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Abstract

Project Code: TRG5280026

Project Title: Preparation and Characterization of Perovskite Lead Barium Zirconate
Titanate Ceramics

Investigator: Assistant Professor Dr. Theerachai Bongkarn

E-mail Address: researchcmu@yahoo.com, theerachaib@nu.ac.th

Project Period: 2 years (16 March 2009 — 15 March 2011)

Abstract

Lead Barium Zirconate Titanate (Pb, Ba,)(Zr, Ti)O, ceramics with 0.05<x<0.1 and
0<y<1 were prepared by solid state reaction method. The calaination temperatures were
between 800-1000 °C for 1 h and the sintering temperature was 1200 °C for 3 h. The crystal
structure and microstructure were characterized by a X-ray diffractrometer (XRD) and
scanning electron microscopy (SEM). For x=0, the powders and ceramics showed an
orthorhombic phase and the proportion of orthorhombic phase were increased with
decrease in x content. For 0.5<y<1, the samples had the tetragonal phase. The lattice
parameter a and ¢ decreased while the c¢/a ratio increased with an increase in x content.
The mixed phase between the orthorhombic and the tetragonal phase was detected in the
x=0.25 samples. The average particle sizes were not consistent (between 0.674-1.694 um).
The average grain sizes were increased with increase in x content. Moreover, the fracture
surface indicated an intra-granular fracture in the x=1 ceramic samples. The 0<y<0.75
samples showed mainly inter-granular fractures. In the same x, the density and shrinkage
increased with an increase in y content. In the same y, density and shrinkage increased

with an increase in x content.

Key words: lead barium zirconate titanate, ferroelectric, microstructure, dielectric properties,

phase formation



LANRIILLULRNIULAY 3

1. Output 31nlA39N33IT8NLATUNHIIN &N

HAITWANNN IBIITEIIIBINIIIZAURIRITIAIIRIWBNIAW 18 1389

1.

[(e]

Theerachai Bongkarn and Chiraporn Thiangchit “Preparation of PBZT Ceramics

via Solid State Reaction Method” Ferroelectrics, 383:1(2009)78-83.

Rattiphorn Sumang and Theerachai Bongkarn “Phase Formation, Microstructure

and Phase Transition of Lead Barium Titanate Ceramics: Effect of PbO Content”

Ferroelectrics, 383:1(2009)57-64.

Theerachai Bongkarn “Properties of (Pbgg9Bag 19)ZrO; Ceramics with Deficient

and Excess PbO” Ferroelectrics, 384:1(2009)62-67.

Theerachai Bongkarn, Nalinee Phungjitt and Naratip Vittayakorn “Effect of Firing

Temperatures on Phase Formation and Microstructure of Ba(Zr; 3Tig7)O3

Ceramics Prepared via Mixed Oxide Method” Ferroelectrics, 383:1(2009)65-72.

Theerachai Bongkarn and Chakkaphan Wattanawikkam “The Influence of

Calcination Temperature on Phase and Morphology of Ba(Sng o5 Tij 95)O3 Powders
Synthesized via Solid State Reaction Method and Combustion Technique”

Ferroelectrics, 382:1(2009)42-48.

Theerachai Bongkarn and Chakkaphan Wattanawikkam “The Preparation of

Ba(Sng 1Tig9)O3 Ceramics via a Solid State Reaction Method” Ferroelectrics,

382:1(2009)56-61.

R. Sumang and T. Bongkarn “The Effect of Calcination Temperature on
Microstructure and Phase Formation of (Pb,Sr;.,)TiO; Powders” Key Engineering
Materials, 421-422(2010)243-246.

Atthakorn Thongtha, Kritsana Angsukased and Theerachai Bongkarn “Effect of

Firing Temperatures on Phase and Morphology Evolution of
(Bag 25Sr0.75)(Zr 75 Tig 25)O3 Ceramics Synthesized via Solid-State Reaction” Key

Engineering Materials, 421-422(2010)247-250.

. Rattiphorn Sumang and Theerachai Bongkarn “Effect of Sintering Temperature on

the Crystal Structure, Microstructure and Phase Transition of (Pb,Sr;.,)TiO5

Ceramics” Functional Materials Letters, 2(4)(2009)193-197.



10.

11.

12.

13.

14.

15.

16.

17.

18.

Atthakorn Thongtha, Artid Laowaniwatana and Theerachai Bongkarn “Effect of

Firing Temperatures on Phase and Morphology Evolution of CaZrO; Ceramics
Synthesized using the Combustion Technique” Ferroelectrics, 403 (2010) 3-10.
N. Phungjitt, P. Panya, N. Vittayakorn and T. Bongkarn “Use of the Combustion
Technique for the Preparation of Ba(Ti 70Zrp30)O3 Ceramics” Ferroelectrics, 403
(2010) 142-149.

Chakkaphan Wattanawikkam, Suphornpun Chootin and Theerachai Bongkarn

“Crystal Structure and Microstructure of (PbqBa)(Zry.,Tiy)O; Ceramics Prepared by
the Solid State Reaction Method” Ferroelectrics, 403 (2010) 166-174.

Wanida Tangkawsakul, Artid Laowanidwatana and Theerachai Bongkarn

“Fabrication of (Pb,.Ba,)ZrO; Ceramics via the Combustion Technique”
Ferroelectrics, 403 (2010) 196-203.

Perapong Panya, Somnuk Ramaneepikool and Theerachai Bongkarn “Dependence

of Firing Temperatures on Phase Formation, Microstructure and Phase Transition of
(Pb4.,Ba,)TiO; Ceramics” Ferroelectrics, 403 (2010) 204-212.

Atthakorn Thongtha, Kritsana Angsukased, Naowarat Riyamongkol and Theerachai
Bongkarn “Preparation of (Ba,.,Sr,)(Zr,Ti;.,)O; Ceramics via the Solid State
Reaction Method” Ferroelectrics, 403 (2010) 68-75.

