy FYYY Yy YYYYryy T YYYyYYyYvrrvrry

[T R IR RIS RS S B
-40 -20 0 20 40 G0 80 100

Temperature("C)

JUN 2.7 wansrasilnddnyiniidndinesduszneusneqressiaieleddnyinlussuy

(Ba1,XCaX)TiO3 [26]

2.6 wuissmasiaenlnniiun (BZT)

Tu¥ 2007 F.Moura wazame [27] Mvinsduamenesfiadfieledidnninlasneiily
ssuusuiSsawesladoulnniue B2T) Fadunsde 20, aslily BaTio, T Zr' azidily
wiuiiludumia B Ao Ti° @9 FMoura wazmmzdeanisiazufuugassansnmveaiiels

a

ann3nldansnenianansiadu BaCo, Zr0, way TiO, Whilsuwinduiieledianvsnidansizi
YuUNNA1TRLNIUAIUTAEIUBIAUTENBY AD Ba(TigosZres)Os  Ba(TigeZro )05  Wae
Ba(TiggsZr015)05 FIWINNANITNAGDINNUIBUT WA T1dIUVD9 Zr0, Tigelua1nsnladidn
a @ a0 2
y3nNazilAananulus e
mounlul 2009 S.J Kuang wagaue [15] lavinnis@nwdvisnaves ZrO, Mideasiuiienmun
wazUSuugsantfieledidnrsnveawsndia BaTiOs lusyuu Ba(Zr,Tiy, )05 Wnefl 0 < x < 0.12 &

NnEaATEANUIRamMalia3Teanaain 131 ssrwadeadu 74 esmwaidea Wedndiu x

Y

a

Windue1n 0 89 0.12 Tuwsndaseuy Ba(Zr,TiL)0s

2.6 wuBssuwaslaisuaadeulnniiun (BZCT)
110 2010 Wei Li wazanie [28] ovins@newazisuiaudnieladidnnsnluszuu BZT

Thdulagladaassiasialussuy (Ba,,Cay) (TigesZro0s)Os 08T x = 0.02 0.04 0.06 0.08
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0.10 0.12 0.15 uaz 0.20 FemadaUjiioraniuzvosuds nuiiidaduesddszneu x = 0.08
thussdimasuanseniiieledidnminilansutiunie ssuananasoy 2 assuing  oedls
soudnfuimnselnuoa Snusdaliian dss ﬁqqﬁqmﬁq 365 pC/N WiewSsuifisusudidnau x Buy

mounluliReliu Hailong Zhang wagamy [17] levinnsimuiaudfdieladidannsnlsans
nifielitusavsn miAduindonfutandioledidnvintfansmet Inolddunssioninaly
38UV BZCT a9aun1 (BagosCag os)(Tii_Zr)0s Tnei 0 < x < 15 at% mgmatialfiseaniuy
Y09uds FadunsAnurdninavesiiuls Zr fdneaudfveufisledidnn3nldasneiluszuy
BZCT wuhiidndaussdusznou x = 4 ato Juazdsnalfesiiaden ds; geftgaiilawfiouiud

[

ndesrUszNaUILY Fio 338 pC/N Fanandlugui 2.8

350 TR S T PR Y N G S P PR,
A
I —o— d
300 L / ® = sid
_ d \\.\ kp
™ { 40
250 - / "
E | ‘/,. g ..-_.:.
2 200 - I(". e n -
3 C= * 30
= v \
180 - m B
N |
.
100 - S 4
50 1 1 1 1 1 |j:
] 3 6 9 12 15

Zr content (at%)

JUN 2.8 A1 ds; NdRdINeIAUTENRUAN R daeleBianyantussuy

(Bap.9sCag.os)(TigxZr,)0s [17]

foun Wei Li wazany [16] lavihnsduaseiiandisledidnninliaisneds iieimuiuas
Usuusdhilland@naau lnglaviniswdeussuuaunisilunaunis (Ba,,.Ca)Tio9sZro )05 e
x = 0.00 0.01 0.02 0.03 uaz 0.04 lpsazinnan dy; LaziWaNAnTuveessiANdndaIY
I ' a 7 ' v a X wa a aa o  al '
29AUTZNOUANY Taa? x = 0.01 Yuazdsmalilgdaluszuutvansauiiieledidnninilaaiau
Furllenimaiuiu 2 wassnineeilssendniuwmnselnuea Snvadslvan ds; gedia 375

pC/N FatipndiAnunniianiiloisuiundnauesAusenou x Bus Awanslugui 2.9
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400
1 o —0—dyl |44
380+ \ —o—k |}
P
360- $ - 42
340+ ° L 40
Z 370-‘ / _
A B : 38§
= 300 L
~" ] - 36
280
1 d ° - 34
260
‘ \D
240+ - 32
220 1 - ] 4 T 4 T ¥ T 30
0.00 0.01 0.02 0.03 0.04

Ca content x

3UN 2.9 A1 ds; uavdulsednt k, NdnadesrUsznau x /199 WeseTIialusEuy

(BayCa(Tig 0821002003 [16]

Wei Li uaganue [29] Adldnensufnuuasiam fanfieled dnninliidedu Tagldvh
maé’qLﬂ31zﬁ’;’aaLﬁsﬂﬁ@Lﬁﬂm%ﬂi%fmimﬁ"ﬂuiwu (Bay,Ca(TipsZro1)0s 11 Inedl x = 0.12 0.14
0.16 uaz 0.18 MemedaUfiSeanuzvowds wuihiidndiuesuseneu x = 0.16 Huazdwma
Tesnfiadien ds; figefignis 328 pO/N wagduaninmauifdeledidnninilanautuanld
dosnnfidnduiasnananam 2 iassrhanasenludaatumaeeslssendniu uigamgin

a A

Fweawrdalunngdaduasusznauilldanszuud widdidedioutugumglieives BaTio;
waglnapssiulunnadadiu fie Useuna 64-65 samgaidea

T8 2011 Jiagane Wu uazam [30] WvhnsduassidielsdidnninlZansneiatulussuy
(BaogsCao1s)(TiZr)Os Iaedix = 0.00 0.05 0.09 0.10 0.125 0.15 wax 0.20 Wufidnau
p9AUIENAU x = 0.10 ﬁuazéqmaiﬁi’aQLszjiﬁﬁﬂﬁé’qLﬂiwﬁlé’ﬁuﬁm dss ﬁqamaﬁq 423 pC/N 8n
‘171’5\'1gﬁLﬂu%}ﬂﬁﬁﬂﬁL%i’]ﬁﬂa’m’]iaLLaﬁﬂﬁuﬁ&ﬁﬂi‘ﬁ&ﬁﬂﬂ%ﬂﬁiﬁﬁLﬁusﬁuu’liéf Ao dn1shanaLng
sunugeuaszninanannsylnueaduaseulusnda

foulud 2012 Ye Tian wazaas [31] livihnmsdaanesiieledidnninlarsneilussuy
(Bap 5Cao15)(Zro1Tigs)Os usnlaedl 0 < x < 002 wuinfidadiuesdusznau x = 0.15 1

windaieladianninlussuuliian ds; Ngannds 600 pCO/N Bnvisduludnduesrusenouiivi
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Ihgdanansauifiielsdidninilaawuduanliidosnndugaimiamasiy 2 wassninesey

TugaTanuLmA SEINUDAT LY

2.7 gaumaiiasuaznsilasus
nanwleslsdianyvintuausaiasianiswaswnalivatema wu nsidswnasin
aselnuealuiluiasenludnda viennulawmasslinuealuiluaseslsseudnaugumgia

Waguwlasly lnggamgdivhliiiansiasunavewanassond “gumginswasuna” &

a =

indinsdsunannmesisddnin (Wflavmasiiugagudnane) lWdufdnnisdidannin @

ad o d' =

auNINTHIUYAAUENA1) TenaungIMvinliiAanswasuaian “@umglia3  (Curie

Y

1% '
a a0 =

temperature, To)” Faran neauduing o aaungliniiaziirnaiian lnefinvesrraningay

Y Y Y
[

dusmsveueslsdianvaniuasiidnwasiluiinumau (Sharp peak) ldduduaud aesun 2.9 &

Y

Juseganmsdsuwlaanaveandnuesisdidnninuudeulimiunigumgianee laedng

Waswaanseulusnsaluiueeslssoudn wazaineaslsseutnlliduinnselnuea audisu

a A dl =

lngdgaungiinegusvunal 120 oA wal@ea Fallgamgiillazinisildsundaanaain

Y Y 9 Y

waslsBidnnsnwaselnuaaluidudidnuisddnnsn [1]

Relative permittivity/10°

¥ T I 1
—160 -120 —80 —40 0 44 80 120
TemperatureC

JUT 2.10 anuduiusseninean1izeuduinsivgumgivemanuuieulnniug [1]
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IngAran neenduinsvemanmaslsdidnysniuasiuiugamall Feamisaesunslameng

As-had (Curie-Weiss law) Faaunsi 2.3 [1)
€ = €+ UTTy (2.3)

lng € Ao Aanweenduivg (Relative permittivity) vs¥aniingaain
€, D ANENNEDUVBIAYINTA (8.854 x 10" F/m)
C Ao mmﬁ@% (Curie constant)
To i

T

A3 @nuhendu °0)

o))y

9 QUn

Y

ad o a ¢ a1 S .
8 gauniinvhnsie e @ °0)

o))y

2.8 NsTUIUNSINAR HEaN5ZUIUNSHDA (poling)
nszuruntsinadadunseuiunsiiddyfivedilnAsanmieledidnnsnluesiaein
wleslsBudnyian iesanreufiwsdefieledidnyEnazinunssuiunsinadeiu wiaawding
ivansaudAdielsdidninesnun nsiglanmmeslsdidnvininisiniFesiuuudy waziilori
nstnadstaglviauslnihnssuansadnluluiian wetdulilamuAnmsdnEosiilmiuazie
werawuliieenluanfazdinadialnailswdunsdns (Remanent polarization) uax

1%
[ v v v

AuLATEAAIATS (Remanent strain) agluifan dudutanusdadananifaranunsouans
autReufuieledidnmineanunld 1] Insluszninnszuaunsinedsiufanasinnis
vgfanuuuknuausiliiiudntos wosiinnisualufianisfinaanisassiamadniios
wuiu spiuanmuswosausilwiuazgamgilunisinadaduiiefeiddglunisdmunnisin
fimns wazandAnlsvostanuniiennadafitnunsinBumesudieslianiflas s iimioutuly
e malifnsTnadussfinagliidsuanmusiiusdasndnazdandAieledidnnineg

wdafaudsuanslugun 2.0 wiliafidiunisinadsduselogduindeldnungumgilinu

gamgiiasmszwiniinazduaninlnatlsetuninnnnsinadionmgiganigamgies
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(a) (b) ) (c)
LLLLLL Ll VP IIVIIIIIIIS 2222227222227,

Electrodes

\ 3 AN
\;IIIIIII[I/ VITITIITIIIIIIIS LLLLLLLLLLLL

JUN 2.11 nslnanlsidunesTanusfiaioasausingnisaiiisledianyan (n) newritnislnads

U

(¥) sgwdansinada () Mevaansinads [32]
= v ad jaaa < . .

2.9 nszmum'imsﬂummﬂ'asﬂg]n'imamumamm (Solid state reaction)

= a A ad a A o N SN & o &

nswissmedndieleddnysn  dwedilldlununienuamzaizaaduivwiy 31l

JzfpIinsmuANgLaseweIiAUsznauLAll uaglanaingania veawsiniindndunly
vy envzldmuaniiwdindelydidnminmaifauiinasuiiugndosuaransaviauld
agndusEASA MR nsweuslinielyBidnvntuanunsailananeds usisnisnfeuiu

1%
Y '

niianifuiusiefninauiicdagiuifenimdngsfinannisling (Powders) Juingiu Fslu

e

nsaligull A e ssTianldazdumleddyfinesimunauamuesssiiniiosndnld
dnwairiiddyuosoymansiinisiimsfiasanduiiveslfun w1 (Size) U (Shape) Msuan
kA9VBIIUIN (Size distribution) amuwaamiiamdu (State of agglomeration) ®4AUSENOU
muAd  (Chemical composition) 83RUsENaUUBRNE  (Phase composition)  1ATA3
(Structure) warantRmuAivesiula (Chemical properties of surface) ¥890YNANS dMTU
dnwamanzyeseynansiiinumsnzassensthlUldlunmsidnsiindieledidnvdnsely
Tunsiedeumsiu awnsarhlivansds wu F3UARS a0 uzveuds (Solid state reaction)
mMInnmznauTml (Co-precipitation) lalasinesusa (Hydrothermal) ASYlALASLUUAZODS
(Spray-drying) m1svilusuuuanuds (Freeze drying) waz Tea-1aa (Sol-cel) 1udu Jeusas
wadafidefuastodaunnieiuly uiluhdetaznaninanizituinsemniuzveuds winhy
Fadumedeililunmifed Wesmnduneiafideuldiiily wiesderldlidudeou Tnalaiuns
wazannsnweldlununn willdadede ammenildlbidenduidaioaty dmanengu
uYeIeUNIA (Aggromerate) wazovariidsudiou (mpurity) Iiieannszuiuniseiey

NIEUIUNITNTEURIAIETIBUSASE @0 Uz v0 s HTunaundney 2 Tunaunall
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2.9.1 NIFUMNTUALREHENAEENUDA (Ball-Milling)

nszUUMIWIBRsTREnse MY lveumavualvguaneenlnsedeusina (e
M3uUA (Comminution) dsléiun nsuUAE (Clushing) nMsumaztden (Grinding) Lazn1suUALDY
(Milling) nszurumsmaildsuanudongs lumsialdifeandwumeynanaads Tviae
oumANsTisigngy vieulanUasuilsegdnihuliiumneen TeUungnssunisuanuaseynade
nMsaRuUInveseyMATlnTigaas ﬁﬂﬁé’mawanayﬂWﬂﬁummﬁmﬁumﬂﬁu PUTuUsegus e
v0%aunIn  Freusnnduiowonszneynnsenaniu  uazuenanisianunsntanldlums

HasaynAnesvinfulviAnnsnaukaudilunsons Aunisanuuinvedauniea

ﬁﬁi’)ﬂﬂgﬂﬂiﬂﬂis‘ﬂi’)ﬂ

M5NAeIMsUANaNIaz YD TAd

anuA

gnnastuindeudIBmENIHINNBINGS

JUN 2.12 amdnvnaantesfuszneunanvesn1sungeumeanuea (Ball milling

nszUuNsuAgendiegnuea  (Ball-milling)  Alluwelewilanoaldludegdu  dadu
nsruIuNMsURtaeNaleuNAlage A MIuMdeun  Fawvianan nsenszuen Tl uUn-Uneg

a wva v o

Uaemumils wansiasguin 2.12 dmdundisualuszaunesuiinisdnviviienatain faunse

[

frdmawmanainivudeuanfunmsundeslddenaeniigamaien  lundeuntsiinisldansiiny
yhmsusRaNnsoNgnueaun  (Grinding media) uazansivaglumanaedu  adluluuiinad
wnzaufuravemiioun  Tngtefommens wiusndmesesdussnoumarilundoun 1
ssuuhegmansaifnnnAnssumsunges Tudnarduandugy 2.26 nanifio dnvuzvesgnun
whonndeuitludnuaediefufidnus D Tasdniaedeuiinndumis B Fuluaudsiumds A
wdmnasnnsswnfuiandudn  anduimasudendonty  uasinsdoulvaduiping

wuilluies vhlvieyuniAvesansivunanad Weann1snszunnveasgnua gndndsenitmsleun
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wasgnuatuntmiioun  luwaefinginssumdrdannsovielioymadivuinanas  asdia
Andeuufeniduluturoumardinudy  ldhesduiudvesgnun  wienilwemsoundidn
nfoungauslusenadie  dstlgmandansatestuld Tnensdenlignuaiiinmunings
wazvifaunitannsafdneenldfigamaiian Wy wifeunnaradn Wusdy