Rattiphorn Sumang and Theerachai Bongkarn “The Effect of Excess PbO on Crystal

Structure, Microstructure, Phase Transition and Dielectric Properties of (Pbg 75
Sry25)TiO; Ceramics” Ferroelectrics, 403 (2010) 82-90.

Panadda Sittiketkorn, Somnuk Ramaneepikool and Theerachai Bongkarn “The

Effects of Firing Temperatures on Phase Formation and Microstructure of

Pbg 975510025 TiO3 Ceramics Synthesized via the Combustion Technique”
Ferroelectrics, 403 (2010) 158-165.

A. Thongtha, K. Angsukased and T. Bongkarn “Fabrication of (Ba, Sr, )(Zr,Ti,.)Os
Ceramics Using the Combustion Technique” Smart Materials and Structures,

19(124001) (2010) 1-7

2. mMsnaswIve lulxse T

LBIWITRD 8



Imamﬁ%’sﬁﬂﬁa%aaaﬁmwj‘l%mﬁmﬁ'umsm'%wLLazﬂ’mmé'ﬂwm:mW’]wad
wdnwessanglndaauuisouimaslawma lnniue %ammsnﬁﬂﬂﬂs:qﬂ@ﬂﬂu
\Fawn e LLa:Lﬂuaaﬁmmﬁﬁugwmaaqmamnssu"l,@ﬁﬂummﬁ

Bonlaung

nasuildannlasensisoile 15 dusriwnafien1suisefazvindanaal
UG LLazl‘*ﬁLﬂumwﬁaU’Luﬂﬁﬁmu@ﬁ‘ﬁaﬁ'%“ﬂmqmuaa%‘lusjﬁ%’m%'uﬁﬂﬁﬂm wazy
$am3spluamatug 6’1’3\1Lﬂuﬂsﬂmﬂumn%aﬂmaaﬁmmflﬁl,ﬁwmﬂ%mmnﬂ
o

IBIRIS 1T
TassmaasoitlaiRaiedotnanudsaiunannatsnIndIne oW lwasdnInn el
UPNINUNRUUARZBIANTUENNAIINGIRE LTH TBIANFATIATY A7 navqa J9IUINA
ndaddfuanisdianinatesndn 900 aed T WNENT Amzinsrdigas
YAneasdsdlng annusiniany ;ﬁ'mmamwmiﬁ A7.%37175U NNy 31N
mairuall anAnmmant aotwnaluladnszseunddrgunuisananszs
;ﬁ%ﬂ@?ﬁimomsmmiawﬁaﬁuﬁfﬂ%”mmﬂizmwmsm'm 217l Prof.  Dr.
Steven J. Milne 917 Institute for Materials Research, University of Leeds iU3zine
é’anqw Prof. Dr. Tadashi Takenaka 37N Department of Electrical Engineering,
Tokyo University of Science ﬂ‘izmﬂfﬁﬂu ILaz Prof. Dr. David P. Cann 310
wasdfuanisBianinaaniin swinnaplasnen Yssinasnigaiusm

1BIIBINS
Naomﬁfﬁ'ﬂﬁLﬁ@*’ﬁumod’mﬁwvlﬂﬂs:qnm‘sl%aaulum:mu‘imLsﬁsﬂﬁﬂVLWWw Tuszau
VU aeAnN=N uaﬂmﬂﬁf’uﬂizaummiﬁ"lﬁmmm%%'ﬂEl'ammsnmvl,ﬂﬂiwqﬂﬁ AUy
i fiuas ;j‘*ﬁaU%%’Ulﬁﬁﬁ'ﬂmLLa:mwwﬁﬁmrymﬂ?iﬁu nal#iinasdanuglu
89ANT WaWIIBEIRIREINIDARNNWIWITENTAUWWITIG  TawldfenTiauae
Namﬁ%’ﬂmmﬂizqﬁmmiﬁLﬁmﬁaoﬁgﬂmzﬁumaLLa:mmma SnmataLAe

v A o

T
n39 m;ulvxmu

3. A% 9 (10 HARARNNIWTFETITINT LU szind nastananaswlniiyszas

ABIN1T KIFD N1TIAINSLMT)

v v ]
m‘smmuaNaa'm%ﬂ‘lumuﬂizquﬁmm‘sszﬂumm"mﬁmﬁ% 11 1309

1.

T. Bongkarn and W. Tangkawsakul “Fabrication of (Pb, Ba,)ZrO, Ceramics via

Combustion” 12" International Meeting on Ferroelectricity (IMF-12) & 18" IEEE



International Symposium on Applications of Ferroelectrics (ISAF-18) Xi’an, China
(2009) .

T. Bongkarn and C. Wattanawikkam “Crystal Stucture and Microstructure of

(Pby g5Bay 405)(Zr,, Ti,)O, Ceramics Prepared via Solid State Reaction Method” 12"
International Meeting on Ferroelectricity (IMF-12) & 18" IEEE International
Symposium on Applications of Ferroelectrics (ISAF-18) Xi'an, China (2009) .

A. Thongtha, K. Angsukased and T. Bongkarn “Fabrication of (Ba, Sr)(Zr,Ti, )O,
Ceramics Using the Combustion Technique” 20" International Conference on
Adaptive Structures and Technologies (ICAST 2009), Hong Kong, China (2009).

P. Sittiketkorn, P. Wongtey, and T. Bongkarn “The Preparation of

(Pby ;sBay ,6)(Zr, 70Ty 5,04 Ceramics Prepared via the Combustion Technique” The 7"
Asian Meeting on Ferroelectricity and the 7" Asian Meeting on ElectroCeramics
(AMF-AMEC-7), Jeju, Korea (2010).

P. Julphunthong and 1. Bongkarn “Phase Formation, Microstructure and Dielectric
Properties of Ba(Zr, ,Ti, ,)O, Ceramics Prepared via the Combustion Technique” The
7" Asian Meeting on Ferroelectricity and the 7" Asian Meeting on ElectroCeramics
(AMF-AMEC-7), Jeju, Korea (2010).

R. Sumang and I. Bongkarn “The Influences of Firing Temperatures and Excess
PbO on the Crystal Structure and Microstructure of (Pb, ,.Sr, ;;)TiO, Ceramics” The
7" Asian Meeting on Ferroelectricity and the 7" Asian Meeting on ElectroCeramics
(AMF-AMEC-7), Jeju, Korea (2010).

U. Chaimongkol, A. Thongtha and T. Bongkarn “The Fabrication of Lead Barium
Titanate Ceramics via the Combustion Technique” The 7" Asian Meeting on
Ferroelectricity and the 7" Asian Meeting on ElectroCeramics (AMF-AMEC-7), Jeju,
Korea (2010).

A. Thongtha, C. Wattanawikkam and 1. Bongkarn “Crystal Structure and
Microstructure of (Pb,4,.Ba, ,,.)(Zr, Ti,)O, Ceramics Prepared by the Solid State
Reaction Method” Russia/ClIS/Baltic/Japan Symposium on Ferroelectricity (RCJSF-
10), Yokohama, Japan (2010).

R. Sumang, P. Sittiketkorn and I. Bongkarn “Crystal Structure, Microstructure and

Phase transition of Lead Strontium Titanate Ceramics: Effects of PbO content”



10.

1.

Russia/ClS/Baltic/Japan Symposium on Ferroelectricity (RCJSF-10), Yokohama,
Japan (2010).

P. Sittiketkorn and I. Bongkarn “The Preparation of Lead Strontium Titanate
Ceramics by the Combustion Method” Russia/CIS/Baltic/Japan Symposium on
Ferroelectricity (RCJSF-10), Yokohama, Japan (2010).

C. Kronphom, A. Thongtha and T. Bongkarn “Preparation of Bismuth Sodium
Titanate (Bi, Na,.)TiO, Ceramics by the Combustion Method”
Russia/ClS/Baltic/Japan Symposium on Ferroelectricity (RCJSF-10), Yokohama,
Japan (2010).



CRES L

naanIINYIzme
unaaganie lng
UNAQLaNIMIDING 1

Output NNLATINNT

R13UTY

UNI
LANFTLAZNWIS BT AT D4
gunsaluaziTmInasas
NANINARBILAZEALTBNANITNARSY
8IUNANIINANDS
UINRNTA

AANWIN

> g8 2

<o

40
44
66
68
70



=
UNN 1
UNUI

ANAIATY LA VINITBINITVINIAE

D

[~1 a 1

VisNNNTIRANSIsBLanTIN (ferroelectric) NANANIATIaF UL INaFrana lnsl
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1%
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UszqniAnasrinlaBLanysn (dielectric constant, £,) 49 N9MUAaRaLIaS (transducer) TN
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PMN) [6].
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q a
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wW4lsaannsn (Ferroelectric)

dsngnisndslsgidnvisngnAunulull a.a. 1921 [7] Tedandszinninslsgidnyisn

d’l wa a a | a o (% . . I~
Hazugnaanimnglsaannan wu nalnanlsiadulsies (spontaneous  polarization) %

BUUNHAING1AAT (curie point) WSTsalanvianiaLNY (ferroelectric domains) Uazin3ls

1
a o a

@L@ﬂw?ﬂﬁmmﬂ?%@@uﬂ (ferroelectric hysteresis  loop) ﬁmiﬁﬂﬂmmaﬁmﬂmﬁufm@
wslsdanyisnasinaninunelutl a.a. 1950 [7] Tneiantzatinedeu Gaulnniium (barium
titanate, ~ BT) %qLﬂud”m@‘ﬁugmﬁﬁﬁmﬂ@zﬂﬂm‘“l%ﬂummﬁmﬁqLﬁuﬂiz&mﬁmmﬁﬁﬂme
NINUARILTAS (transducer) wananLee s anaiannslaa i nnInaw | ANLTu
WAlMMLWR (lead titanate, PT) anwiaslawun lmniwum (lead zirconate titanate, PZT)
WAZLAALAUNITN AT LA 1NN R (lead lanthanum zirconate titanate, PLZT) AN3WEN1N
nazuaunisudaainin il sUszendldeaudiulng o widowlunjudasiindsziny
wilsBianyisniinaztinunisyenidniudafiudseqluin

32
[ Symmetry Point Groups}

21 11

Noncentrosymmetry Centrosymmetry
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4. 92UUNANLLLY Monoclinic
5. SYULNANLUL Rhombohedral
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.
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1. §TUUNANWLUL Cubic
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5. SEULNANWLL Rhombohedral
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W8489 (qualitative analysis) 39 lAsantAnIanIanwaasanstii <) andae

ANTATUIDUUNANANTNILARTT ¢, a WATANSAIIAIU c/a AI1NNTDNTLn e laeianAel

dayaanniasasiandisdanunsndis [17] uazainannisi (7)
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d a’ b* c?
Tuszuumnszinidatiu Auania a AAwinduwania b wildwinduuasitc (@ =b # ¢)

Fatii AnaNn19N (7) @enludledlu

1 W +k* I?
d2 = az +C_2 (8)
hkl
YEG
L—(h2+k2)+L (9)
Zk/ (C/a)z

AuFuian TN IUAAINITDATUI I AERTIEIU c/a TR lRItinAT d-spacing d,
AT d,y, NIANUIBAINENNNT (10)

dOOZ

cla= (10)

200

L4 a & 1 . .
NABI9ANTSAUBLANASAUULLARINGIA (Scanning Electron Microscope)