2.9.2 Uffisendaruzuasuds (Solid state reaction)

Brsthzerdenaiauiiseiiinsaaeimonhuiite  ddenunduoemdeie
awdou udiliiduvesudswidalmifuufa Faduismsideslflunmsmsunmesmnnansysznoy
onlesognshesineg  nslirnudeuntasnuiidanusiurewds  WerldAnnisaanesh
viaAnnsvUARs T usshsnsRsiusnsednty  uduindwewdwialmidundy  fee
Funnszurumsdenand1 msuaaled (Calcination) wansisguit 2.27 Fadunszurunismaennna
Sou MvhlransmeiuAnsunsuffsewoiu Insedumsunssenineiuveslessy Suduisnsde
anveunrasnsunilutstureunsTumesld  naiamaaaiefiduargnenunudedadenig
Jaunamandingg  uenanifutudnuasTrmAniuaivesiiUften  dwsulladenis
aauwamam%ﬁuadmiamaﬁaé’f@ﬂénﬁawazgﬂﬂauqumwﬁﬂummmmzmu nseluiie (1)
Ui (2) mathemanudouluSsiumfiAnufseuay (3) maundvesuia vienisdu
runiuiafiiaufiseud lunudesgnguludusineguess  Sadeddesvamedny
Svdnarensiinufisemainvewidesenineynianwesi iU fisen 01 W 535uYIAN19
wilvasiavUfAsesevinsansfifniulml VUINVDIBUNA HNYAULNTNTTLFIVBIVUINDYNA
aruandsvostueymalunsan  anududeiferturenman  anmsvesusseine

gaunQil warsze s ldlunsniinufisen

L

O

a  C
i @-@00- 08
) 80 ©O%

JUN 2.13 nafinUisenaniuzaeauta (Solid state reaction) e (n) WanauiuBg oy

@@

N

MainUgsen (v) dnsvihugisenintuuisdinuag () Weudiseineens

auysnl
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nswsBuRsanURseanuzemdlianldiereudntey  warfwseuladnasdidym
Sesmsnmznquinudeuln vihliseainisungevanuuinegians 1lewwnnisungeedadinig
lignua  FadilenavilinaimseulainisulanUasudsduniieuasdethlulderaveyilidn

wanldgaansiietulundnduanle  fadinsalfeg9eiuiuann  Avandiviuinaisulanvasy

al

wiandldhazidusnsddgfilvandnauaunsaveasinfin e lidesaininfingg uaz
wanantimsgessiieanyunandndudesimldndwililiaunsavinsaivauglsnweseynia

wseulsanseld

2.10 NITUIUNTTUADS [33]

MsBumes (Sintering)  Aonszurunsvnanufeudiviilieyniainnisaineiussfuoeie
auna  Tneflasaavdndureudsiifamnnandeudiemadnuuzeineg  fidnasAstuly
sefurasornon naiaiussdensotufanaviilissuudanuudusgaiu uasiindsnuanag

v d'

wenanidsanansaidngnsuiegssninteynianasudy  lngendunsvafivesesrusenoul

Y 9

Feuegfntuuduinnmadulaludaedu Taefnisasatussiiuusssewhsoumeiioginfuiun
ynfuneuiiogszvienauasuanntueuiiiiun1ssndugy TWdulassasnegania
(Microstructure) #iUsznausen1sBanigAurensusig Suusidudumilwedunesunisdy
Was

Tunszuiunisdumedif asdszneudae 3 duneundniifinrusioiioatu Ao

1) nsBumesyIususY (nitial sintering) widestunisindesinlnlsnadmilwes
E)‘Léﬂ’]ﬂmﬂWEJGL‘LJ%UQ’WLLazﬂ’]iLﬁﬁﬁUﬁSﬁLL%QLLNﬁ%E} Ao (Neck) ﬁuuwﬁizwdﬁQQQﬁuﬁamadaigmﬂ
K Avktuduimsvestunuisduorafisduiu 50 - 60% iesmnnisiieyniasaune
fhfuanndetuiiuies uanafaguR 2.28()

2)  mspuwesvanan (ntermediate  sintering) Hurafivunvesnoulniuuay
Usinamasarungulutunuanasegnnng esmneymadiantnddatuinntu silvidusy
finnsvasegndmay  Builnsusasreuinsuingy Sﬂgumauﬁ%ﬁ%ﬁulﬂﬁam aghwsteiidly
YnirfitesinsesgnuIsTun T desrefunguvesgngiln) LLazazgquwqﬁﬂiiuﬁﬁuﬁLﬁa e
snsuAnnsuendvgaeeniUsginmin (nquvasgnguln) ﬂﬁi‘vmﬁamaﬁumuauﬁwﬁumﬂﬁqm
Tuveil wavorviliammuiuiudinivsvestunuliaigeda 90% 1§ uansfagudi 2.28(n)

3) msdumesvagaiie (Final stage sintering) \JuvisfigwgulutunuiuTaiaiesas
UAYADE Qﬂﬁ’]5®1ﬁﬁuﬁlﬂﬁ]’lﬂ5§m’maﬁhﬂ%’16] LD NITUNTVBIBINIAIINTNTUDBNUINL
WveseuNTY udmaneanluanfvestunu Swsvhlitunufiaumuidudistudndes

wazvAYaLnsulziNAUluT a8l uanaagun 2.28(q)
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AULUUNAINMEINTTATUTY (1) N15TUNBSHIWU (A) N1TTUADTYINAN

wag (1) NMsTuUmeTYIanvine [33]

2.13 9U8MNeIT09

a a

118 2007 N.Narakorn [34] wagatuy lovmsfinwgamginivesssuuskuBeulvmiun 7

Y

ansauFuugslalagnsunuimensinaisluisums A visesiunis B #4asyien15ud Ui

= a

vesnsLasugavndl Ao angamnliaduaziunmavdsuannasenludadafuma eesls
soutn wazaninaoeslsseudnluifumannsinuoaiigumgiives dsarnsdfedildviinig
duanzimfiafisledidnninluszuy Balzr,Ti, )0, fidndiussndsznau x = 0.00 0.02 0.05
waz 0.08 MNNIINAABY P-E hysteresis loops V84678819 BZT flnsAusznau x = 0.05 uaw 0.08
wnfignmnd 1,400 asewaidea 1lunan 2 alus ailddslunnarananiooumniasiu
iesnnmsasumannameslsdnnindumanssidnnsn (ndfu T, UUYTINA) b
goumadl 30 ssAwaTaYDIRI0E9 BZT fleaduszneu x = 0.05 uag 0.08 fen P, ogil 25
HC/cm’ wag 29 pC/cm’ e E. agjﬁ 1.048 kV/cm wag 1.344 kV/cm f1ua1au LLagﬁ]’]ﬂgﬂ‘ﬁl
2.12 aywuheamgiiivesmaasunlatesdlsznou BZT wanasuifuliinadfifinduues zr

Pduaaly
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A159f 2.1 uaneen P. P, Lag E. vouwsfialussuy Ba(Zr, i, )05 ‘ﬁqmmﬁ 30°C [34]

BaZr,TiOs Ps(pC/cmz) PR(pC/cmz) E.(kV/cm)
x = 0.00 35.862 4.424 0.696
x =0.02 12.324 2.143 0.912
x = 0.05 57.920 25.033 1.048
x = 0.08 63.320 29.451 1.344

AoNlul2009 S.J. Kuang wazag [15] lavinisduasigieiinlusyuu Ba(ZrTi)0s
w38 BZT Ndndiueddusznau 0 < x < 0.12 Ae35U A a0 uzveuds dagui 2.13 uang
gauninsWasuNa (T) T, WazA1asanves €, NiMaNves Zr luuSuadadiu x see 9

10 kHz

140 30000
ey 10 kHz
120 + N
4 24000

o100 O T
:“-‘~
=~ ! i S
- 80 —m— ) 18000 ¢,
i m -\ |
~ 60F)

N

000 004 008 012
X

20

JUN 2.15 uansgaumiinsideua (T) To- Uawe €, veawsniialusyuu Ba(Zr,Ti,)0; il

nsea Zr Tuusunad x 609 fin1ud 10 kHz [15]
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dnsulesiia Ba(Zr, TiL )05 wag Ty WUNA1 Ty LﬁﬁULLUUML%Lé’Wiamﬂqmmﬁ 33
parwalBualu 80 asAmwalfud 1nUSUI x = 0.08 A1 T, wag T, AU 99 BaFn
walByauay 71 esaneadea audidy luddndiuesdussneviivesssuu BZT 19y
wlaslsBidnyidn samgiinswdsumianndidnvinanaadumeslsdidnvinudenn T, avanas
wazrniaslsBidnyindunmaidnvinaniindu (T, ) dusueniinuavsgumainiadasy
waleslsdidnninagdiniininiy zr aslu Feeglinufinfaesvesladidnninfidunaiiuld
ludsgamafid egnslsfnuniadsunagesadandiuiieladidnninfiesiiafiondesanns
inans zr lumsnuiileniia 82T flasadasadueeslssondniigumniveswioasulén

a

auvniinTazanawuulliduldunsiann 131 ssrwaeady 74 sswadaa 1o x wiudu (0

9 Y Y

=

f9 12 Twwsidia BZT) uaeilgamapinsasumannlassaiannselnueaidueeilssendn (T,
) intudlevinames zr Lﬁugqsﬁu

waglul 2012 Wei Li wavamg [35] loanwilassaiaiavandiladidnnsniwsidaie lo-
SidnMENTid A TETUlUSTUU (Bay,Ca)(TigesZre0s)Os 108 X = 0.05-0.40 AEwAiAU AT

ADNULYDILT

110
200
N

x=035 )L \
,_,l -

J JL "*”‘JJ\....._

Intensity(a.u.)

2 Theta / chrccs)

3UN 2.16 uanwm@annsidgiuuvesidiondvessiialuszuy (Ba; ,Ca)TiossZros)O0s

Taed x = 0.05 0.10 0.15 0.20 0.25 0.30 0.35 wag 0.40 [35]
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mﬂgﬂﬁ 2.16 wansliifuingieenad x < 0.30 asuanafisdlasadanesealniiissegg
e dufidndnil x > 0.30 szuanalaveseaslssendade Tndaunadifin 200 szdulddiad
aradunniudeuiunu Ca iugstusadurnsforiudodndiuosdiusznavues x iiuduiy
mMsnsenevesinasiininAdeuinniy wandiifiuiduanfivnnimesazanaiiainisii
Uinaswes Ca aslUluszuu ilesnnndriilonsuves Ca™ thuilentiosnindaiilooouves Ba” 3evin

v d' 2+ S a o = ' a a s v
sL‘Wﬂ']iLL‘V]UV]SUQQ Ca a\{LUUULﬂWﬂqiﬁﬂ@’Jsﬂa\jmaﬂLLagﬂqLLaWVlsﬂW’ﬁ’]QJLWaiﬂaﬁa\jmqu‘lﬂﬁjﬂ

12000 "
—m— x=0.05
—o—x=0.10}

10000 4| —4— x=0.15
—w—x=0.20)

- 25
£ 8000- x=0.25
= —4—x=0.30)
g x=0.35
o 6000|—e— x=0.40
B
D
=
=
(@)

20 ) 60 80 100 120 140
Temperature( °C)

JUN 2.17 uanrnasiladidnvsnvesendalussuy (Bay,Ca)TigosZroos)Os 71 [35]

NNFUN 2.17 NdnduesAUsenay x = 0.05 Tuaziinsudsumasg1atniaungumgil 40
peALaLged (easlssouda-mnselnues) wasiigamall 110 ssrwaldea (wnsslnuea- Avda)
gaunivied lassaeveueniinaginsilfsuulasiiagtios niaseslsrendaingiannse

TnuealludndiulaensatuUsunueed Ca MALTUTIaDARARINUNAT LA NWMATANITIALIUY

€

[

JeFadend dawansluguil 2.16 uardunaladmaiudures Ca sviliiAnn1swasuwadves

gaunia3NdndiuedAUsEnou x = 0.05 fs x = 0.30 Tudsuuladlutdasuin wiloUsunm

9 Y
[ ]

dndu x > 0.30 TulUiuagiimavasuudasiuvesgumgiineginiulitn fe guuglinsavan

AaannfleUIinaues Ca iingetu lunwsstnuainsiladidnninanasuasiialadidnnsnd

1% '
a a ¥ = =

gaunASN 19T WeaUIua Ca WinTU (1 x > 0.30)

Y



30

uni 3

A5ANMUUNUIY

Tuuniagnanisneandeavesanaiadl Yangunsal dumeunssuiuninedsunisvaass
La¥NITMANYALIAN IR U NALUTZUU 0.88BaTiO; — (0.12-x)BaZrOs — xCaTiO; waglussuu
0.86BaTiO; - (0.14-x)BaZrOs — xCaTiOs vasiiosdusznauseru Tned x firdaus 0.02 81 0.11
FeazBudaustunauniswseunadislsdidnnsnliansayia nswisudinesiauaznisnsiaia
autsine laun nsnsavaeudnuazniainmenn lassasimiganiawazaudinialnivaude

w51 A NwIeuTussse Ul

3.1 gunsalitlélunismmaes

3.1.1 vianananldgnuaniourUn

3.1.2 gnuaweslaovunaidusugudnais 25 uag 10 ladluns

3.1.3 viaeauan (Doppler)

3.1.4 nsvuenindy

3.1.5 81330

3.1.6 Aunily

3.1.7 dousinaunuiad (Spatula)

3.1.8 Tdoudnaiswaiann

3.1.9 Jninasvuin 100 600 wag 1,000 Jadans

3.1.109ZLNTINTO

3.1.11 wiswsndndmduuniuans (Magnetic bar)

3.1.128gillgunaed (Aluminum foil)

3.1.13unulinudou (Hot plate) wipusmauansuuLsimaan (Magnetic stirrer)

3.1.14nthnnnuasad

3.1.15q4ila819

3.1.161A30e%sR % AnsaziBen 0.0001 n¥u wAnlneuIEW Fisher Scientific
UsenAaangy

3.1.17douansaaumaiuseann 250 samiwaided nanlaguem Fisher Scientific
UsenAaangy

3.1.181A30SUNEENANANT

3.1.19 AsnuAa1IW3aNlNTe (Agate mortar) ENUSUUALAYNANATS
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3.1.20teA3Bidaegiun (Alumina crucible) wiaurUad1uu 2 gn

3.1.21uHusBam@ S UNAlndnnasEia

3. 1,22l igauminiias 1,600 ssmiwaldua

3.1.239@Unanaindmivldansiues 2 5 uay 7

3.1.240N5990W18VUR 150 mesh wagvioWig

3.1.25WUsULEUAN S UARY LA

3.1.26n5¥A19N08d

3.1.27ousinaunuiad

3.1 28usifsilanedmiusatugy (Block) vuadusiugudnas 11 faduns

3.1.20\p5038nlansedn KAnlaeUSM wadlvedumesingm $ain Usanelng

3.1.30nanslduindnwsnina

3. 131w lihigumgiias 1,600 ssmiwaldua

3.1.32n38ANENTBLUDT 600 Lag 2,000

3.1.33gUnsaifldvindaluidt

3.1.34n18U

3.1.35%fuiues 26

3.1.36fpuansomumniuseana 250 arwaldua NanlAeUIEN Fisher Scientific
UsenAaangy

3.1.37 e HeuuuAdva Anvaziden 0.01 Jadluns

3.1.381A5090 I IAAMLVILILIY

3.1.39lulasiiwes (Micrometer) WUURIVIA

3.1.408sTudalau

3.1.4173adaflines

3.1.429ngUnsallnaAwEN 98N

3.1.43Y0AUANAINTOU

3.1.44unasdelnihdndgs Tnglvimanusinednglugag 0-10 Alaliad nssa 0-2,000 fiad
woud

3.1.451p5033nFa033a nAnlaeU3EM Radiant Technolosies,inc.