14 Mm@ ] ¥ dl =2 o %
ﬂ@@ﬂ‘\]‘@ﬂﬁ‘iﬂu@L@ﬂﬁlﬁ"ﬂuLLUU@'ﬂ\miWW L‘ﬂuﬂﬂﬂﬂmimuﬂqﬁ‘ﬂﬂi:f’]@ﬂ‘]:ffuZIﬂN@ﬁ"N

A . dgll a o‘éll dll o 2 o 04 & ] e A o
Mﬁ“ﬂ@ﬂﬂﬂﬁ%ﬂ‘ﬂ‘]_lwufﬁ\l'ﬂl@\‘]Lsﬁ@@Lu‘ﬂLﬂ‘ﬂLLZ\lZQﬁlQiﬂ Iﬁﬂﬂﬁiﬂ@ﬂﬂﬂ?tﬂﬂﬂﬁﬂﬂ']“ﬂ@ﬂLsﬁ@@ﬂﬁ“ﬂqmq

AANNdNTRINLANFNeTY

UANNITNANINLBINABIBLANATRULLLABINIIA éumn%tﬁnm@uﬂﬁugﬁmn
wiaNnLHABIANATAU (electron gun) azgnisssaaAngdinings (1,000 01 3,000 BlanATaU
Taaviitannnndn) Aanansndsuenld aniudagniageacgiiiesanslaauruenlun (anode-
plate) MelEn1azanaduannia 10° - 107 nef wazilaneuauefiaudiazliudgn
ALANMIRL (electro  beam) IawnadEnaaiieuniafinanuidu1e9daiEnnsauan

P
= 1

AniuaBanAsauardegilasaseinuauding seiauinnlunistiuangidnnseulgug



20

TidqntMAaUuRafaati1anaALaraNBLANATAUNANNIEN LRI R UTaRIaE19a sl WA
Tuga9 5 T1v 200 W luwms InedgATARIAALANNIIADINIIA (scan coil) TBIATBLANATDL
o v dl a dl dl 0O aAa @ a o 1 d} 6 ¥
NN IUNITALANTANIINITARAUNVBIAIBLANATOULURIAIDEING T MHA1819D)
ﬁmumiﬁimﬂmmmmmuqmﬁﬂmq (control unit) VUENANBLENMIAUNILNLRIFIDENS
AziindunstsesendeBidnnsentgugdnvesnansinluingurediatnauazinanisang
Taundeanundupananainiuianszausenliiian1sdandaesdoyyudianmseu
. a 1 dl ¥ =2 [ % a o 1

(electron  signal) 1llase eenn Baldlsslandluntsmnundaneaiziaresiiatneay
a '8 dld o 1 4 o o/ all % o a a 1 dl
Anrzisg i et ldnnanwsdnyaunnnit idandtyynBidnaseusiinsnei
a 49{ A
AT Aa

Ay InannaLanmsaunReqnil (Secondaly Electron Image) visaliludianmsay

a o

1 1Y 1
WAWUAN 3-5 Banasauload ianwwiasyaulaan (lifiu 10 wlwwng) Tnafafusny

a

a =) dl a dl oI
NI ALNUEIDANFATAUNNIAN

AU UNIWAINBLANATAUNILIRINAL (Backscattered Electron Image) visaiflungu

1 12 !
=

BanAsaUNgIALnAsUlRAUanaN TUT U BN NAIULATNILIRINALDBNNT T9H

a a [

o AT a dld” a =2 J a vl o dld
NANUAINIBLANATAUYALNN LNANNUNITEAUANNIN 10 wnlulnps Immmmimmumrﬁmm

a

MRUBEABNE

fyryruninannis@iend (X-Ray  Image) siamfusediondiantzidunay
LLﬂLVﬁﬂiWW’]‘ﬁIlﬁL'me%Lﬁﬂm?@usluizﬁ/u%uiﬂ@iﬁiwj (K, L M,..)gnnezsuvsalfiu
WA UNINNBAUNgABENAINIeTAas I liarnanmasinannalaslasaaiiemuniely
armeulanisdedidnnseuaindunslaasdalidnuunuiivas fesaandaeudaniv
@@ﬂmlugﬂmﬁmmmﬁﬂimﬂﬁLﬁﬂiﬁﬁqL@qﬁwﬁqmuwhﬁu%uiﬂmmﬂLmu‘ﬁlﬁﬁlm'@i‘u

1 [~3 d’ld dl ' ° o o o '
%N LM@ﬂiWﬂquN AITNEIN WZ‘IUL@W’WSLHLLL‘]@Zﬁﬁﬁ!mqﬂ@ﬁﬂﬂﬂ/\l@ﬂﬂquﬁlﬂﬂ FAIREIN

Ayyrsninaindidnaseunanazgnidasunndudyyianindenguu

aafuninls Tnesasaanldginsallunisdnlinunvaniudynyiuusazaia Taavialil

o a a

ArynyraudidanmseunRanildfansadnatianaiafin3euas (Plastic scintillation detector)

u

o a N @

Arunununinannaianasaunsziaanau azldfansiadaniduaisnesarinaiinseasaiiau

A o [ % a

wrasansadnriinlsdudu uwazdyrunnannfdendaz ldiadnfe@ainansiesain

Uszinnaaauanaw (ithium drifted  silicon) MngnusaniugLnsallunisiaszindsey
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v v
o o

o a s o dJ = L = dl .
mﬂwmL@ﬂsﬁmwwmmqﬂmmqmm UUNNLLLLLALY (Single channel Analyzer) Lag

wuuuanedas (Multi Channel Analyzer)

AN 14 9113 NaULAaTUANNIININN UL B9AUaa9 SEM [26]

Lﬂ";:’m Differential Scanning Calorimeter (DSC)

Tuilaqiiudnisldinsesiiad miunnsinaeif (analytical instruments) alinsne 9y

%% dl A dl a o o dl dl A o 1 1 a a a
N1A FTUATLENT MARANTNABINENIIITE LAY TuATeNlafINaduAazTHANATIA
N1394AIZH (analytical techniques) NwANANNTW NTAAIIZATIARNTTIE AN NERL(thermal
analysis) {umaAN1IIAIzFIRANTaRTaaNAn19N 8N (physical properties) 284

1 = o a A a a dgjdla Y o all A . .
an9sine] wrauieuAugmgvsanan wetiasliainfasldiunanngape Differential
Scanning Calorimetry ¥38i3eneia9d1 DSC @ITngoun)d uax heat flow aINN19
wWanuulasnanFanthermal transition) 2e9danFeunauiuguu)ivTaiIanyinlila

fayanan19suANINLAZLSHNM (qualitative and quantitative) AtAnaINNTsIAtLLLlA

~ A X A Y o = >
NINNIENTNLLASLAN ma‘l,ﬂ@ﬂml,ﬂmu%mmmx‘mumzuquﬂ%‘@mm"aﬂ”mm’]m’au
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A

(endothermic  or exothermic processes) Mﬁ?‘ﬂﬂ’]ﬁ‘LﬂaﬂuLLﬂmmqufﬂM’m%u (heat

'
o a

) =< o o A =2 eand o o : P
capacity changes) @ﬂuqﬂqimLWﬂﬂﬂHq@NUmwLﬂu@ﬂﬁm:ﬁWLﬁHﬂ]'ﬂﬂr}ﬁ@mq\ij 1@LLﬂ

[ %

Wawes &1 @119 uazdetnanedaanandansustiazeatiunad A niunisideuay
o/ a a 4 dl i ndla/ 14 U
WMWY N9ARLANANNINLAENITNARLNR AN AUILIRS (transitions)  WdR  léun
NANENINWETYN  (glass transition, Tg) NITVABNLNAY (melting) NTLUIUNNTANKAN
. . a aaa = a dl dl A
(crystallization process) NMaiALAFEN AR LRINAARANINESTHEANIAEUAINMeYTE
[~ [~1 dl v o 1 G ad‘

2a9mas llifusasudeainnisidenlasuazairaiuselniauszaziiausogung I
WMNNZAN (curing) AaUANERASIBINIS cure (cure kinetics) 4m onset N1saand LA (onset of

oxidation) AzAIINAANTEU(heat capacity) L6

Differential Scanning Calorimeter

1
=

Differential Scanning Calorimeter Tutlaqiiufildauerd 3 1ilafsuazBensells

(1) Heat Flux DSC ﬁﬂﬂ%ﬁumnﬁ@mme:ﬁ%@ﬁﬁ@ﬁmqmﬁ'ﬁmmmmLéfu
baseline (baseline stability) Waz cell ‘ﬁlﬂx‘mu

(2) Power compensation DSC WAnuazidanuaa DSC curve (resolution) ‘ﬁlﬁLLazﬁ

FRTINIIANANNFDULALNNT T UAINT 0157

a A

(3) DSC Wl Tzero technology duiflumalulatiangasoanissaniandenvise

o

anenurnangnannnaluladees Heat Flux DSCuazPower Compensation DSC N #aeiis

v o

!
naudEINNZaNAL Heat Flux DSC Asviwanslunin 8

Heat Flux DSC

— Reference Pan Snmai Pan

i Gas P‘mge Inlet |
{ - o—. |

-
Chromel C_ﬁrurnel
Diss
Heating
Black
Therrnocomles—l fhenmecscearc: Cieg

(Canstantan)

NN 15 LLldAe Heat Flux DSC
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[ % o

Heat Flux DSC H31tazlasnfilAasnatne encapsulate agly aluminum pan Fanan

= ) ! A o = ) A
sample pan Uazd aluminum pan a1 7 encapsulate uaiTaN4N reference pan Tnen
pan MNABILLILAINA199198LILU thermoelectric disk NagluALHA (Furnace) IHagnsmg
wasudasazinliaauFaueny thermoelectric disk Wl lusnatinsuazansgnedannli
WAAAINLAN 9289 U3597.heat flow NFRasiNILATaNIE9BsT9azdnlng  thermocouple

wazn1slingaaslein(Onhm's law) annisnldlunsAiuens heat flow Aa

Q=DT/R (11)
o “ ©
Wa  Q A8 heat flow 18958804
DT AB AYIHLANG WNUBIGUNYHIE NI NFNaENIUATANIE 9B
R A8 AMNENUNIUIAY thermoelectric disk
v Y o | . ' ' A e = JRupy
aunsdnesiufanaaflu one-term equation atnsdanlitiuinheat flow Mduazeanann
o gy _aAny ., Y A Ay o o A )
sensor WAY sample pan M inanldAeud19musazidaaninizes baseline flatness

A la (sensitivity) LazANNazBaAuea9 DSC curve

Power Compensation DSC

[

. = = Ha o =y v |
Power Compensation DSC UTMHUALIALAAILAR tyagﬂmwvl,m@’mmml,mﬂmmm

a 1 o 1

QIUUYAITNINFIL19ULATAN9ENBIREYNTIALTEFIE heating  power luAIUTDIFIBLINY
luiun Tne? differential heating power aziviniiu differential heat flow rate \ailagy
wasuliiuanFaugainasunianiu DSC 14 Tzero Technology Avsniaviana

sialalid

DSC %l Tzero Technology
DSC #l4 Tzero Technology wmnalulatilvsizearzas DSC AlAFUN1TRNKLLINN
Tnaannzivanazdn heat flow Nidnuazaanangaateignsiasuingsaussiuanslunin

9 Inefsnaaziaansasalilil
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AN 16 wa@me DSC Cell 7l Tzero Technology

Cell #lafunireenuuuludfl  sensor Usenausae constantan  body NRALANES

o

TUNURLN9TIRLEY (fast signal response) U platforms 89FMaENILATANTEN9BANEIN

o

% v
R v o 4

ULAZUENaanaInNiu N iusnfatinuazansensasaananiuldnau annasados 13

any
%
493
N394 Pan agilusnumibsipaaiunnafaaa it resdays waz platorms AINan
dl 1 1 o . 1 dld % dll dl o Y a ¥
\IaNse0eiUg U8 heating  block Tnavianiiniaunee) ivenazinliifinA AN