3.1.461A30 T INNaEs LULeIs Eiand wARTnEUIEN Siemens 3u D8 Advance

Ysznaosiu
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3.2 asiasinldlunmaaes

3.2.1 wUBENATTUBLLA (BaCO,) AMMUTANE > 98.5% HAnlas U3t Sigma Aldrich
Useneanigewisni

3.2.2 wastaleulnaanlyn (2r0,) mmu’%qmé 99% HARLAEUSEN Sigma Aldrich
Useneanigauisni

3.2.3 lnnidleslaoonlad (TI0,) ArwU3ans 99.9% wanlasu3wm Imframat Advance
Materials Uszineanigaissni

3.2.4 upaideun15UBiu (CaCO;) AMUUTAVS 98.5-100.5% Hanlasu3dhn Sigma
Aldrich UseimeanigaLdsng

3.2.5 Indlaflanoanoged (PVA) Anuudans 99.9% wanlaeu3sh Carlo Erba Useina
WY

3.2.6 LouUBAAINUTAVS 99.9% HAnlauUTEN Carlo Erba UseimerSuisa

3.2.7 NN NANlAEUTEN Heraeus $u C1000

32.2.8 UUs1Aanteeau (Deionize Water)

3.3 %umaun'izmum'im%ﬂ:uwa']ﬁﬂ
Tuedded Ivihmsnsdaasisinamdniomn 2 szuu TnenssurumsnssurRInEnayende
WHUAMR U 3.1
3.3.1 N15SATBUNIIUSZUU 0.88BaTiO; — (0.12-x)BaZrO; — xCaTiOs wag 0.86BaTiO; —
(0.14-x)BaZrO; — xCaTiO4
1) AuaUsunaansiunseseunsluszuu 0.88BaTiOs — (0.12-x)BaZrO; — xCaTiOs

Feanunsownsoslalagldannsi 3.1 ¥le x dewvinfu 0.02 0.04 0.06 0.08 wag 0.10

(1-x)BaCOs5 + (0.88+X)TiO, + (0.12-x)ZrO, + xCaCO3 ——>
0.88BaTiOs — (0.12-x)BaZrOs — xCaTiO5 + CO, (3.1)

2) AnuUSunaanslunismieunsluszuu 0.86BaTiOs — (0.14-x)BaZrOs — xCaTiOs @4
annsawseldlneldaunisy 3.2 Wle x dAwviidu 0.01 0.03 0.05 0.07 0.09 was
0.11

(1-x)BaCOs5 + (0.86+X)TiO, + (0.14-x)ZrO, + xCaCOs —

0.86BaTiOs — (0.14-x)BaZrO; — xCaTiOs + CO, (3.2)
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[ Starting materials ]

N

[ Drying in oven at 120°C for 24 h ]

N

[ Stoichiometric weight ]

N

[ Ball-milling with ethanol J

N

[ Drying at 85°C for 24 h ]

N

[ Calcination J

v

[ Grinding and sieving J

[ Calcined powder ]

JUN 3.1 ununnianstuseulunanSeunkdnlae I U e E0 T 0T

Feudnamsmuiidunaldasuunszanuiesd
Tdansadluananadniifignuaweslaioussgey ndwviazatsieniusaadluay
yhandterelansasunamdula
Unrhladmihuiawanafnluvinmsuagessegnuatdum 2 2l
thyawanadinfivhnsungesfegnuasen mntuhunnsesingldmsunsansedddn
nasuuIn 1,000 1addns wagldioniueadngnuniusazen

Tdwrianaimdnasludnineswazihlussmesvinazatgieniusavuniuliainusou

A o o v a

Tnevhnstlunusaesanan Wedhazanesumeoenazusisaumdonyneuvesans
Foans thleulilugeuiigumafl 250 ssrnwaldeaiisliusvana 12 $2lu
thansidaenedldinuaseasnuaasudaihlumnuaaled Ingthansiuaudldlu
astibauarlne dunslitumeunamuaalyiuansdaguil 3.2

ansfilduuameanuaans udluAnvuineynia (Sieve)
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—

Temperature

time

UM 3.2 nsmlianstumeunanuaale (Tc Ao gaumgiildlunsnuaaled)

3.3.2 NZUIUNITHATIULINLYTIA

Tngihrandnudndusuiionsngunes lnguansdfuiunounsdl

1)
2)

e s laudiasuuwkuegiivilsurosduseun 0.90-1.00 N3y
PYNIENSUIUAR I8 ASNBENazLRE kA UANaNNUINA Tl eaneadNilAuL T Uy
Savaz 15 metntn Ussanas 0.5-1 viem wiletelunisuseaulinaniziulasavy

a v

Pusanshaadlusinunlane thludnniuinse1enssuulansednalgaluay 1.5 du
I3 = o & a [y Ao = = P
Wuwan 1 wdikay 2 duduian 1 wil agleausundanvauzidudinnaniduniu
qwﬁﬂmwuw 11 dadlung

PInT9RNS8 U DY LAIINLTUIRIULLNUTDAM

YT BRADINNTHITWRBS Tnawfigamgil 1,350 1,370 1,400 1,425 uaz
1,450 aspwaldea iaidengaumdmh ilgsiiatianuvuiwiuanniian lngLanui
gaumndl 500 esrwaideaduiian 2 Paluaiierdn PVA sanld anuuiiiugamgl

uivgamiindesniswnduiat ¢ Falug AU 3.3
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Ts

Temperature

500 °C

time
3UN 3.3 n51uansdusounsnBunmes (Ts Ae gan)inldlunisnidumes)

3.4 N3RTIFUNGANTIUNTSINANERIEWATIANTSIARLULYR S SELEND (X-ray

Diffractometer, XRD) [14]
Barshengiaziunnnsdudamadaildannsaiwealeduasnsmdunesly
yhmsinumgAnssumaidsauuresidiend funafansidsnvuresiidiendifumeadanis
Answiuulivhanededn e@nwilassairsveawdn nsdniFesiiveseznoululuianaves
asUsznausingg ludseuamuandatiine Insendondnniadenuuresisdiend daunso
thanlflunmsinssisinuesaiiindulustanls TnedeyaildannsinsesiiduasUszney
TUghe Aszegvnseninesyuiu (d-spacing) warAanuduvesidinnataldduniluldluns
Fnanauanisnnivef vlavesmaiiunng lasaiandnedning sufmaueunsy

\'Lilq.ld L3 a

o Sadendidundunsindnlifinfifidaweniedueylurag 0.01-10 wiluwns Wesdiondiin
SunsisenfumsasiliAaunngmanisnemtu wu negandu nsnszids madeauuuesied
wond Ssusngnisaifiintuvehdasinuamansituogifurinvesanssioss insevomuded
fenudundnduasiinisindedanaiuemmonesradusndoulumuifuasiivasssuiu fafy
ile3sdiondunnnnsEnuULIIveITTUI VAN seA L Aimnzan Az lfAaNg AnsTunng

Heauuvessidieondtuun WedSdnnnsenuingvsesuninvsiinnsinivuesdrsedasviou
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ponIYhLUSELTUYsILMARULITesE I ERNNTENY 91nHanInTIRaeUilldazg vty
Wisufuguteymnnsgiu ileszyigmessdusznaumndundnuesasiaoens Insunfndn
wwiifnuaznsSosinveseznonlutun Fudhuazmaiosdasunnireiuldlundnusazede
Huanawigi WeddlondnssmundnashliiAnnanssiwesisdiondanssuumant lagas

Julumunguasuusn (Brage’law) Feanunsanissegvinessnineszuuls lnganduaunisi 3.3

2d sin@ = n\ (3.3)

AD SYYLUITENINTEUIUVDINEAN hkl

9 yuinn1sdeuuaInadieond

S © X
o))

Ao wadwaudulag (n=1, 2, 3, ..)

A fo AanueMAAUYeIsiElngNldanneuasian 1.54056 A

¢ @

drsuandedle Wanglunisimsieieadl

gaunnilun1siaen 25 BIANIALTEE
131 20 3udu-Augn 20-80 84N
Step size 0.02 89N

Time step 13w

£

Tayalaainnanisiasiuuvesfidiondiaiunsatiunldnesdusenauniuaiivse

= Y ' = o

lAssad1manvesasaiegnela uenanddduisainnisauiamsuiaaednanan J9dl

' 1%
fal a =

Tassasradumesaalndiminduludalssuisuiumawlanlasy Tngandeaunsn 3.4

. I X 100
Ysuramaunanan (%ewt) = pemy (3.4)
Iperov."' Ipyro.

'
a

¥ leror, AR AUTNGIEAVRINA XRD vouwamwasavlalng

Iy, A AUDUEIAVRIAA XRD YounawUantaou
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3.5 N15A52EBUANUANIINILATN

3.5.1 NM1sIAIAURUILUY (Density, O)

saaa o

$INSMIANUALBUUTD LT AMLASEULS Inganfandnn1sveeosalinannaniliin

1%
= a1 1

“floduvaudaluroanarveiinsangsiiiinuuuroandety lngusmeaniiatuilaniidu
Umiinves maiignunuiidig i Uiinasyeweuds” msvitastesdafieseulamimudily
) Yo & < a & Y = v o v =i N

winau Inglihnauvadiagsiaduiat 5 Pluanelididluununenianeglugnuves
dinwandia nntuidliliiuauisgamgivies udwihnsdamtndawsianduulnensunui

T = S o @ a v v v i a = & i

voslu w, Mntuhdagsfialleuliuislugdouigamgil 120 esrngaidea 1uiategng
188 24 F3lue wdsahludmnminluainimdy w, wWaI39IN1SAUIIIAIANUAUILUUA S

aUN1N 3.5

D - W2 Xpq
W, -W,

de  p Ao enuvuutuvenesIfia (g/cm’)
p, Ao Amuvktuewh o gamgdiiin (g/cm’)
w, Ao dmithussesdafiddluih (9)
w, o timihvenssiaidilueini ()

wazgansadwnliNga saNuLULEIinsluaun1sn 3.6

%D - —— % 100
PTD (3.6)

W %TD Ag JouavAunuIwiug UAUAMUVNLIMUNN I B
= 1 U 1 3
P D ANUNULULYBIEITHIBEN (g/cm’)

2 ' ) ' = 3
Pro A9 ANMUNUILUUYBIAIAI0E 1NN B (g/cm)
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3.5.2 NSWIAINISUARVDUYSUANAINSINTULADS (Firing shrinkage)

Tnevhlumsuasamnedsnsilvuaidnas dsdumsnienmanunsataldnadadulaun
ANEN ANINe AugedifivnanasnInfuvdeaisaialdludenmsduennug 3
awmvaamsaialienadenninnsgydeesdiussneuvielasai vlesdusznouduidan
Tndfasudunalivunlunmsuanawiodnas wseraiewnannisudsuuladdasadi
meluvildAnenuuduiunnty dwaldvueiiasanldannieuenanas lumagsidiatunis
R aAntuaniaesaivn Aen1sgudeesdusznaunaznisriudaiuresiasasanielu devi
MSENTULAD FUDITUUESITIALEWU¥NNSATI TR AN SHAR VD IT UITUNE LN FULADS
lgAwINANgRINTNARUTIUTUINT (Volume Shrinkage) esiunmnUinasiuaudey
EMAZNEINSHBWRes Ida1naunsd 3.7

NI7FAFDUANTANNIYAINYDILETA

PANNISWNUNPILUIVDIDI5ATAE TaetSua1INNIsUIsIANR a9n1sNSIUANIP U TuLn
ndudunaiuiu 2 Hlus Aebildmdulusinie antuadundeludn (wy) Fevuzlenluainie
(wy) waziilvavlumeuiigamall 120 esrwwadeod 1Wuia 12 Fluaiieidnineenlluda

dungsluenie (ws)

w
p = —— x pH,0

1%
[

TUNDUDYNALLDYRA

1) dudieludaluthngu wiy 2 Falus MRSy 1 Sy

2) dawndaludsieBmaunuivenilngliiatosdsifimatagunsalliausads
Igaluthuasluenie wastuiindr w,

3) Auusuiuaintn SuidauAuiiiatunuediesimEaly 1 unit Taglavinla

ABuauLre wihdsimen w,

) dhdlawnialuouigumgl 200 ssrwaided win 1 T Adliduudtaiimin w
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Sesazn1naia

D —
g] % 100
D

SL (%) = [
1 (3.8)

g7l S, = Se8arnTUARIvDLYIITA

Di= duiuAugnananamnmnin

D, = iduuAugnanavdusain

3.6N13ndaUaNTANISInTn
3.6.1 n32vsRUAAsTTlaBIANY3N (Dielectric constant) uasAiIUsznaunsgeydelad

vAnn3n (Dielectric loss)

' 1% '
aa v =

unildvesriniiladiannin Buannisiluananfidudethunnduawuluiagyinli

Annnsiiesivediuanadenan ialuaumlnihafglu (nternal electric field) Yu 98133y

a

SnUTINYMIINARYEI “Dipole polarization” #aUTu1auveaUsEqln (Electric charge) 7

a

avauagluaulnihnieluliassendia Capacitance F9asiiAunnusatostiuasduagiuviln

) a @ =~ o a < a & ) Ao Al a < a v & w a & a
vaianiluauiudaianlndiinnin Ae Tannia1amladianningsdnduTanladidnnsn
(Dielectric material) iA3utduta (polar) asaunsadniiuuseglninliTadudninlndinlufivie
Wuauwulih

dmiunmsnsnasuasiinisinrinsfilaBidnvsnuazadiuseneunsgadeladian-

vanvoudalesdiafigninion Lﬁauﬁumim?{ammawaaqmwgﬁuamamﬁﬁ#u%ﬁ%umauéﬁ’qﬁ
1) dgniafifesnmamaaeunvhnisdeliisuuasuuniui 2 fu fenseny
N$181UDS 600 1,000 uaAy 2,000 Lesdiadldazinmmn ~ 1 Tadums
2) henuazeineiniesdaniledafung 10 i
3) Farrwvuuiusasduiugudnans wdnhumdalagldnmnGunifmdies
wfinTsaesd i wiigaungd 550 esmwaideaifungn 15 wii laeldsnalu
nsliinufeudl 10 esrmwalea/und WielvintuwiuasAnduinenialdd

YU

4) dluiadranugliihuasardilsenaunisagidenisladidnrindlewnies LCR
meter M98 I -275 89 170 deAwalduauazAud 1 10 100 500648 1000

kHz wdnhlAnamarmgliindls (aunisi 3.9)
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) dc

T gnA
0 (3.9)

Tag? £ = mmanladiany3nvesansfingng
d = ANUNUIVENTAIDYNN
| o o -12 -1
&, = Aranmgeuduninslugayyinie (8.854 x 10 Fm )

Nuivaat i vesansiegn

C = Arnuglnivesansimets

3.6.2 AsvERUInaNUAWeI LB AN
dnsunisasiaaeuinauTiesisdianysn aevinmsinlagudamesda J9ausayin

lovane s Fawsiagdzaruwduslinugiuua1na9esilasunisiauilag C. B. Sawyer wag C. H.
Tower [44] villaiSendeiialuitu Sawyer - Tower circuit uansiaguil 3.4 Tunsinauauds

T Tovinisiaantwanlsedu Aenutuaunuludn 15 - 40 kv/ecm

Crystal -
plate

130 volts
60 cycles

=

JUN 3.4 uAAI93T Sawyer - Tower circuit

3.7 NIATIVEBUAYFIUINYIVBAUYIIEA
MNSANINTAUIAVBUNTY LazdgIuINg W eINIHANKAZIIITAUSIMEMTLALTBE

wnniinagluvenesilin temanuduiusiungAnssumsiiirvesgsdniiwseuld lnanns

feNMIENdeIanIIAuBLaNATEULUUARINTIA (Scanning electron microscope; SEM) lag
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madgdnuvhanuazeiadeaiesdansiledndiduaat 1 Falus anduiuneuidield
aradulugoufigamad 120 °C Wunan 24 Falus thusuasssinldindeudenosiaeisnag
\EeU (Sputtering) udhludnenmsendesganssaudianaseunuudensia neldidwene
Tua29 5,000 - 20,000 i
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unii 4
NANI5I28LaLNUS1gNAVIIENT MISTUU
0.86BaTiO, - (0.14-x)BaZrO, - xCaTiO,

MnaATeildvinisdaansinarsiadfielsdidnninldasnsa 0.86BaTiO; -
(0.14-x)BaZr0; — xCaTiO; %30 86BT-BZ—~CT lagil x = 0.03 0.05 0.07 0.09 uay 0.1
MU Nzeauzueuds ﬁ]’]ﬂﬁuﬁ’]mw’i’]ﬁﬂﬁLm%ﬁlNimﬂﬁﬁﬂﬁiélﬂ%ugﬂmmﬁﬂL“U’i’]flﬂ
wdhlumndunesiigumailuzag 1350 - 1500°C iievhmsAnwmsnsndrunazgamail
Jumosinfigaivilidamniaivionlfiuidnnumnuugsian wdlshuenaey
audinesmeninlaginmeafesazanuvuiuiy Sesaznmai aTafigatiendnual
Tasvadvoandn mavdsuslademaianindsnoudieidiond ndanduiaiie
wniiadldlunseaevaudimalninlneinaladidnvdn Antsgideladidnnin weslsd

Eny3nuasAuLAIen (Strain) neldauulwi gl

4.1 dUUANIINI8NTNVNYSIAA 86BT-BZ-xCT

[ < a o o 14
4.1.1 anEAENINNEATNUR BlaYsAANLASEULA

JUT 4.1 nmeneisnfin 86BT-BZ—CT Min1swumesgamgil 1400°C 1an 4 Falus
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nianlfinsdaunneinadnlussuu BT-BZxCT nandniilduvinnedemdu
wlinlagimawdunesfigumgl 1350-1500°C 1unan 4 43lus Shmstu/as
gaumgil 5°C/undt Idesdindaguil 4.1 nnguiluiegasniniviinswndunesfigamad
1400°C 1funan 4 dalus wsdindlddddmafiadiauevvinesdn Sn1snadoeis
ashiane lwndndldfuunlindusninifaunings

4.1.2 $agazAunUILiLLAzTo BN TMARIYDUYTINA

Yugsinmseulaluinanunuiwuy Wnelsrdnn1senuniivessfling v¥innns

a
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NFUN 4.2 wanspnuduiusseninanuiesasanunuktuiugamgilun1swidy
wosvenwsiinluszuy  86BT-BZACT amnguasiiuldingsinluszuy 86BT-BZxCT 9
wissuld  TAnuvusiuduinsiuas uUasnudadineshusenauvedanavannitunig