ANFRY (thermal resistance) 3¢9 platforms  UAY§IULIBY  heating  block 411151

1
4

thermocouple Nagd19lfa09  platform uiazdunntindnguunaedsaetiuazans

kTl
¥ 1

An98entinglafinuszuuiazil sensor Nngaannliianna (imbalance) 184AYNAIUNIY

(resistance) uarilszq (capacitance) uazanimaAN lNaNnaAINA1Y

Amduanuliannaiiilnayin1i baseline flatness, sensitivity, uaz resolution Leiag
AL Tzero technology A4ld@ng four-term heat flow equation NtfuinA N laxnaLas
m’mLLGmﬁi’]ﬂ“ﬂ'ﬂﬂ'é“ﬁl?’m'mﬁum’m%’@uﬁ‘zﬁd’]\m’mﬂaﬂuuﬂmﬂ']’]ﬁﬁ"@u KNI VARNLIAN

(melting) 11199495 heat flow Aduazaanandaatinaldgnfasninielu wialaaasmalulat
g Y

[ %

a Xa Ao g v Vo Y 1 Y Aa .
aHiplihe  Tzero cell  MNlHTaAseldnnauLarIianssausiandd  (Superior

performance) Tunnsdn BauuuFeutu(heating)kazuuuEiuas (cooling) s1=in19393

AUANTTRTIAT4A199N1989NULL Heat flux Uaz Power compensation DSC nsnaiu fei

'
a o

2¢/ LAY Q Series DSC ARILFEN TA Instruments Teidanfsmeaziaensialiliy
(1) baseline NFeUm9 (flat baseline) B start-up hook 198 onset hook 1asl

e aX oA . X . .  aXx
(2) AN 19 (sensitivity) A1 LUANAIN flat baseline AALLAL signal-to-noise-ratio AL
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(3) resolution 2489 DSC curve AU

(4) é”mmﬁmmm%’@u (heat capacity) Taaimq

14
(5) gnFiesuazInFININAUEMFL Modulated DSC

3

_h'."f\-r\/ﬁ'u"_. — )

Ty

AW 17 w@ma Thermal network model 2@a4Asaa DSC NI Tzero Technology

MNNAINW Thermal network model ﬁ@gﬂu cell 1841A784 DSC 7N Tzero technology 4

A1N17 heat flow Faliil

q = -AT/Rr+ATo(Rr-Rs/RrRs)+(Cr-Cs)dTs/dT-Cr(dAT/ T) (12)

1 |
I 4

Wa -AT/Rr iludauheat flowgnaaanInndan Waliauiuaunig One-term equation

dm5u ATo (Rr-Rs / RrRs) way (Cr-Cs) dTs / dT wlugaufiiunnaansuwmnsng

1 % v o 1 2 a a g v a 1

3‘::‘1/1’)’1\‘1ﬂ’l’mrf]Wu%ﬁuﬁ%’]ﬁdiﬂuu@::ﬂ';T:i'ﬂ“l/\lﬂ’]ﬂm\iIF]’)'E]F;I'NLLZ\]::@%"BN'B\WIZNN@GLMLFWmﬂqqﬁ\lhl
. A A = o~ v . = ° £ . = !

ANAA (imbalance) 8ATRINDTINNA 1 baseline WaUBLazN i heat Capacity NHAR®

LATANNANINNL heat flow Cr (d AT / T) WugauNiiunnmaNLAnFA11a489 AT

1
A aaa

AINNFRY (heating rate) sewdNsneL LAz A8 NBINHNARR U TE)ARATANEAINTEY

(enthalpic event) 111 N13UaaN (melting)
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0.6

Convestional Baseline
Tzero Technology

0.4 -

0.2 H

0.0

-0.2 4

-0.4 T T T T T T T T 1
=100 o 100 200 300 400
Temperature (°C)

NN 18 La@Ag Baseline Conventional DSC 2291A384 DSC 114 Tzero Technology

Tzero technology eNANIIOUE (performance) 1894ATAN DSC AYgLN4 uanali

v a a ¥

(=4 1 . ddy dll ¥ a 1 a dl A
Wild1 baseline AZuLNa M cell 13inlud @uw-mLLmrﬂimmmﬂmmq@‘lmwmmmem
P

N

= - A - y . % . oA 4 gy -
VIQQJTEII?MLLUUHHLN’Q’Qﬁ]?ﬁﬂ’]ﬁ‘LWNﬂﬂl’]&lﬁ‘@uﬁ\iﬂ@:ﬁiﬂ flat baseline NA an vealif heat flow %1

0 mW manuazlif onset point waz end point AUNRA Wi luAanuluasarsas DSCAME Tzero
technology 1 baseline Mdleiuu (deviate) toenan 10 mwW  wazlidiauinlnsn

AAENAULATYAUEGA @21 Conventional DSC 13 Baseline Mieiuuni100 mW wigan1nngn

Q a

' 12
a

= a dl a % a
LariANNAln ANAALTNAULAZAUAR

psasifluasaudn baseline flatness Whiiladeidn ”aﬁz%ﬁ ”mﬁzﬁmﬁ@ﬁqﬁﬁq
sensitivity ga4LA30e DSC W32 flat baseline inlaunsansanunnsdsuutlasingma
WUARND19EN (subtle transition) LU weak Tg Tu highly crystalline polymer vizalu highly
reinforced polymer A8 DSC A inatuladidaunsanmany Tg vaslwalnsfiay saln
Taignunsamsranylueies DSC LLuu'fﬁluﬁﬁ@gmm:ﬁ Tzero technology falfiAauazi@en
284 curve (resolution) ATWatNINNNE BTy technology 184 Heat Flux DSC Waz