WIBWRes  lneAanuvuLiudisveselinyndndiuiwieuliasiaiuununis

WinTwresgamaiilunsidunesauieamglicmids  Jalugamainvilianuviuiniy

Y

1%
a = '

vouysliniiagean oglutag 1400 - 1450°C eglsfmuiiogaumgigiduniaumgl

Y 9 Y

Y

findn  Aersmuuuduivénduiidanas  vidiunainainnisaaneiivesansitiu
ssrusznevluesfindosnngamailunswfumesguiuly  9nnsmasiiuldinauns
wlsueTsinlusEuy 86BT-BZ-xCT Willfevavanuvnuiugsanaglugie 95 - 98% lag
gumgiinnzanfunsmTune feglutag 1400 - 1450°C

MnidigsinayhnsianmedidiFinasuasinisduuiesasnavasiiie
Unsvesenilalussuy 86BT-BZ-xCT lgauvgfinisienduinesd 1,350-1,450 83
waldsanansfensdl 4.1 wuth edesasmamaiadsUTinesiiAndullenedlutsiosay 1
- 9 Tneflogampfituwmefifiugsiuafosazmmade s ninasiidiasiu efesas
MsvaduUsiusssfugamadinsuses iesannszuaunsmndune sazsinlvioynin

ludasfiananisaneiuanndumeveuinsy nsidulneansuaziinTuniougfiunis

1% '
v o A

anAUTnTeIuasANUUNNTRITBUNTUAY ATTDRUNTNITHITUABILTINGITY Benay

1% '
a

LAANITATOUNBY1ITULTIWINTY vl UATEnIwn SuasLnsuin sdulafuunty

Wesmninsuiinisvenedanisanudougeu inlideiugumginismidune sudude

wnliadAnvaiigatuniuluiig

A9 4.1 LARISPYATNNSUAFIVBITINAUSTUU 86BT-BZ-XxCT

% NSRRI (%S)

dadau ()
T.=1,350°C T.=1375C T,=1,400°C T,=1425C T,=1,450°C
0.03 1.3+0.39 1.9+0.06 6.9+1.29 7.6+0.58 7.6+0.71
0.05 2.0+0.32 2.5+0.39 7.5+0.71 9.3+0.06 7.5+0.58
0.07 1.4+0.13 1.3+0.06 9.3+0.13 9.4+1.29 7.3+0.06
0.09 1.9+0.13 2.2+0.19 8.0+0.06 8.1+0.96 8.4+0.71

0.11 1.5£0.13 2.0+£0.26 8.1+0.06 8.1+0.06 8.2+0.19
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dovhnmaBeudfisuadesazanumunuiiuiasiosasnisadfiiature adngania
fidunneildluansszuudl fagnuiifiguvndgaesmamdunesiusiisiinayilde
wiiadarnumnuiuazmmedveadinieniaigs falaeilundaniinisnoniw
vosTantuavdsalnsnssoautinslnil dufvaneanui frannsndunsetianlid
Arumuutuaznsviadaigild Adaundululdfesshliautfmwiiiatulusitag
dudienfidaludeg msigmnidawsdadianumunuiugs nMsfleynirazinnsBaimedy
uardemuutuiafaziinndu laslivsngawsunieteshsssrieyniaunniull Wi
ihlUinaudimnihasaunsofndoanunldwiniilunnqssuvvuiuiivesdiagsda
mmﬁm%mﬁﬂfuﬁmmwmLL‘LJ‘LAG?W%Uimgﬁéaqdwiwdwayﬂmmmﬁui‘d flonvazdna
TfaudAnmslnihiiinldlividulun gssuuiivhniste desnuinaddusnudutan ey

wansantfnuludnhiigum wienanilddn audfneslsdidnyinludaesiia o qa

' 1%
a a o

MAngnutuazlilaunsaindoenunld

Fernuamsluideifnuieniafivouls aunsandoulidneriamumuiu
wagmanadfigalddenisndunesiigumgd 1,400 ssmvadea Jsdeindugumniii
winzay Inefiusloviluudvesnisanndsnu liaunsnandununissdnaddluisaes

eUU

4.2 Naﬂ']5ﬂ§?QﬂBULBﬂ5ﬂUﬂj%BQL‘U§Wﬁﬂ 86BT-BZ—xCT
4.2.1 N15ASIEBUBNANBAIRINATANISIALIUUVDISIF NG
PRINNLFTINNTFIATIA TN AT IaesTEUUAUls DU awsiAee nuIkasYinn1 A

' £

AUURNIINIAIN FINADIDUALANUNUILUULALSDHALAITNARIDDNUILAITY NUILIR

wnfinfidaanedldfaudinenienmiiadsegluiisiseusvld antushnimsaasy
ndnualiemaianadsnuuresidiond (XRD) venesinfikunaaduneifigumgd
1400°C vt 4 Falus mnifurhinishnseilasiassaemain Rietveld refinement
Tnel#lUsunsa JANA2006 wanadsguil 4.3 Tngvinnnsinlutag 20 wirdu 20 - 120° nns
Targilanaindedmnnlasiaiveuudeulnniun (BaTios) Wugiudeya nevinnis
3meﬁnﬂ1ﬂiqa%71@‘1'71'Lﬂﬂﬂlﬁ%%ﬁi%ﬁﬂéﬂﬁ lassainnuueeslssendn (Space group
Pbmn) wnszlnuea (Space group P4mn) way sauludnTea (Space group R3c) lauld
F1utpyan9laseainean Crystallographic Information veauuiseulnynLum wafl 73637
dmiu eoslosendn 73646 dwsulnvsylnuea way 100463 dmsusenludnsea #asan
M3ATeilasEsudl nsdmesanes eanun lawn R-factor (R,,) wae Goodness of
fit (GOF) uanssn13197 4.2 uaginiaisuifeudeyansminiadeauuresediond s

MNMIneaesiudeyailiann1sAILIn LanIfaguil 4.3 31NN1TIATIER WU @150
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wisuawesenalndugniveasniinlussuy BT-BZCT ldmndaduivinisniow
idesnnlinsranuiirveanananyasudue Usingegiae Mnuadild Fviiiudn Bazro,
(BZ) uaz CaTiOs (CT) fivmaideasty awnsainnisunsidnlululassadewes BaTiOs (BT)
Anduansazansresuds BT-BZ-CT ogsauysal edslsfinu sunuunsdenuuuesied

wagasuslashl auusuiawee BZ way CT Mviawdnly

‘ Y cal h klO—phase
: YObS h le-phase
i & ! —Y
& i i obs-Ycal x=0.11
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| J; A ,i f }ll lk 17_# IA |“ | \‘ J h IMA ] |
. I
—_—
. : x=0.09
=. 4 € l i A i l SR GG § A =4
“ | I | ! | | e | T e | e e |
2 L x=0.07
© pu( i i 1 . i i Ve EESSGRIRN A SRS
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=
i x=0.05
- l j A i i LU e A o =
& ; ) |I | 1 ll | | I‘ l‘ \ ] II ] ] |
i =0.03
i 1 F Jsk foei] A xA %
‘I l L II | | lI | | IJ | \ lI i 1 ‘
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20 (degrees)

3UN 4.3 uansgumsideuuiidiendvesesiialuszuy 86BT-BZ-xCT
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Intensity (a.u.)

tphse |2 5 () I 2 E (A)
*KOL2 :’:* & * A S L
R £ = = i A
T+O (T-rich) ’C*\/ " i ‘s/"»¥ Ul 4 V\m.jf ‘f\,_
W \Nm-« t
B o
T+O (T-rich) LA x=0.09 % 5
*x [i% MJ ;\f\_ ,‘,"
*
x=0.07 oo,
O+T (PPB)‘JM,*\ — \M\ | | O W
A f x=0.05 ;
O+T (O-rich) / 3 k
AN A iy
i1 Lok ¥
A é x=0.03 f WA
O+T (O-rich) ;5_% TN
+T ( "c__j)'ggk Q;L ‘ég
O-phase || J |$ . " .
44 45 46 82 83 84 85 99 100 101 102

20 (degrees)

JUN 4.4 sUnuuNsdruuesidionduenedin (n) venefinie 26 = 44° - 46°

(3) Yeeiin 939 20 = 82° - 85° (A) venefingae 26 = 99° - 102°

iioldifunnuunnasfisudadulaviinisvenefinluts 26 = 46° - 46° 82° - 85°
way 26 = 99° - 102° uaneiaguil 4.4(n) (1) wag () muddy Tunsheneilassadiedy
Igvimsianeilasiadauuuiien uazwuulasiadenauseninaadlasadne nuin n1s
Arlasai L uuNaNsEnilastaakuveaslssandndunuumnsslnuea 191 R,
waze GOF sftgn WiailSeuifisufunsinmesilasiaauuuden sis lnsaiauuuoesls
seudn mstlnuea uavsenludasea lasdilaseains uuusesludnsealddn R, wazen
GOF gufila 23.96 waz 4.38 audidfu wandliiiiudl wsdnyndaduimieuldlivsng
Tnssaauuusesludnseastias nmsansiaesiannsnasulein winlinmndadiud
wipuiilasiadrsuuunauszuinglasiadruvueedlssendnuasinnsslnuoananug
vannifannsamusinadndiunvesaiiiussdlssnauldlaonismituilénsnaes
NSEIUUSELENT FuanItanns1eRt 6.2 dmSuiesifinfidadau x = 0.03 wuin e Rup
waze GOF waslasiadnnslssondntesnivedasiadiansylnuea Fldiuin Usinames
Tnseadrauuuenslsseudniiunn (Orthorhobic-rich, O, waziiiavhnmsmwIamUSnaes

lassasiawuueeilsseudn wuidasde 93.87% wazillaswasnuuummsslnueaiiies 6.13%
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dloUina CT iusnniu An R,p wazA1 GOF vadlastainsuuueesiloseninizanas agnals
AN Uunaues A R,, WagA1 GOF 2adlaseasauuumvsglnueadzanad nan1siasiey
Fkhiut Tassadradluualtilunsiwdsuulasanlasedsesdlssondnluifummselnuea
dousinaves CT W@ Ined x = 0.05 - 0.07 wuiSuamesen Rup Wa¥A1 GOF ¥84
wasdlasiasnadialndideeiu Pifiui Vinamedasadandedadlngifiosty uauile
U31asved x > 0.07 WUl A1 R, kaeA1 GOF vadaailssendnimuinnitnmmsglnues wa
MIATERTIRiu Usinameslasiadammselnuoatiuin (Tetragonal-rich, T,e) Tei x
= 0.11 fsnamaslassaiaunmsslnuaagefis 88.42% 1NNTTATIEsHANSIALULYES
Ssdend anunsnasulein nndndrussdusznevveassdinfinToslfeiilassaiauuuima
auszIslasiaswuveaslsseudnfummsslnuea tnedi x < 0.05 wifinazilaseadn
WUU O,y bazaziinmsasundaslassadnaludy 7. ludrsusnadadiuvesasidu x >
0.07 Tngwsiinlugae 0.05 < x < 0.07 wilUTinamesiasdlasadrawiiy Fdfuinies
Wuusaunasau (Polymorphic phase boundary, PPB) Tules uaﬂmmﬁmﬂgmmumi
Aeauuresidend SianunsathunfunnasfiswisifineuazUsunasve s eadle
Tnenuin uaeiismsilneSuarisinnsvomhewadiiianamiudsunames CT ATy
withilefinsanannsindessavedasiadranesenalng Afiums Asite Ca’ (134 A)
Wiwnufiezdvundailosouiidnnit Ba” (161 A) fisuwus B-site Ti+ (0.605 A) 1
wnufiavilvuineiilossuiidnnin zr' (0.72 A) [36] saiudsdanaliuaeiiominesuas

U1 sveaniiuwaaiAnanadn uusuiuees CT MRNIUTLea

A5197 4.2 W153mes Rwp way GOF 7leannnsiasigilaseinsueaesiiin BT-BZ-xCT

feumAta Rietveld refinement

O-phase T-phase O+T phase
Rwp (%) GOF %Fraction Rwp (%) GOF %pFraction Rwp (%) GOF
0.03 8.71 1.41 93.87 9.62 2.35 6.13 7.99 1.29
0.05 8.99 1.75 78.70 9.82 1.91 21.30 7.48 1.45
0.07 8.87 1.55 55.43 8.95 1.62 44.57 8.68 1.43
0.09 18.05 3.21 20.79 8.43 1.50 79.21 6.69 1.19
0.11 21.66 5.09 11.58 9.21 2.16 88.42 6.58 1.55




4.2.2 N15A529daULNANwalA8mAdATINIY
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Raman shift (cm)
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[ ] '

venmnifiedumstusilasiaemdnuarnsasumavenyiinfidndusie 16
yhmsinanesusiunulugag 100 - 1000 cm Agamaiives uansdaguil 4.5 aumgui
wan1sdidnn3niiidlassadradusuudidnezlinevaussresuiu esnnillassaded
auinns egalsinudielassasanesalndiiiamesisdidnnin Jeenaillasadadu
wuuwnsElnuea vise aesloseuin wse seulusnsoadiusanouauasras Ul d1msu
s findiil BaTio, 1Hussduszneundn azunnganadundn Ae A(TO,) (190 cm’)
A(TO,) (261 cm™) E(TO,) (303 cmn ) A(TO5) (516 cm ) waw A(LOSVE(LO,) (720 cm )
[37-39] agalsiny dnwazvesanasunazuansneiulunulaswineesans dmsuws
finfl x = 0.03 %UimgaLﬂﬂm%“uﬁlﬂuﬁﬂwmuawwsuaq‘[mqa%mwmﬂamamaa‘[maa%ﬁa
wuveeslsseudnfumnszlinueastuaudn nanfe dnuazamzinunnisduvesasadng

gelsseudn Usenaudie finunan (Shape peak) 189 2 lnuanas E(TO) wag AL(TO,) i

520 cm” wasfinvesanInunnisdu ETO,) A(TO,) AL(LO) uaz ATO,) # 110 160 190

@ P L

’1 o L2 dgj Q:l

WAE 230 cm ANNANRU wena1NLIausansanulruansdun Judneasaniz e
P A ) a -1

TAssas 1 uUWMNSElNUea Ao NATBILNANISEY A(TO,) kay E(TO,) 71 267 wag 300 cm
AU wazkilaUSuia CT WiinunIu uanisnisduidudnewasanisuadlasiasi
WUUDBSL55aUTNALBRUAY ASINUINUAUINUANISFURT U NEUL RN LUBUNNTEINUDATY

1 a e v & Y o v M P
WUTATY HaNITIATITNTMALTAUIN Tassasieflwuilanlunisidsundasainlansaainaaasls
soudnluummnselnuea WaUsuiuwed CT WUNINTUY F9a0nAaRItUNANISLA8LUUGSIE
fa 1 vy v v Ho a a -1 = Y] ¢
LONG7NA1NILETIEN WaNIINTGIELNT0RTIINUVBINA A, 71 790 cm ™ Faluendnual
nzvasngulassaianesenalnduuuiddou (Complex perovskite) N15UsINg#A Ay
~ ° ' Ot = ~ L w o Y a

AMSWNUNYDLo0aU Zro+ TuFunusad Ti | 39l911n o oo uiLansenuuIn vinliinan

Ldlwdedsatuluszauunluuns ildansdadiuiivuildusansmgAnssuiuaniyes

wleslsdidnan sgndlsfmudlioUsunames CT Wiudy fin A, anaswazmelllufianide x =

[ YRS V!
g

S a o s 2- o o g v )~ s X a o
.09 MIULUBIINUTUIUYBIATULA DY ZrQg  anNaIUULDY quﬁaqiuﬂjquLUULuaLﬁEJ')ﬂUlnﬂ

(@)

1%
=

Pu MNEanMeaeaNnsaazuldi fanvarnsidsunannsuanwesiesdianynly
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4.3 auuan1elii1vawssIlia 86BT-BZ-xCT

nulevinsInaudRlasiannsn TnunsinarenladdnynsnuasAUsenaunis

=3

goudeladidnnaniianud 1 10 wag 100 kHz Tutieeamall 2 - 400 K wanInagui 4.6 e

#1s0NdRd x = 0.03 UansguN 4.6(n) aunsansranuinfigaumniussanu 340 K 39

Ao o

Wudhvauzvosnmaldsurannanesistianninluidumandannin  Jundanvausdu
(Braod peak) Tldauumsiu wansliiudanisiinsdouiunnniowilsfia - fatudglevi
nsAnwlasuBenanlnBldnvsniieuiunauanadiagudl 4.6(n) wudn asianuiingesiianen

gandNiue19dnY Ngamgi 337 uay 347 K Fadugamaiimswdeunanneeslssen

o

Inludumnselnuea (Top) wazanwnsglnuealuldumitn (7o) euadu uananilda

1%
a0

wundndnuiiinladidnvsngsdn 7 17000 91 347 K uasilleUSuiawed CT iiududu x =
0.05 BuATIINUNAYaINSiUAsuaansanludnsea (Tro) Ineanwuensilaswnanany

AUWUBEL IR ARNUNSWASUNE 90 Thp Tor W8T T ANNENU 108 X = 0.05 #1573

a

WUl 293 326 war 356 K audwiu 8alundniu WeuSunames CT inty gaumgil

9 Y

a

NSRBI Tho WaE Tor anad luvasAediy Te naUgadu lagi x = 0.03 W1ENa

lassaiseglurneeslssoudniigamgiiosuasiasmn Tor dmalvilivsunnesslesend

Y

1% '
= =

AN Tl ARLE WU O, iRty WeUSunames CT Wisdy qmmﬁmimﬁ'amm Tor
dlndaamadves shlviinameanamyssinuoagstu Tnefiesin 0.09 < x < 0.11 azdl
ANWAULUUU T ﬁ]’]ﬂmaﬂ’]ia‘a;ﬂﬁ]’]ﬂmﬂﬁﬂﬂ’]iLgﬁJ’JLUU%\‘iﬁL@Wg I wazdeyansladiann
3 awmagllih  wndnyndaduiietenldasilasaauuianansrindasaine
wuueeslssoudniummsslnuea Tneft x = 0.03 axildnuazduuy Oyich wazdloUsuna
994 CT WAy 1Aansasunlasanna Oer WU T,y Tudmdan 0.09 < x < 0.11 Toedi

WwindnaIy 0.05 < x < 0.07 WuuSnuwahny (PPB) #A1ninutasilautin

waslsddnvsnuazuiie lwBannInflanwau
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JUN 4.6 AnuduiusseninaailadidnysnuazaiUseneunisgadeladianysniy
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In(7-T )
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S
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< 3704 g
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=
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F1.3 wn
=
—_— E
350 12 &
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Composition (x)

gﬂﬁ 4.7 () nsMLERIANUEUTUSTEIN In [1/€r-1/E€max] FU n [T-Tm] 71 10kHz uaz

(%) diffuseness parameter kaggamnilun1sidewna voysnin BT-BZ-xCT

@

definnsanmadsuaiuinagn 7. wui dle x = 003 finfifidnwaziu
(Broad peak) waziileuSinames CT iiiaunntu findidhvaruauas (Shape peak) Fedlriviy
Tdnearmaisumainisudsuulasninuuusiaiiies (Diffuse phase transition) Tuidu
mswasumawuuSusunia (First order phase transition) TneUSinadnuagnisiudsula
anunsouansiflnean Degree of diffuseness (y) dsmeniildanaunisisauuasnanng

Y94 A3E-43a (Curie-weiss law) [1] wansdsaun1si 4.1
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1 1 (T-Ty)Y

(4.1)
£ Em c

'
1 =

e &, = Aladénnan & gaaniiyn T,

9 9

T = gomginiialedidnvsngsan

' A e
= ANPINIA Y

Y

Aa

Degree of diffuseness

Y

a

PMNFUNTN 4.1 FUTOMANUEURUSTENING In(1/e~1/ €n) WAy (T-T,) Lonasy

Y

4.7(n) eyl @1y avedlutne 1 - 2 laefl vy = 1 Tanasiniswdeumlawuududunil

a

(First order phase transition) Tuvaisdidlo y = 2 "’J’aQazmmﬂ?iamLWaLLuwiaLﬁaq dmsu
w5in x = 003 9l y = 1.66 ddiuiwsiniiniswasuslawuseidies Wil
donmnuliifudodieatuvesaslussiuulumns esueldlag Tuusnames Bsite 2y
Uszneude Zr waz Ti' fleglulaseainamesevialnd Tnedl Zr-cluster flassadnauuy
fadn shilmAnusnadiliitalusssuuluans (Non polar nano region) Tneusazusiines
novaussiegamgiilsivniuhliAsnsdsumauuusioilos usetndlsfna euiuw
489 CT 1finsnniiu Zr-cluster antiepas anududodofuiiuniu silvdnsasnsidou

wanuuusetledlUiduiuusununids Feasdiulaainan v anawmuUsina CT Aiadu
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Polarization (unC/cm?)
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8 nnrmmaaevaRleslsBidnyin wuhbanlauslnihiigdulugng
fndunsdusznauudrrinanlswduiiAndufisransdiaamulufe uasmnfisnsanuunli
vosrinailasuiiintuiouiudndesdussney x dufinuhidadiuosdusznay x =
0.06 Tuaglsainanlawdugaiian wavalnanlawdusifianiidadiuosiusznau x = 0.10
drurnlnanlsiedunsinsgefianidndiusadusznou x = 006 luvariidndiuesAusznau x
= 0.04 Hualialnailagdunasananlsetunsinasiiian
6.1.3 nM3fneINsUSEULBUNAYR N BzIANIEYRLYT1TATUIEUY 0.86BaTiO; -
(0.14-x)BaZrO; — xCaTiO; ag 0.88BaTiO; — (0.12-x)BaZrO; — xCaTiOs;
1) wriiafiedenldisaessruuiuifanuuigriifsusiniuluyngsnsdnd
wiseulel
2) wiiafiedeuliiansssuuansalidosaranumuiuiuiasiesaynsvag
figelddonisundumesigumail 1,400 ssmeaea dadugamgiifimnzaulasd
Usrlovilundvasnisaandasuas shlvanmnsnansununisanasdluiansssu
3) nnmEsueTLUIgviuasiasaaaiiintusemedansd iy
fpssdenduazaiinnuiu wuinesiiefiduengituisasssuuiudevimues
whadoslmupnieuTinu x iugetu Taseaaasfnnadsudaanannsonlud

asoalUidusaslssaudn waswmnseselnuaanIuaisu
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4) NNIATRFUANTRINBLENYTSN WU TEeNFLATsRulusEUU

a

0.86BaTiO; — (0.14-x)BaZrO; - xCaTiOs Wuagliansiiladidnningeian Aefidndiu
aadUszNau x = 0.05 FeliAAsfilaBianysniindu 15,000 wargaugiigsmintuluviaaes
seuUEibuiluiingedy Wedndmves x inundulagiwsidalusyuy 0.88BaTiO; -

IS a A !

(0.12-x)BaZrO; — xCaTiOs ﬁuazuqquu@iqqmwL%iwﬁﬂimz‘uu 0.86BaTiOs — (0.14-
X)BaZrO; - xCaTiO; JsiiAngauviniiadfigedia 120 ssmiwaides

5) nmansdevaniiulesldidnvineseniafiduaseiduluiiaesssuy
tu wudnesfialuszu 088BaTiO; - (0.12-0BazZr0; — xCaTiO;  uwansa iy
wieslsBidnvinlddint TnefieinalastuiiRatureseniielussuvidarganineniag

AL lISTUU 0.86BaTiOs — (0.14-x)BaZrO; — xCaTiO;

6.2 UolduBLUL

1) A nedevautimelesidnnms (ds) seiiezldannsadentd
wdaidarumnzadlumsidnuaniy

2) ensimsdaviheunsaliunutlumaduiemdssnulagldianilivinnide lede

gaaathlulsusylevilaasdusuins
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Abstract

Lead-free 0.88BaTiO3~0.12-x) BaZrO3;-xCaTiO; (BT-BZxCT) ceramics have been fabricated via solid state
sintering. The effect of CaTiO; content on crystal structure. phase transition. and electrical properties is
systematically investigated. The crystal structure and phase transition of ceramics were characterized by Xray
diffraction (XRD). Raman spectra and dielectric measurement. XRD analysis shows that ceramics in the
compositions range x 71 0.04 are of an orthorhombic structure and transformed to the tetragonal structure at x [
0.08. The polymorphic phase boundary (PPB)was observed at the composition x = 0.06 with showing coexistence
of orthorhombic and tetragonal phase nearly room temperature. This PPB composition exhibit enhanced
piezoelectric and ferroelectric properties of piezoelectric coefficient (@33)at 30 kViem = 600 pm/V, strain ¢Sy at 30
kViem = 0182, saturated polarization (P = 15 pCrem?’. remnant polarization (P =6.7 pCem?. and coercive fields
(Eo = 2.7 kViem The potential factors contributing to enhanced piezoelectric and ferroelectric properties also
were discussed.

Keywords: Lead.-free piezoelectric, Polymorphic phase boundary, Barium titanate, Barium zirconate
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Abstract

In this study. ferroelectric phase transitions in BaTigesSngosO3 (BTS) ceramic as a function of temperature are
investigated by using synchrotron X-ray absorption spectroscopy (XAS) technique. dielectric and ferroelectric
measurements. Dense BTS ceramic exhibits orthorhombic symmetry confirmed by Rietveld refinement and
Raman spectroscopy. The ferroelectric phase transition sequence of BTS ceramic. which changed on heating.
from rhombohedral (R) to orthorhombic (O) to tetragonal (T) to cubic (C) was clearly observed in the dielectric
results. Furthermore, anomalous dielectric relaxation around 90-105 K which far below the R-O phase transition
was evidently founded. Furthermore, the local structure around the Ti absorbing atom was investigated
especially at the ferroelectric phase transition region by using In-situ extended X-ray absorption fine structure
(EXAFS). Evident of the O-T and T-C phase transitions is clearly seen in EXAFS results. Based on chemical
analysis of BTS ceramic by using X-ray photoelectron spectroscopy (XPS). anomalous dielectric relaxation
should be attributed to mixed oxidation states of Sn.

Keywords: Dielectric, Ferroelectric, Phase transition, BaTiOs, Local structure
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Abstract

Lithium cobalt oxide (LiCoO2) currently has a great attention as active cathode material lithium ion batteries. In this
work, lithium cobalt oxide was prepared by solid state reaction and co-precipitation method. The synthesis

parameters and phase formation behavior were investigated in details via several techniques. including thermal
analysis. X-Ray Diffraction (XRD). Scanning Electron Microscopy (SEM) and X-ray Photoelectron Spectroscopy

(XPS). A change in local structure was investigated using in-situ extended X-ray absorption fine structure (EXAFS).
The temperature ranged between 400°C and 700°C with air condition was applied for this study. The results will be
presented and discussed in details.

Keywords: Lithium cobalt oxide; extended X-ray absorption fine structure.
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Abstract

The magnetic spinel ferrites, MnFe,;0O4. have been widely studied for their novel magnetic and electronic properties.
In this work. MFe,O4 were prepared by solid state reaction and co-precipitation method. The synthesis parameter
and the phase formation behaviowr were investigated in details via several techniques. including thermal analysis.
X-Ray Diffraction (XRD). Scanning Electron Microscopy (SEM) and X-ray Photoelectron Spectroscopy (XPS).
A change in local structwre was investigated using in-situ extended X-ray absorption fine structure (EXAFS).
The temperature ranged between 50°C and 300°C with air condition was applied for this study. The results will be
presented and discussed in details.

Keywords; The magnetic spinel ferrites; X-ray absorption fine structure.
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Abstract

This work presents the XPS investigation on the effect of annealing temperature (300 ° C, 400°C, 500°C. 600 °
C. and 700 ° C) on composition and phase transition of LiCoO, powders .The crystal structure of the LiCoO, was
analyzed by X-Ray Diffraction (XRD) technique. The powder composition was then investigated by x-ray
photoelectron spectroscopy (XPS) technique . The XRD results showed a clear phase transition in LiCoO>
powders .The results obtained from XPS show that after annealing the composition and the oxidation state of
LiCoO; powders changed.

Keywords: LiCoO,, Phase transition, XPS
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1 [ INTRODUCTION

Abstract

The series of 0.86BaTiO3—0.14—x)BaZrO3;—xCaTiO3 (abbreviated as BT-BZ-
xCT) ceramics with 0.03 < x <0.11 were studied to obtain high piezoelectric
properties. Rietveld refinement analysis indicated that the BT-BZ-CT composi-
tions follow a gradual rhombohedral (R) — orthorhombic (O) + R — O + tetrag-
onal (T) — T phase transformation with increasing x. Clear evidence of the series
of ferroelectric phase transitions was also found in the dielectric results. The R-O
and O-T transition temperature shifted close to ambient temperature, while the
Curie temperature slightly increased with increasing x. In addition to the dielectric
loss peaks associated with the structural phase transitions, a broad low-tempera-
ture dielectric loss peak was detected in the R phase at 7 = 90-150 K. This
dielectric relaxation was attributed to the domain wall freezing and fits well to the
Vogel-Fulcher model with activation energy E, ~ 60-300 meV and freezing tem-
perature Tyg &~ 75-140 K. High piezoelectric strain coefficient (d33*) of about
1030 pm/V at 10 kV was achieved at x = 0.07, and a high Curie temperature
(Tc) was maintained at about 375 K.
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the compositional shift of the polymorphic phase region
(PPR) toward room temperature. The coexistence of two or

Lead-free piezoelectric ceramics have been studied exten-
sively, and the BaTiO; (BT) based ceramics exhibit excel-
lent piezoelectric properties.”? It is known that alloying of
BaTiO; with other ABO5 perovskites is an effective way
of improving piezoelectric and ferroelectric (FE) proper-
ties.>® The enhanced piezoelectric and FE properties of
BaTiOs-based ceramic are observed as a consequence of

more FE phases can cause easy polarization extension and
rotation of the ferroelectric domain by external stress or
electric field, which improves the overall electrical proper-
ties of ceramics.">'* The results accumulated so far indi-
cate that the BaTiOs-based piezoelectric has a high
possibility of replacing lead-based piezoelectric materials.
In particular, Liu and Ren' reported a surprisingly high
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piezoelectric  coefficient  d3; = 560-620 pC/N  in  Ba
(Zr,Tip g)O3—(Bag 7Cag 3)TiO; ceramics located near the
“tilted morphotropic phase boundary” in the vicinity of the
tri-critical point where the FE rhombohedral, FE tetragonal
and paraelectric cubic phases meet. Following their discov-
ery, several groups of researchers have investigated differ-
ent compositions searching for outstanding piezoelectric
properties in the BaTiO;-BaZrO;—CaTiO; (abbreviated as
BT-BZ-CT) system. The investigated compositions
reported in"*'® are summarized in the room-temperature
pseudo-ternary phase diagram of BT-BZ-CT as shown in
Figure 1. Two polymorphic phase regions (abbreviated as
PPR 1 and PPR II) can be identified in this diagram
(Figure 1). The PPR I consists of the C-R-T phases and
PPR 1I consists of the R-T-O phases. A lot of research has
been focused on the PPR 1.''711214 However, the compo-
sitions located near PPR II have not been well studied, and
some of them may exhibit outstanding piezoelectric proper-
ties. In this work we analyze the compositions that traverse
the PPR II field of the phase diagram (Figure 1). These
compositions are indicated by the circular dots correspond-
ing to the 0.86BaTiO;—0.14—x)BaZrO;-xCaTiO; abbrevi-
ated as BT-BZ-xCT with 0.03 <x <0.11. In this study,
the influence of the CT on the crystal structure, phase tran-
sitions, and electrical properties of the BT-BZ-CT ceram-
ics are systemically reported. Furthermore, dielectric
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measurements of the BT-BZ-xCT system have been
extended to liquid He temperatures, i.e., below the O-R
phase transition.

2 | EXPERIMENTAL PROCEDURE

The BT-BZ-xCT ceramics were prepared by the conven-
tional solid-state method using CaCO; (Honeywell Riedel-de
Haén company, Seelze, Germany, 99.5%), BaCO; (Fluka
Chemical Limited, Louisiana, MO, USA, 99.0%), ZrO,
(Inframat Corporation, Manchester, CT, USA, 99.9%) and
TiO2 (Riedel-de Haen, 99.0%), as starting materials. The
weighed powders were mixed and ground using a vibratory
mill for 2 hour followed by drying and calcination at 1300°C
for 4 hour in alumina crucible. Granulated powders were
pressed into pellets of 11 mm in diameter at 150 MPa and
sintered in a covered alumina crucible at 1450°C for 4 hour.
Ceramic density was measured by Archimedes principle.
Surface morphology was investigated using a Zeiss EVO
MA10 scanning electron microscope after gold sputtering.
Crystal phases were characterized by powder X-ray diffrac-
tometer (XRD; Rigaku-Smartlab) with a CuK, X-ray source
(h = 154184 A). Rietveld refinement was done with
JANA2006 software.'® The ceramics were polished to obtain
smooth and parallel surfaces before making dielectric,
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FIGURE 1 Room temperature pseudo-ternary FE phase diagram of BaTiO5-BaZrO;—CaTiOs. The studied compositions are indicated as
data points and referred in the legend [Color figure can be viewed at wileyonlinelibrary.com]
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piezoelectric and ferroelectric measurements. A silver paste
(Heraeus ¢1000) was applied to both sides of the ceramics as
an electrode before firing them at 750°C for 30 minutes.
Temperature-dependent dielectric properties were measured
in the temperature range of 2-400 K using Alpha Impedance
Analyzer (Novocontrol, Montabaur, Germany) in conjunc-
tion with the physical properties measurement system
(PPMS. Quantum Design, San Diego, CA, USA). The FE
properties of the ceramics were measured using a standard
FE tester system (RT66B; Radiant Technologies, Inc., Albu-
querque, NM). The polarization was measured as a function
of the electric field (P-E loop) at room temperature, with a
maximum applied electric field of 30 kV/cm at 4 Hz. The
electric field induced strain was measured using an optical
displacement sensor (MTI-2100) combined with the Radiant
ferroelectric test system, which was collected at room tem-
perature. The piezoelectric coefficient (d33*) was calculated
from the ratio of the maximum strain (Spax) to the maximum
electric field (Enax) from a unipolar strain, with the applied
maximum electric field of 10 and 30 kV/cm.