Power Compensation DSC meilsf peak 718971 onset Nfuuazdmauuinds (sharper

a

= 1

o . P & Y = < o Iy
onset) LL@tﬂ’]?ﬂ@‘uQ baseline N79AL37 1aAANALWAUIAANITIAAITNAAITNTAU (heat

capacity) ansredwlnanssuazsioiios G9ldilu Conventional DSC vinliAugnsias

X | £ L - X ° Y @
(accuracy) ATULAZAINA LA productivity AumAteinAlulagutszuun1sn i iduas
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1 |
=

(Cooling system) iatingsnisa tae’ld Nickel cooling rodsfisiantjiLiALHN89LATE DSC

(DSC Furnace)

ﬂmq‘immgﬂﬁmﬂ?m DSC #1% Tzero Technology flaussnusiandn Heat Flux
DSC uaz Power Compensation DSC Ingifinnssuiandesfiflumaluladuadiaios DSC i
#89uazld Four - term heat flow equation WA ldeaunnsesann One - term equation %I\‘I
dana’lil baseline Gﬁﬂumqmn'%u 19 resolution ﬁlﬁlm\l 9/ heat capacity Ialaamss J cell

al
NAINULR

ee

ﬁmﬁmmﬁumm’é@umzmiv‘iﬂﬁLﬁuﬁqﬁmm‘?q?ﬁwmjmmﬁm@mﬂu

nadenuinangadmiugldiasas DSC Tuilaqiiu [19]

N1FWIAMHNRUILUU (Density)

ANINUUIUUL NNEDS ATNaase1THNAI03TAR DL EUNORUT ] UUIEURIAT

o ]

ANTLIBHUAINN TN FNFaRaRART, NTNFRgNUIANEIURINAT, Uaussagnuisivm,
= T X

Alanfusdagnurafiuandusudruiudiunazlinantssalliazlduiisaseniusie

1
& a

NUAASEURINAITNE A NAATYNANU T Anae1eEieAe nsanAuAiaurwduiy

2>

o

dijn/ =2 a a o 1 o [ % | ?.’/ dﬁf dI dl U
FaminntseAnininlunisdauiuaaresdan lusendedunaunisuugl segmsnldlunig

AuautiugsanunsatinlignismnAnaanunguaesiag Liansas [20]

ANTUIATAITHULILU U T U UTURN AL UANNURIRNF AR A AN A1 139 “Llaau
[~1 = a é/ [~1 zl/ dl a é’ a 1 o
28965989 T4 989 cHUIINEIAAT UL UBBILTITUIALIINNMIA AT WAL R AN AL

9&; o = a v < as da/ o % 1
uqﬁlm"ﬂ’ﬂxi‘il’ﬂﬂLﬂ@’)ﬁ/lgﬂLLV]UVI@QEIIGNWM?“H@Q‘H@\?LL‘IN" Qﬁﬂﬁium’]vl,ﬂtﬂﬂﬂ’]ﬁ‘ﬁ']ﬁ’]ll')@‘ﬂ’ﬂﬂ

o

mg luaniAuazanziqua lui

Yo :—”.pﬂ (13)

b

Wa  p Ae ArARTMILUNTesTuW Bndieduniusegnuiafiausiues
p, PaAANTILiNIasasman ndialuniusegnuiarisuRiuns
W, A duinuieaesdiuanu Andaenduniy

A % o z = 1 | [
Wﬂ A WrinesTueKliaacan Dudaaifluniy
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A7UN1TUIANULN LL‘Limemmmm‘Luﬂmiﬁvmuﬁ?m lﬁlﬁ‘ﬁ LUUAUAIURLTIA

11 gungnunlsann

p,=GIV (14)
Tned G Aa usengsiiAnauiUIauds (miselunin) mldanntiuinaesduanu
Tuaan1AaLAILENUTINT 9T W L ULD9LUA0

A < all ! = 1 | ¢ a
V ﬂ@ﬂ?‘ﬁd’ﬁﬁlﬁ‘?ﬂﬂ\ﬂlﬂ\‘iLL‘TLI\W]’QQN@\TIM‘H@\?LM@QNMuQﬂLﬂuQﬂ‘UWﬁﬂ LIURLNET

ANUFUNIINAMNMUNLULANTUS (relative density : p,) WU [21] @wnsnAIuaun laRy

ANN9N (15)

p,(%):(&]xloo (15)
P

[

= A 1 1 o/ o a 1 [~ ' &
Wa  p, A9 ANAINUMKIWUNENRNS Nudqeniluilesimus

p, P8 AIANMLILLNIesTWIY Hmadlunfusegnuiaiiausnes

P, A8 ANl Ie9a1s Buaeduniusagnuaard

NTUIAIANUARA (Shrinkage)

ANANNUAF IUUUITOAY AU U UALENANTUINUUAIRINNTINN TR

Ineinnsldann13N (16) [18]

D, -0,
A=~ —Lx100% (16)

A A 1 o 1 Ly
bR A A8 mm’m‘wmmmmLLuQL'ﬁumu@uﬂﬂmq
@, Ao IAdURNUANTNANRALTOUNTINNTULAS T

@, An TAdu AU AN RENAIN TN TR T
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aaa [
ﬂ’]‘a‘l.[?l%‘ilNN\?‘Q’]ﬂﬂ{]ﬂ‘iﬂ']ﬂﬂ’]ﬂ%‘ll‘ﬂﬂLL‘lN

nsfinUFaNanuze9uda (solid state reaction) Ax8AENITARNEFINILANTE
fannlfienaniuzaesudamaminlafuannfaunen ldiinduresudainluiuazuia
as &JA a 1 ¥ &
Aennsitanliluniswranmsanstsznaveanladite anaiswanatsuewn lansenlas
Tumsn dasn wediem aanguan weananlas uazinaevesianzse) svedguandnig
A0 uzaeaudeainnisaanafiozequnnilidsnaAsueiun iNenanaslsznay

wunildanaenlds wasuiamsueulneanlafuananagnnisselul [22]
MgCO,(s) —  MgO(s) + CO, (g) (17)