3 | RESULTS AND DISCUSSION

Figure 2 shows SEM micrograph and grain size distribu-
tion of the surface of the BT-BZ-xCT ceramics sintered at
1450°C for 4 hour. No abnormal grain and no porosity
were observed in all ceramics and the density of ceramics
was better than 96%. In addition, the amount of CT content
had no significant effect on the grain size and grain size
distribution. The average grain size for all the studied
ceramics was in the range of 27-32 pum with rather wide
grain size distribution.

(8) x=10.05

FIGURE 2
and grain size distribution of the BT-BZ—

SEM images of surface

xCT ceramics [Color figure can be viewed 30am

at wileyonlinelibrary.com]
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The perovskite structure was confirmed for all composi-
(x =0.03-0.11) of 0.86BaTiO;—(0.14—x)BaZrOs—
xCaTiO3 ceramics analyzed by XRD technique. No sec-
ondary phases could be found within the detection limit of

tions

the XRD. The crystal structure was refined based on three
possible space groups: R3m rhombohedral (R). Amm?2
orthorthombic (O) and P4mm tetragonal (7). The starting
atomic coordinates for refinement were taken from Ref.
[17] The A=Ba+ Ca and
B = Ti + Zr sites of the ABOj structure were fixed accord-

atomic  occupancies of
ing to the nominal compositions. The isotropic atomic dis-
placement parameters (ADP) for Ba and Ca were assumed
to be the same. Similarly, the ADP of Ti and Zr occupying
the B-site were assumed to be the same. The ADP of oxy-
gen atoms were fixed at a small positive value and were
not refined. The fitted powder diffraction profiles are
shown in Figure 3A. The selected results of the Rietveld
refinement including the lattice parameters, weighted R-fac-
tor (WRp, %). and the phase fraction (%wt) are listed in
Table 1.

Figure 3B-D show the fitted diffraction pattems for
selected 20 intervals corresponding to (111). (200), and
(220) pseudocubic (pc) reflections. According to Table I,
the composition with x = 0.03 is rhombohedral with 10%
admixture of O phase. The composition with x = 0.05
showed the best fit with a mixture of R (29%) and O
(71%) phases. Notably, the O phase became the predomi-
nant phase at this composition. For higher CT content,
x = 0.07, the refinement with R3m symmetry gave a poor
fit (Table 1). Instead, an attempt to fit the profile with
Amm?2 (0) and P4mm (T) symmetry provided much better
result, indicating that the x = (0.07 composition was a mix-
ture of 88% of O and 12% of T phases. A notable

[
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(um) G

Graim sin Srain Size ()

Partick sizc distribation (%)

10 20 30 40 50 60 D 10 20 30 40 5
Grain size. (um) Grain size (jam)



w1 JOU urnal

103

SUTAPUN Er AL.

% American Ceramic Society

FIGURE 3

20 (aegrees)

—— Yeal (A) | (1D, (B) (200), (C) (220),, (D)
© Yobs
Y diff 2 A x=0.11
——— l ‘ l x=0.11 '—"’/:‘.\*\— | ' oo pamml
P4mm | b [BOEOEEOEED W b
". 77,77*7, e S S ———
= —_ [ Pioaid I N I SN N x=08
A A n W LT
Q i | Y 1 A A A =0.07 P__A______ ™ x=0.07
@R | Amm2 ) OO QOO 1 (I IR Amm2l
= | P4mm [ | U I T T B I } oo ! [ (I Pdmm|
&
= L 11 . N il [l DV S B B e N x=0.05
= [ EENEEEEEEEE T g [t W R
1 ' A .| | PN J™\ i
Amm2 | [} ) DD DD D) [N [N e Amm?2]
R3m | | [ | [ [N LR | " R3m|
10 20 30 40 S0 60 70 80 90 100 110 120 387 39.0 393 445 450 455 460 655 660 66.5

(A) Rietveld refinement of the powder X-ray diffraction data of the BT-BZ-CT ceramics with 0.03<x<0.11. Experimental data

are shown as + symbols. The solid line is the fit, the vertical bars are the expected Bragg reflection positions and the green lines at the bottom
are the difference between fit and the experimental data. The selected 20 intervals comesponding to (B) (111)pc, (C) (200)pe and (D) (200)pe
pseudo-cubic reflections [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Refined structure parameters for the BT-BZ—xCT ceramics obtained from the Rietveld refinement analysis using X-ray powder

diffraction data

R+ 0

O+T

difference in (200) profile features could be observed at
x = 0.09. The (200) peak of the O phase at 20 ~45.2° sep-
arated into (200) and (002) peaks. This large (200) splitting
is characteristic of T phase (91%) with admixture of O
phase (9%). A larger splitting of (200) peak is observed for
x=0.11 and the XRD pattern is well fitted with a P4mm

b=c(A)
8=p=7()
WRp(g) (%)
a(A)

b (A)

c (A)
WRp(o, (%)
a=b(A)
c(A)

WRp(p, (%)
R (%wt)

O (%wt)

a=

WRp(r+0) (%)
O (%wt)
T (%wt)
WRpo+1y (%)

0.03
4.02524(4)
89.9427(5)
12.06
4.02451(8)
5.69808(11)
5.68869(11)
12.64

0.05
4.01398(5)
89.937(9)
1161
4.00640 (9)
5.69026(12)
5.68033(16)
11.31

29
71
103

from R phase (x =

refinement

0.07 0.09
4.0097(3) -~

89.999(5) -

1737 -
3.99632(8) 4.02596(5)
5.67704(13) 5.64974(16)
5.66678(14) 5.65257(17)

1132 11.46
4.00594(15) 3.99478(5)
4.01737(15) 4.02481(5)

12.32 10.81

88 9
12 91
10.68 9.62

demonstrated that this

0.11

3.9824(6)
5.6750(9)
5.6909(9)

33.87
3.98127(6)
4.01735(6)
9.74

1
99
8.35

model with almost 100% of T phase. It is evident that the
addition of xCT triggers a sequence of the phase transitions
0.03), o R+ 0 (x=0.05), to O+ T
(x = 0.07), and finally to T phase (x =0.09 and 0.11),
which is consistent with Tian’s results.'”® Our Rietveld

system has two
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multi-phase regions: (i) at x = 0.05, a coexistence of R3m
(R) + Amm2 (O) phases was detected and (ii) at x = 0.07,
a coexistence of Amm2 (O) + P4mm (T) was confirmed.

Figure 4A-D show the dielectric permittivity (g,) and
dielectric loss (tan 8) as a function of temperature in the
range of 2-400 K for BT-BZ-xCT ceramic. One broad
asymmetric dielectric peak in the x = 0.03 composition is
seen at around 340 K, which corresponds to the FE-para-
electric phase transition. However, the FE-FE phase transi-
tion cannot be identified clearly from the &(7) curves,
because the FE-FE transition temperature is close to the
Curie temperature,
merge into one peak. Nevertheless, in contrast to the &)
curve, the first derivative of g, with respect to the temper-
ature [(de/dT)—T]| curve seems to be able to capture mul-
tiple phase transitions. The plot of (de;/dT)—T [inset in
Figure 4A]| clearly shows that there are three peaks of
(deg/dT)—T. separated by dotted lines, at T =324 K,
337 K. and 347 K, which correspond to the rhombohe-
dral-orthorhombic (R-0), orthorhombic—tetragonal (O-T),
and tetragonal—cubic (7-C) phase transitions, respectively.
The composition, x = (.03, exhibits the highest permittiv-
ity peak of 17 000 at 347 K. The ferroelectric phase transi-
tion series in the BT-BZ-xCT system is similar to that in
pure BaTiOz ceramic. The sample with x = 0.05 exhibits
the R-O phase transition close to ambient temperature. It is
interesting that the R-O phase transition shifts close to the
room temperature for the composition, x = 0.05, while the
O-T phase transition also shifts to room temperature for
the composition, x = 0.07, indicating that the x = 0.05
composition exhibits the coexistent R and O phases, while
the composition x = 0.07, provides evidence of a coexis-
tent O and T phases near room temperature. By changing
the composition further to x =0.09 and 0.11, the O-T
phase transition shifts below room temperature, suggesting
that these ceramics have a FE tetragonal structure at room
temperature. Based on the dielectric data, it can be con-
cluded that the x = 0.03 composition exhibits a FE rhom-
bohedral = structure. With CT content, the
ceramics transform from the rhombohedral to orthorhombic
structure in the composition range of 0.05 < x < 0.07, and
eventually to a FE tetragonal structure at x = 0.09. The
coexistence of the R-O and O-T phases in the composi-
tions, x =0.05 and 0.07 was confirmed by the powder
XRD data. These two compositions were expected to
achieve outstanding piezoelectric and FE properties.

In order to investigate the diffuse phase transition
behavior and the degree of diffuseness in the FE phase
transition of the BT-BZ-xCT system, the dielectric permit-
tivity above the T, was fitted with the modified Curie-
Weiss law."” A modified empirical expression was pro-
posed by Uchino et al' to describe diffuseness of the fer-
roelectric phase transition as follows:

in which two dielectric anomalies

increasing
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where g, is the maximum value of &, at the phase transi-
tion temperature T,,, C is the Curie constant, and 7y is the
degree of diffuseness that can vary in the | <y < 2 range.
The y = 1 condition indicates normal ferroelectric, whereas
vy = 2 comresponds to ideal relaxor FE material. The natural
logarithm of (l/e,—1/e,) was plotted against that of
(T-T,,), and the result is presented in Figure 5A. All com-
positions demonstrated a linear relationship with the vy
value that varied from 1.18 to 1.66. The y was calculated
by least-square fitting the experimental data to the modified
Curie-Weiss law. The calculated y and transition tempera-
ture (T,,) are shown as a function of composition in Fig-
ure 5B. The composition, x = 0.03, exhibits a diffuse
phase transition with the y value at about 1.66. The Ba**
and Ca** ions in the BT-BZ-CT solid solution occupy the
A-site, while Zr** and Ti** randomly occupy the B-site of
the ABO; perovskite structure. The cubic (paraelectric)
symmetry of BZ leads to the formation of non-polar BZ-
rich nano-regions in the polar BT matrix of the BT-BZ-
CT solid solution.?*?! The polar BT macro-domains are
reduced to the micro-domains, which resulted in the diffuse
phase transition behavior. The y value decreased almost
linearly with increasing CT content, indicating a lower
degree of diffuseness, which is caused by a decreasing of
non-polar BZ cluster concentration in the polar BT matrix.
Finally, the ceramics becomes more homogeneous and
exhibit a lower degree of diffuse behavior. The results
show that the amount of Zr** ion affects the phase transi-
tion behavior of the BT-BZ-xCT ceramics significantly,
which is consistent with the previous work on
(Bag.osCag 0s)(Tij_,Zr,)O3 ceramics by Zhang et al.'?

Another important feature of dielectric spectra is a very
broad dielectric loss (tan &) anomaly seen clearly at low
temperatures (2-200 K) for all compositions. This anomaly
occurs far below the R-O ferroelectric phase transition (Fig-
ure 6). A broad tan & peak occurs at T, in the temperature
range of 75-150 K with a pronounced frequency depen-
dence at the temperatures above the T,, (T > Ty,). With
increasing frequency, the T, shifts to higher temperature
and the tan & maximum increases. The low-temperature
dielectric relaxation of BT-BZ-xCT ceramics was fitted
with the Vogel-Fulcher formula®?:

f = foexp|Ea/ks(T — Tvr)] ()

where f; is the attempt frequency of dipolar reorientation,
E, is the energy barrier of reorientation process, T is the
temperature maximum of tan & peak at an applied fre-
quency, Tyg is the static dipolar freezing temperature and
kg is the Boltzmann constant. The fitting curves are shown
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FIGURE 4 Temperature dependence of dielectric permittivity and dielectric loss of the BT-BZ-xCT ceramics [Color figure can be viewed

at wileyonlinelibrary.com]
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FIGURE 5 (A) The In[1/g—1/gy,] as a function of In [T—T,]

at 10 kHz, and (B) diffuseness parameter (y) and transition
temperature (7,) as a function of composition in the BT-BZ—xCT

ceramics [Color figure can be viewed at wileyonlinelibrary.com]

in Figure 7 together with experimental data points. Good
fit was obtained for the compositions 0.03 <x < 0.09.
However, the composition x = 0.11 shows a rather poor fit,

which is probably caused by the interference of the low-
temperature relaxation with the overlapping dielectric loss
due to the R-O phase transition. The fitting parameters,
such as freezing temperature (7Tyg). attempt frequency (fp).
and activation energy (E,) obtained from the Vogel-Fulcher
fit are shown in Table 2. It is difficult to find a composi-
tion trend in the activation energy, E,. On average, with
increasing x, the energy barrier, E,, decreases from 320 to
60 meV, the Tyg decreases from 140 to 75 K, whereas the
attempt  frequency, fo. increases 1 x 10° to
2 x 10? Hz. There is no clear consensus as to the origin

from

of this low-temperature dielectric relaxation. There are at
least three possible sources that may account for the low-T
dielectric relaxation in the title compounds: (1) localized
electron (or “small polaron”) relaxation; (2) “rattling” ion
relaxation; and (3) domain wall freezing. These are dis-

cussed in detail below.

1. Several papers on Ti-based perovskites have attributed
the low-T dielectric relaxation to the localized hopping
of trapped excess electrons (or small polarons), i.e.,

Ti** <> Ti**2* The value of the energy barrier in our

BT-BZ-xCT system is close to the activation energy of
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the small polaron hopping in La- and Gd-doped
BaTiO5.2* Another source of excess electrons is oxygen
vacancy that may occur in BaTiO; or SrTiO; ceramics
during sintering at high temperatures. For example, a
low-T dielectric anomaly at 150-200 K in Bi-doped
SrTiO3; with similar activation energy of 130-280 meV
was attributed to the relaxation of excess electrons cou-
pled to the off-centered Bi and Ti ions.?* Although the
activation energy of the small polaron relaxation fits
well our data, the small polaron dynamics usually
shows a simple Arrhenius-type behavior (not Vogel-Ful-
cher-type) with an attempt frequency of fy ~10"-
10" Hz.? This is ca. 6-8 orders higher than that found
in our BT-BZ-xCT system which makes the small
polaron scenario highly unlikely.

“Rattling” of the smaller radii impurity ion misplaced at
the site of the large host ion may cause dielectric relax-
ation similar to that reported here. This type of phenomena
was first discovered in alkali halides, such as Li-doped
KCL.? and later confirmed in a number of perovskites,
such as Li-doped KTaO3, Mn-doped SrTiO3, Mn-doped
KTaOs, non-stoichiometric BaMg, 5Ta,;05, etc.??° The
relaxation of the Li ion in A-site of KTaO; occurs over the
energy barrier of E; = 86 meV with attempt frequency of
fo =8 x 10" Hz**; Mn®* ion on the Sr site in SrTiO3
“rattles” at f = 10'%-10"® Hz with E, = 64-78 meV.*" In
Mg-rich non-stoichiometric BaMg;,3Ta»303, misplaced
Mg ion “rattles” at the Ba site with an attempt frequency
of fy=10°Hz and E, = 38 meV, whereas oxygen
vacancy relaxation occurs at higher temperatures with
fo=5 x 10" Hz and E, = 360 meV.* Although we
cannot rule out completely the role of the point defects, an
average attempt frequency of the “rattling” polar point
defects are ca. 3-5 orders higher than that found in this
study. Also, if the low-T tan & anomaly is attributed to a
particular point defect, it is not clear why its activation
energy and attempt frequency change so much with com-
position x unless there exists some correlation between the
point defect’s dynamics and another low-energy excita-
tions, such as the motion of the FE domain walls.

. At temperatures well below the FE phase transition,

domain wall (DW) motion can make a very large con-
tribution to the dielectric constant (and dielectric loss) at
frequencies below ~10%-10° Hz. This is particularly evi-
dent in the single crystals with low concentration of the
DW pinning centers.*®*! In ceramics, grain boundaries
and point defects act as natural pinning centers for
domain wall motion, thus reducing the effect signifi-
cantly. Freezing of the DW motion is detected as a kink
(or a low-temperature shoulder) in the temperature
dependence of the dielectric constant accompanied by
the pronounced tan & pcak.32 The DW freezing follows
the Vogel-Fulcher-type relationship and usually shows

Journa
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the attempt frequency in the range of 10°-10% Hz.*?
Depending on the type, concentration and the degree of
interaction, the pinning centers can modify the DW
dynamics signiﬁcam]y.“’32 This may result in a signifi-
cant broadening of the tan § peak observed in our pre-
sent study as well as a notable dependence of the
attempt frequency and activation energy on the chemical
composition x. We conclude, therefore, that the low-T
dielectric relaxation in BT-BZ-xCT is caused by the
freezing of the FE domain walls. We note, however,
that the anomaly is mainly detected in the tan & (7)
data. In contrast, the &(7) dependence does not show a
clear anomaly at the corresponding temperature range.
This is unusual, because the DW freezing is accompa-
nied by the drop in & The near absence of the &(7)
anomaly indicates that the DW motion process is extre-
mely weak in the R-phase of the studied compositions.

Figure 8A presents the P—E hysteresis loops of BT-BZ~
xCT measured under an electric field of up to 30 kV/cm.
Fully saturated P-E hysteresis loops were observed in all
compositions at room temperature, which indicate that these
ceramics exhibit ferroelectric behavior. Remnant polarization
(P,), saturated polarization (P,,), and coercive fields (Ec) as a
function of composition x are shown in Figure 8B. The results
show that by increasing CT content, the P, and P, increased
to a maximum value of 5.8 and 12.6 nC/em?, respectively, at
the composition, x = 0.07, then rapidly decreased to 2.2 and
8.1 uC/em?* at the composition, x = 0.09. Both O + R
(x = 0.05) and O-T (x = 0.07) phase compositions present
the large P, and Py, values compared with the single R- and 7-
phase compositions. The composition x = (.07 shows the
highest value of P, and P,, which are consistent well with the
unipolar strain data and literature.*** Meanwhile, the Ec
exhibits a low value of 1.7-2.2 kV/cm in the composition
range of 0.03 < x < 0.07, with these ceramics being located
in ferroelectric R and PPR zones. With increase in CT to
x > 0.09 (T phase), the Ec value increases to 4.0 and 4.7 kV/
cm in the compositions, x = 0.09 and 0.11, respectively. The
unipolar strain under an electric field at 10 and 30 kV/cm is
measured for BT-BZ-xCT compositions across the PPR. and
the result is shown in Figure 9A. The converse piezoelectric
coefficient (d33*) value was calculated from the unipolar
strain as a function of composition x from the ratio of maxi-
mum strain (Spax) t© the maximum electric field (Engay). as
shown in Figure 9B. The d33* value exhibited a similar trend
as that of the unipolar strain value. The large d33* values are
found in the O part of the PPR, x = 0.05 and 0.07, while the T
part, x = 0.09 and 0.1 shows smaller values. Of interest, this
observation can be assigned to the large slope in the unipolar
strain at small electric fields which lead to the di33* value
being larger at 10 kV/cm than that at 30 kV/cm. The piezo-
electric response is related basically to both intrinsic and
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FIGURE 6 Dielectric loss of the BT-BZ—xCT ceramics at low temperature [Color figure can be viewed at wileyonlinelibrary.com]
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can be viewed at wileyonlinelibrary.com]

TABLE 2 Activation energy, attempted frequency and freezing
temperature obtained from the fit to the Vogel-Fulcher Model of the
BT-BZ-xCT ceramics

Compositions fo (Hz) Tyy (K) E, (meV)
x=0.03 1.04 x 10° 139.6 319.6
x=0.05 1.09 x 10° 109.6 1329
x=0.07 9.63 x 10° 101.8 116.7
x=0.09 1.14 x 10° 89.9 2188
x=0.11 2.19 x 10° 75.8 60.1

extrinsic contributions. The intrinsic effect refers mainly to
variation in lattice distortion, and the extrinsic effect refers
mainly to the domain reorientation (switching and rotating)
process. The piezoelectric activity can be due to the domain
switching process at a low electric field (<20 kV/cm), which
leads to the appearance of a nonlinear and hysteretic strain.
The coexistence of many phases leads to a much-preferred
orientation of polarization at the PPR compositions, x = 0.05
and 0.07, which leads to the ferroelectric domain being easy
in enhancement of the strain and

to switch, resulting
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piezoelectric properties at a low electric field. With increasing
electric fields (>20 kV/cm), the slope of the strain dramati-
cally decreased, while most of the domains were clamped by
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FIGURE 10 Composition—temperature ferroelectric phase
diagram of the BT-BZ—xCT ceramics [Color figure can be viewed at
wileyonlinelibrary .com]

the electric field. Piezoelectric activity can be due to lattice
deformation and reversible motion of internal interfaces.
Interestingly, the unipolar curves in the BT-BZ—xCT system
exhibited a nearly hysteresis-free behavior of the S-E loop
when compared to other lead-free systems, especially to the
BNT-based system.** This demonstrates the enhanced E-field
induced strain with comparatively lower energy dissipation
for the BT-based system.

Based on the dielectric data, we establish a ferroelectric
phase diagram of the BT-BZ-xCT system, as shown in Fig-
ure 10. The ferroelectric phase diagram of the BT-BZ-xCT
system consists of four phases, which include FE rhombohe-
dral, orthorhombic, tetragonal, and paraelectric cubic phases.
With increasing CT content, the room temperature symmetry
has transformed from rhombohedral to orthorhombic and
eventually to tetragonal. Furthermore, the PPR of this system
was observed at the compositions, x = 0.05 and 0.07, which
corresponded to the coexistence of several FE phases at room
temperature and resulted in the enhanced piezoelectric
response.

4 | CONCLUSION

The series of the 0.86BaTiO;—(0.14—x)BaZrO;—xCaTiO3
ceramics were prepared by the conventional mixed oxide
method with normal sintering. Rietveld refinement demon-
strated that the composition-dependent phase structure of
BT-BZ-xCT ceramics transformed from R phase (x = 0.03)
through the polymorphic phase boundary (0.05 < x < 0.07)
to the T phase (x > 0.09). High piezoelectric strain coefficient
(d33*) of about 1030 pm/V at 10 kV was achieved at
x = 0.07, and a high Curie temperature (7) was maintained
at about 375 K. In addition, a broad dielectric loss peak was
detected in the rhombohedral phase at 7 = 90-150 K which
was assigned to domain wall freezing.
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Abstract

Lead-free 0.88BaTiO3—(0.12-x)BaZrO3;—xCaTiO3; (BT-BZ-xCT) ceramics were
fabricated via solid state reaction. The effect of CaTiO; content on crystal structure,
phase transition, and electrical properties is investigated systematically. The crystal
structure and phase transition of ceramics were characterized by X-ray diffraction
(XRD), Raman spectra and dielectric measurement. Results show that the ceramic in
the compositions, x = 0.02 exhibit a rhombohedral structure. With increasing CT
content, the ceramics transformed from the rhombohedral to the orthorhombic
structure in the composition, x = 0.04 and eventually to a tetragonal structure at the
composition, x > 0.08. The polymorphic phase boundary (PPB) was observed at the
composition x = 0.06 with showing coexistence of orthorhombic and tetragonal phase
nearly room temperature. This PPB composition exhibit high piezoelectric response
(d33") of 1150 pm/V at 10 kV/cm as an electric field was applied. These results
indicate that the materials studied have potential as a candidate of lead-free

piezoelectric ceramics.
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INTRODUCTION

Lead-based PbZr,Ti, .03 (PZT), and PZT-based multicomponent piezoelectric
materials are used widely in electromechanical devices because they exhibit excellent
piezoelectric and ferroelectric properties at the composition encompassing the
morphotropic phase boundary (MPB) [1-2]. However, these materials contain more
than 60 wt% of lead oxide (PbO), which leads to environmental pollution. PbO is
highly toxic and volatile at high temperature during ceramic processing, and disposal
products contain PbO [2-3]. Therefore, lead-free piezoelectric materials have attracted
much attention because of being more friendly to the environment and human health.
Thus, researchers urgently need to develop lead-free piezoelectric materials with
electrical properties comparable to lead-based piezoelectric materials.

The searches for lead-free alternatives, most studies are focused on BT-based
ceramics because they exhibit excellent piezoelectric and ferroelectric properties.
Recently, Liu and Ren [4] discovered an outstanding piezoelectric effect (d33=560—
620 pC/N and d3;*=600 pm/V) at the polymorphic phase transition (PPT)
composition in Ba(Zr,Ti)O3-Ba(Ca,Ti)Os; system. In addition, Ehmke et. al. [5]
reported a large piezoelectric response (d33* = 1230 pm/V) at the S5SBZT-45BCT with
located PPT composition. The PPT associated with the coexistence of multiple
ferroelectric phases at room temperature leads to the increased alignment of
ferroelectric domains following poling enabled by a large number of equivalent
polarization directions from the different symmetries of the multiple ferroelectric
phases. Recently, Chaiyo et al. [6] observed a large piezoelectric response expressed

as the unipolar strain divided under comparatively small electric fields; the optimized
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0.725BT-0.125BZ-0.15CT composition was reported to exceed dsz;* = 2200 pm/V at
5 kV/cm as an electric field was applied. In this work, we established a ferroelectric
phase diagram of the ternary system of BT-BZ-CT based on studied compositions
from literature [7-12], as shown in Figure 1. Most studies are focused on exploring the
optimum composition with high piezoelectric and ferroelectric properties near the
PPT I region. The white region of the ferroelectric phase diagram is expected to
exhibit PPT II compositions, which have not been attempted so far. The composition
range studied in this work is indicated by circular dots with relation to the 0.88BT-
(0.12-x)BZ-xCT or BT-BZ-xCT system which located in the PPT II region. The
influence of adding BaZrOs (BZ) and CaTiOs (CT) on the crystal structure, phase

transitions, and electrical properties of BaTiOs3 ceramics also are reported.

EXPERIMENTAL PROCEDURE

The lead-free BT-BZ-xCT ceramics were prepared by using the solid-state
reaction method with normal sintering process. Analytical reagent grade of metal
oxide or metal carbonate, BaCO5; (99.0%, Fluka), CaCOj3 (99.5%, Riedel-de Haen),
TiO; (99.0%, Riedel-de Haen), and ZrO, (99.9%, Inframat Advanced Materials) were
used as starting materials. All powders were dried in an oven at 120°C for 24 hours to
remove the absorbed moisture. Stoichiometric weights were mixed with ethanol and
vibro-ball milled with yttrium-stabilized zirconia for 1 h. The mixed powders were
calcined for 2 h at 1300°C with heating/cooling rate 10°C/min in the covered alumina
crucible. The calcined powders were sieved and uniaxial presses into pellets at 3 ton
for 2 minute with 11 mm as a diameter, using 3 wt% polyvinyl alcohol (PVA) as a
binder. The green pellets were fired at 500°C for 2 h with heating/cooling rate
2°C/min to remove PVA, and then the samples were sintered at 1400 °C for 2 h

heating/cooling rate 5°C/min in a covered alumina crucible. The crystal structure and
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phase transition of samples were characterized by an X-ray diffractometer (XRD;
Rigaku SmartLab) using copper Ka with A = 1.5418 A, which were collected at room
temperature in 20 scan range 20 — 120° with a step size of 0.01° and scanning rate of
5° per minute. Raman spectrophotometer (Thermo scientific DXR smart Raman
microscope) was used to confirm the crystal structure and phase transition of samples
at room temperature. Ceramics were measured in wave number range 100—1000 cm™
using the 532 nm exciting line of a He—Ne laser. For electrical characterizations,
ceramics were polished and painted with silver paste (Heraeus c1000) on both sides as
an electrode, and then ceramics were fired at 750 °C for 30 minutes. The dielectric
properties of the ceramics as a function of frequencies and temperature were
performed using a programmable furnace with LCR analyzer (HP4284A, Hewlett-
Packard, Palo Alto, CA, USA). The dielectric permittivity value and dielectric loss
were collected in the temperature range of 25 — 160 °C. The ferroelectric properties of
ceramics were measured using a standard ferroelectric tester system ((RT66B;
Radient Technologies, Inc., Albuquerque, NM). The polarization as a function of the
electric field (P-E loop) was measured at room temperature which applied maximum
an electric field 30 kV/cm at 4 Hz. The electric field induced strain was measured
using an optical displacement sensor (MTI-2100) combined with the radiant
ferroelectric test system which corrected at room temperature. The piezoelectric

coefficient (d3;") value was calculated from the ratio of maximum strain (S,..x) and

maximum electric field (E,,,,) from the unipolar strain.
RESULTS AND DISCUSSION

The XRD patterns of BT-BZ-xCT; where x = 0.02- 0.10 ceramics sintered at

1400 °C for 4 h are shown in Figure 2(a). All ceramic samples exhibit a pure
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perovskite structure with no impurity phases were observed in any of the ceramic
samples. These results indicated that the BZ and CT have diffused into BT phase to
form a complete solid solution in all composition. The enlarged XRD patterns in the
20 range of 44°-46° and 82°-85° are shown in Figure 2(b), and (c), respectively. The
composition, x = 0.02, possessed a thombohedral phase at room temperature that
featured no evidence of splitting of the (200) peak at 20 = 45.1° and splitting of the
(222) and (222) peaks at 20 = 83.05° and 83.22°, respectively. The rhombohedral
phase corresponded well with previous works [12-13] and the established ferroelectric
phase diagram in Figure 1. One broad asymmetric (200) peak, associated the splitting
of the (022) and (200) peaks, seems clearly in the XRD result for the composition, x =
0.04. The peak intensity of (022) was higher than that of (200) peak combined with
the evidence of splitting of the (204) and (240) peaks at 26 ~ 83.21°, results indicated
that the composition x = 0.04 exhibits an orthorhombic phase. With increasing CT
content of up to x = 0.06, where (222) peak merges into a singlet peak, whereas the
(200) peak splits and eventually separates into (002) and (200) peaks at the
composition, x = 0.08. A separation of the (200) and (002) peaks was clearly
confirmed with (200/020) peak intensity higher than that of the (002) peak, which
corresponded to the characteristic tetragonal phase at the composition, x > 0.08. It can
be suggested that the polymorphic phase transition exists in the composition of x =
0.06, which corresponded to the coexistence of orthorhombic and tetragonal phase.
Also, most diffraction peaks of the XRD data shifted to a higher 20 angle as a
function of composition x, which indicates a decrease in the lattice parameter. The
shrinking unit cell volume was caused by substituting Ba®™(r = 1.61 A, CN=12) and
Zr* (r = 0.72 A, CN=6) with smaller radii Ca** (r = 1.34 A, CN=12) and Ti**(r =

0.605 A, CN=6) in the A- and B-site of the perovskite structure, respectively [14].
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Raman spectroscopy is one of a sensitive spectroscopic technique for probing
local symmetry and is used widely to analyze the structure of BaTiOs-based materials
[15-22]. The Raman signature pattern in the range of 100-1000 cm™ was used to
confirm the crystal structure and phase transition of BT-BZ-xCT ceramics, as shown
in Figure 3. According to the selection rule, all Raman modes of BT with perfect
paraelectric cubic symmetry are Raman inactive, whereas the same modes for the
ferroelectric phase with tetragonal, orthorhombic or rhombohedral structure are
Raman active. The unit cell of BT includes five atoms that result in 12 optical modes,
which transform into three IR-active Fiy modes and a silent F,, mode for the
paraelectric cubic phase with O symmetry [15]. Each Fi, mode transforms into a
doubly degenerate E mode and a non-degenerate A mode for the FE tetragonal phase
with C4y symmetry, whereas the silent F», mode transforms into E and B; modes.
Also, long-range electrostatic forces induce the separation of longitudinal phonons
(LO) and transverse phonons (TO). Thus, Raman spectra of the BT with tetragonal
phase generally exhibit 3[A;(TO) + A;(LO)] + 1B; + 4[E(TO) + E(LO)] modes [16].
Figure 3(a) shows all Raman active modes of ferroelectric signature peaks that
include (1) two broad peaks at around 260 and 520 cm’ corresponding to A;(TO,)
and mixed E(TO)/A;(TO3) optical modes, respectively, which are associated with
polarization of Ti-O vibration in octahedral TiOg; (2) a broad peak at around 710 cm™!
corresponding to mixed A;(LO3)/E(LOs) optical modes associated with symmetric
stretching and bending vibration mode in TiOg octahedral; (3) a peak at around 295
cm™ corresponding to the E(TOs) optical mode; and (4) an interference peak dip at
around 170 cm™ corresponding to anti-resonance of the narrow A;(TO); and broad
A (TO), optical modes [17]. Thus, the results indicated that all compositions exhibit

an FE phase nature. Details of the Raman spectra are enlarged in the range of 100-300
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cm™, 400-600 cm™, and 650-850 cm™, as shown in Figure 3(b), (c¢) and (d),
respectively. The Raman active mode signature of the FE rhombohedral phase seemed
clear at the composition, x = 0.02. The characteristic of the FE rhombohedral phase is
identified by sharpening peaks of the mixed E(TO)/A;(TO3) mode at 519 cm™, and
coexistence of the triple mode at 107, 158 and 191 cm’! corresponding to E(TOy),
A (TO;) and A,(LO), respectively. A presence of a strong E(TO,) peak at 110 cm’ is
associated especially with the Zr-O motion in BOs octahedra, which is regarded as an
indication of nano-sized Zr-rich clusters observed in the perovskite structure with the
local FE rhombohedral symmetry [15,18]. Furthermore, two interference peak dips
were found in the range of the ferroelectric rhombohedral phase at 126 and 174 cm’™,
which corresponded to the anti-resonance of shape A;(TO;) and broad A,(TO,) and
shape A;(TO;) and broad A;(TO;) modes, respectively. This phenomenon is
associated with the two different cations (Ti*" and Zr*") occupying the B-site of the
ABO;j perovskite structure [19-20]. It is of interest that the A, octahedral breathing
mode at 803 cm™ is characteristic of complex perovskites and also found in the
composition, x = 0.02. The results show that the presence of this mode is indicative of
the B-site occupancy by Zr** in BaTiOs. Substitution of Zr** (ionic radius r = 0.72 A,
CN=6) for Ti* (r = 0.605 A, CN=6) in the B-site, leads to inhomogeneous
distribution of the ZrOg™ and TiOg  rich clusters in the ABO; perovskite structure. The
complex perovskite in this region of x has been reported to demonstrate a relaxor
ferroelectric behavior [15, 21-23]. The A, mode weakens with increasing CT content
and eventually disappears at the composition, x = 0.06, due to the decreasing
concentration of Zr062' clusters. The results indicated that the there is a transition
from the relaxor FE to normal FE behavior with increasing CT content. The Raman

investigation revealed that E(TO;), A;(TO;) and A;(LO) modes are more prominent
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in the rhombohedral or orthorhombic phases and disappear in the tetragonal phase.
The characteristic of the orthorhombic phase was indicated by the presence of an
A(TO,) mode at 230 cm™, but this mode disappeared in the rhombohedral phase. The
A(TO,) mode has a vibration frequency of near 230 cm™ for the orthorhombic phase,
and it shifts to about 267 cm™ for the tetragonal phase [20-22]. Based on the
observations in this study, an orthorhombic phase was observed in the compositions
of x = 0.04 and 0.06 because the presence of A(TO,) modes was found at about 230
cm™. Furthermore, the FE tetragonal phase began to develop at the composition, of x
= 0.06, and finally appeared at the compositions, x = 0.08 and 0.10, which showed a
broadening of A;(TO,) peak at about 260 cm'l, small peak of mixed A;(LO3)/E(LO)
at 495 cm™ and interference peak dip at 174 cm’'. Meanwhile, when CT content
increased to x = 0.06, triple peaks of E(TO;), A;(LO) and A;(TO;) began to weaken
and eventually disappeared at the composition, x = 0.8, which suggests that the FE
rhombohedral phase was distorted gradually. XRD and Raman results indicated that
the ceramic composition, x = 0.02, has a rhombohedral structure that transformed into
an orthorhombic structure in the composition of x = 0.04, and eventually transformed
into the tetragonal structure at the composition, x = 0.08. The coexistence of
orthorhombic and tetragonal phases in this system was expected in the composition of
x = 0.06. These results are supported well by the dielectric data.

Figure 4 shows the dielectric permittivity (¢,) and dielectric loss (fan ) as a
function of temperature at 100 kHz in the range of 25-160 °C for BT-BZ-xCT
ceramics. The density of all ceramics for electrical measurement was found to be
greater than 96% theoretical. For the composition, x = 0.03 (as shown in Figure 4(a)),
exhibited a broad asymmetric peak at a temperature of around 91 °C, which

corresponds to the ferroelectric-paraelectric phase transition (Curie temperature, 7¢).
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Interestingly, two dielectric peaks of ferroelectric—ferroelectric phase transition
temperatures close to the T¢ lead to the ferroelectric—ferroelectric phase transitions
cannot be recognized from the dielectric peaks. However, the dielectric loss (fan o)
curve seems to be able to capture multiple phase transitions. The dielectric loss versus
temperature curves shows that there are three peaks at 49, 65 and 85 °C, which
correspond to the phase transitions of rhombohedral-orthorhombic (7%.0),
orthorhombic — tetragonal (T¢.7) and tetragonal-cubic (7¢) phases, respectively. The
ferroelectric phase transition formation in the BT-BZ-CT ceramic is similar to that in
pure BaTiO; ceramic. However, with increasing CT content, both Tz and To.r
continually shift to a lower temperature, while the T¢ shifts slightly to a higher
temperature. For the composition, x = 0.04 (as shown in Figure 4(b)) was observed
two phase transitions at 51, and 95 °C with corresponding to the phase transitions of
To.r and T, respectively, while the Tr.o phase transition did not evident due to the Tk
o was shifted below room temperature. Thus, this composition exhibits the
orthorhombic phase at ambient temperature. It is interesting that the T¢.r phase
transition temperature shifts close to room temperature for the composition, x = 0.06,
which is indicating to attribute polymorphic phase transition (PPT) with exhibits the
coexistent orthorhombic and tetragonal phases. By increasing CT content further to x
> 0.06, the T.r phase transition downward to lower than ambient temperature leads to
these ceramics have a tetragonal phase at room temperature. Based on XRD, Raman
and dielectric data, it can be concluded that the composition, x = 0.02 ceramic exhibits
a thombohedral phase. With increasing CT content, the ceramics transformed from
the rhombohedral to orthorhombic phase in the composition, x = 0.04 and eventually

to a tetragonal phase at the composition, x > 0.08. The coexistence of orthorhombic
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and tetragonal phases was found in the composition, x = 0.06, which was expected to
achieve excellent ferroelectric and piezoelectric properties.

The P-E hysteresis loops of BT-BZ-xCT ceramics were measured under an
electric field 30 kV/cm at room temperature as shown in Figure 5(a-e). All samples
exhibit full saturated P-E hysteresis loops at room temperature indicating ferroelectric
nature. The remnant polarization (2P,), saturated polarization (P;), and coercive fields
(E¢) as a function of composition x are shown in Figure 5(f). It can be seen that the
2P, and Py increased with increasing CT content and exhibited a maximum value of
15.2 and 16.8 pC/cmz, respectively, at the composition x = 0.06 with located PPT
composition. Besides, then, the 2P, and P, rapidly decreased to 11.0 and 11.4 pC/cmz,
respectively, at the composition x = 0.10. The PPT composition coexists two
ferroelectric phases with consist orthorhombic phase (12 possible equivalents (110)
polarization directions), and tetragonal phase (6 possible equivalents (001)
polarization directions) lead to a large number of equivalent polarization directions
from the different symmetries. Finally, the high polarizability results in extremely
enhanced ferroelectric and piezoelectric properties. Meanwhile, the E¢ exhibits a low
value of 2.8-3.1 kV/cm in the composition range of 0.02< x < 0.06, with these
ceramics being located in ferroelectric rhombohedral, orthorhombic and PPT zones.
The low value of E¢ these compositions indicates that the ceramics are typically soft
aspect to the electric field. This behavior can be explained that the free energy profile
of polarization rotation is flattened anisotropically at the PPT [4]. With increasing CT
to x > 0.08, the ceramics exhibit tetragonal structure, the E¢ value rapidly increased to
4.3 and 8.0 kV/cm in the compositions, x = 0.08 and 0.10, respectively. It can be
explained mainly by the domain structure and domain wall motion. In general, in the

ferroelectric tetragonal perovskite phase process 90° and 180° domain walls, whereas,
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the ferroelectric rhombohedral perovskite phase have a non-90° domain wall with 71°,
109° and 180° domain walls. Switching of the 90° domain wall needs a higher electric
field than that of the non-90° domain wall, which leads to the ferroelectric domain of
the rhombohedral phase being easier to switch than that of the tetragonal phase.

Figure 6(a-e) displayed the unipolar strain under an electric field at 10 and 30
kV/cm of BT-BZ-xCT ceramics. The converse piezoelectric coefficient (d33*) value
was calculated from the ratio of maximum strain (S,,,,) to the maximum electric field
(Emax), as shown in Figure 6(f). The d; 3* value exhibited a similar trend as that of the
unipolar strain value. The maximum of unipolar strain and ds;” values were observed
in the composition, x = 0.06 with located PPT composition. Especially, this
observation can be assigned to the large slope in the unipolar strain at small electric
fields which leads to the ds; value being larger at 10 kV/cm than that at 30 kV/cm.
Intrinsic and extrinsic contributions mainly course the high piezoelectric response in
this system. The intrinsic contribution arises from the lattice distortion while the
extrinsic effect is originated by the reorientation of the domain (switching and rotating
process). The piezoelectric response arising from domain switching at the low electric
field (<20 kV/cm) can cause the appearance of a nonlinear and hysteretic strain. The
low electric field enhances remarkable strain and piezoelectric properties at
composition x = 0.06. It can be described by the much-preferred orientation of
polarization generated by the coexistence of many phases at PPT compositions, x =
0.06, which leads to the ferroelectric domain is easy to switch, resulting in
enhancement of the strain and piezoelectric properties at a low electric field. Under a
high electric field, the slope of the strain vs. field decreases, indicating the occurring
of domain walls clamping by an electric field. The lattice distortion and the reversible

motion of internal interfaces can affect the piezoelectric behavior. Piezoelectric
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activity can be due to lattice deformation and reversible motion of internal interfaces.
Furthermore, the S-E loop of BT-BZ-xCT system exhibits nearly hysteresis-free
behavior, which is comparable with those previously reported in BaTiOs—CaTiO3—
BaSnOs; [24] and BaTiOs—SrTiOs—BaSnO; [25], indicating that the crystal lattice is

elastically ‘‘soft’” which is consistent with the low coercive field.

CONCLUSION

The ternary system of 0.88BaTiO3—(0.12-x)BaZrO;—xCaTiO3; was prepared by
the conventional mixed oxide method with normal sintering. The crystal structure and
phase transition of this system were identified through XRD data, Raman spectra, and
dielectric data analysis. The ceramics with perovskite structure was a rhombohedral
phase at composition, x = 0.02. They became to an orthorhombic phase at
composition, x = 0.04 and transformed to the tetragonal phase when reaching at x >
0.08. The polymorphic phase transition (PPT) was found at the compositions, x =
0.06, which corresponded to the coexistence of orthorhombic/tetragonal phases.
Enhanced piezoelectric and ferroelectric properties were observed in this composition.
The results of this study indicate that the ternary system of 0.88BaTiO3;—(0.12-
x)BaZrO;—xCaTiO; is a promising candidate for substituting lead-based materials in
the application of piezoelectric devices, and demonstrates an alternative way of

finding new lead—free piezoelectric materials.
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Figure Legends
Figurel Ferroelectric phase diagram and composition studied in the ternary system of

BaTi0Os-BaZrOs;—CaTiOs.

Figure 2 (a) XRD patterns of sintered BT-BZ-xCT ceramics, (b) position of the

(200) peaks at 20 = 44°-46°, (c) position of the (222) peaks at 26 = 82°-85°.

Figure 3 (a) Raman spectra of sintered BT-BZ-xCT ceramics, and enlarged Raman
spectra in the wave number range of (b) 100-300 em™, (¢) 400600 cm’,
and (d) 650-850 cm’".

Figure 4 Temperature dependence of dielectric permittivity and dielectric loss of BT—
BZ—xCT ceramics.

Figure 5 (a-e) Ferroelectric hysteresis loop and (f) P,, Py and Ec of BT-BZ—xCT
ceramics.

Figure 6 (a) Unipolar strain and (b) d; 5" of BT-BZ—xCT ceramics under 10 and 30
kV/cm of the electric field was applied.
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29-8.A-60 |Fmauuwvutiniduifou 5.a. 59 31,500.00 31,500.00
29-81.A-60 |Awmeunnutinidofiou u.a. 60 31,500.00 31,500.00
29-8.A-60 |AmauwnuinddetAou nw. 60 31,500.00 31,500.00
29-i1A-60 |Awmauuninindseiiou fla. 60 31,500.00 31,500.00

s2uASe 1 - - - - 220,500.00 14,791.00 | 43,089.50 - 278,380.50

A 2

23-131.8.-60 |19 Aaaluswild 35.00 35.00
26-131.8.-60 |20 Avdandtinau 200.00 200.00
27-11.8.-60 | 21 enusmsimateyt XRD 3,487.50 3,487.50
27-11.8.-60 |Amauunudnidoiiiou . 60 31,500.00 31,500.00
23-1.0.-60 |22 AMUSMSIATIZY SEM 2,086.50 2,086.50
31wm-60 |23 AdSuluawmed 428.00 428.00
31-W.A-60 |ARauLVutnITeRaY WA, 60 31,500.00 31,500.00
31-m.A.-60 |24 Ay 1,010.00 1,010.00
31-W.A.-60 |25 Anaamuiou 7,000.00 7,000.00
31-0.M.-60 |26 Andnauenans Wi 2 150.00 150.00
28-1.8-60 |Amauunuiinideiiiau e, 60 31,500.00 31,500.00
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4-np-60 (27 Ardsluswdld 41.00 41.00
4-n.p-60 |28 Afanineimans 90,915.81 90,915.81
13-n.A-60 |29 ﬁﬁaﬂﬁwmmam% 1,605.00 1,605.00
17-n.0.-60 |30 AndslUsudld 42.00 42.00
20-n.7A-60 |31 ArTaniveimans 5,350.00 5,350.00
27-n.A-60 |32 Aru3msiasied SEM 2,648.25 2,6048.25
28-n.A-60 [Amauuvutdnidufiou na. 60 31,500.00 31,500.00
3-a.n.-60 [33 dAndslusudld 37.00 37.00
28-4.A-60 [Amavuvutnidufiou aa. 60 31,500.00 31,500.00
3a.a.-60 |34 Aameidou 4,200.00 4,200.00

i’JSJﬂ%)’d‘ﬁ 2 - - - - 157,500.00 26,515.25 92,720.81 - 276,7136.06

ASei 3

29-n.8-60 |Awmauunutinideiiou ne. 60 31,500.00 31,500.00
30-0.0.-60 |35 Aminiu 300.00 300.00
30-0.7.-60 36 AnfuNI 569.00 569.00
30-0.7.-60 |Amauunuilnideifiou n.a. 60 31,500.00 31,500.00
40860 |37 AUnsiasizd SEM 4,173.00 4,173.00
26-.8.-60 |38 ATTaRdtinau 256.80 256.80
28-w.8.-60 [Amauuvutinideifion we. 60 31,500.00 31,500.00
18-5.0.-60 |39 dndalusudld 58.00 58.00
20-5.0.-60 |40 AasAdl 8,774.00 8,774.00
28-5.0-60 |Amaunnuinideiiou a.a. 60 31,500.00 31,500.00
28-u.n-61 |Amauwnutinidebou ua. 61 31,500.00 31,500.00
18-n.3W-61 |41 ANAUIe wiinil 2 541.00 541.00
28-n.-61 |Amauwnutinidewiou nw. 61 31,500.00 31,500.00
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wiaeu: andumaluladwszaomnddrnuninsananseda
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w s

u drynynanii KREF145904 daud¥ufi 1 fueeu 2559 fetufl 31 Benau 2561

(W18u515U Anenng)

o

e

FUSnwn

w

(WBLYey @Rzus)

o o o
WwtnnsEulagenis

vasd 3183 wavdignadia 318155V - 978 5185U 1898 39U
Tu g AuVdE pondedu | suymans SUREIY wamu Sy
souA%ad 3 - - - - 189,000.00 14,671.80 - - 203,671.80
A3 4
26-ila-61 |42 AuTmsiAEau Pt 642.00 642.00
29-4.p.-61 [Amounnutnidewiou ia. 61 31,500.00 31,500.00
30-.8.-61 |Amauuvutinidoifeu we. 61 31,500.00 31,500.00
30-0.0.-61 |Ameuunutnidefiou wa. 61 31,500.00 31,500.00
d-din-61 |43 ardagddnau 599.00 599.00
27-818.-61 |44 ATasinenmans 1,690.00 1,690.00
3041661 |Amauwnuiniduieu e, 61 31,500.00 31,500.00
30-n.A-61 |Amaunnulindduiiou n.a. 61 31,500.00 31,500.00
7a@a-61 |45 alusudld 37.00 37.00
7-aA-61 |46 Aranamnfiadsisau 5,000.00 5,000.00
7-d4.A-61 |47 Anensiail 706.20 706.20
31-dA-61 |48 ATTaRdTinau 480.00 480.00
31-a.n-61 |Aeounnuiinidoiiou a.n. 61 31,500.00 31,500.00
SUATaT 4 - - - - 189,000.00 6,865.20 2,289.00 - 197,512.20
a9 AU a9
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