] aaa = | ZJ/ % dl | @ 9t =

AU NI NANTTNI NN TN Wuresudalugivesuauan azldlunsiszesns
1aa1sdsznaveenlaanduden i lnniwe wiled uwazdanm Tnanisindiisenas
1sznausiananagnsaanlas AFuaium 1unm dains wading u‘?@@@ﬂmmmmudwq
ﬁfmﬂ"mLmmm?tﬁmﬂﬁﬁ?mmmummuﬁwwdwLLuﬁfwmaﬁmLum walnntlanaanlas
dl a =l o dl aaa dgl dl v o/ o
INANAANALLLTHN NN NUALEAIAIANNNT (18) TaUnseniazingateeiunsaa1af e

1equdzatljisealszndnereudafogfiues Fandi nsuaalas (calcination)
BaCO,(s) + TiO,(s) —— BaTiO,(s) + CO, (g) (18)

ANNA1TNN3AAEIAIT89 MgCO, AMNANNT (2.8.1) Wud1azfasldarnFanaednig

a

WNnlfATanNguugi 298 1radu WA 105 Alagasalua Ugisedasiduuuuganau

b4

. al/ A 4 4 % 1 o o aaa 1 = dl 4
AYTNTBY (endothermic) uuﬂ@%mﬂumf]mammmmﬂgmmamqmewmwaiu

4 a

Mnlisen1saaesatiues uanainiavfesiansanannanlufugas (equilibrium

'
= a

partial pressure) 183 CO,(P., ) Nilsa MgCO, MnamnNlsEneuAag @ﬁﬂ%ﬁgawﬁqmu

a9 a

1
24

849z (free energy) Namsgulunisnalizen azinlimeugaumn Nl Py, winAumay
futeresula CO, luussennis 30 trama GefiAegmmginisaaiefaaes MgCo,
1NAT 480 1AAAL e uilupansiduaieuda MgCo, ianansnaanusaléi 480 °C i
Auflunsugneldmsnuin nsaaaneaiiazifatunieniuiadenimaunamansunuiiag

utladenranasinlauiing
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NANIUAATIUNTAA AR AUALEIINT AN AR 189N TN uazg i

1 1 v 1
1 Feamnsnacuanlfsaeianislaianisuilalu 3 Fadwsialuil (1) U[iseniita (2) nstne
TauaanFaulding way (3) mﬁ‘Lmemmem@ﬂwsﬁmmummﬂgﬂimﬁ INIUTU

NARATUTTINGU UAAIAININ 19 ”Lmumafwwmmmﬂwammﬂ@mﬁmﬁ‘mmﬂgmm GACH

be

PUALANHUENIUATIATIRTBIEYNIALA AN IuNIAAU S ATe LT URAN dranym 1
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2. WANITASIAIATIZNIATIHSIIAANIAAIENADIQANTTANBLANATAULLL

/84N31A (Scanning Electron Microscope; SEM)
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HANTATIAILATIERESINNIaALLFaTasTAaA IR (Pb, Ba)(Zr,, Ti)O,

[ %
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XRD)
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4. WAMTATIANATIULATIRSNAANIARILNARIFANTTAUDLANATAULLLADY

N91/m (Scanning Electron Microscope; SEM)
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Preparation of PBZT Ceramics via Solid State
Reaction Method

THEERACHAI BONGKARN* AND CHIRAPORN
THIANGCHIT

Department of Physics, Faculty of Science, Naresuan University, Phitsanulok,
65000, Thailand

Lead barium zirconate titanate [(Pbgg75Bag.o2s)(Zr;_Ti,)O3; (PBZT)] ceramics were
prepared via solid state reaction method with 0 < x < 1. The calcination temperatures
were between 800 and 1000°C for 1 h and the sintering temperature was 1200°C for
3 h. It was found that the structural phase indexed in the orthorhombic phase for x
= 0 sample. The tetragonal phase was detected in 0.25 < x < 1 ceramic samples.
Microstructurally, with x value increased from 0 to I the average grain size increaseed
Jrom0.74 wmto 1.99 um. The fractured surfaces represented an intra-granular cleavage
in samples with 0 < x < 0.75, whereas the x = 1 samples displayed mainly an inter-
granular mode. The density of the ceramics tended to decreased with the increasing of
the x value.

Keywords Lead barium zirconate titanate; phase formation; microstructure;
ferroelectric

Introduction

Lead Barium Zirconate, (Pbg.g75Bag 025)ZrO3 (PBZ) is a material with a perovskite struc-
ture. At room temperature, it has an antiferroelectric phase (AFE) which has an orthorhom-
bic structure [1-5]. It changes from the AFE phase to a ferroelectric phase (FE), and
transforms from a orthorhombic structure to a rhombohedral structure at 190°C. The FE
changes to a paraelectric phase (PE), and transforms from a rhombohedral structure to a
cubic structure at 223°C [3-5]. The AFE-FE phase transition of PBZ produced a large
volume expansion (~0.85%). This makes PBZ ceramics an interesting material potentially
useful for high displacement electromechanical actuator applications. Lead Barium Ti-
tanate, (Pbg.975Bag 025)TiO3 (PBT) is a perovskite type ferroelectric material with a Curie
temperature of 420°C and it has a tetragonal structure at room temperature [6—8]. It has
been used to manufacture many electric and optical devices by utilizing their excellent
dielectric, piezoelectric and optical properties [6—8]. (Pbg.g975Bag 025)(Zr;_xTix)O3; (PBZT)
is the solid solution of (Pb0‘975Ba0,025)ZrO3 (PBZ) and (Pb0,975Ba0,025)TiO3 (PBT) It is
clearly seen that the structural phase and Curie temperature of PBZ are absolutely differ
from PBT. This suggested that the amounts of Zr** and Ti** ions on the B-site were directly
affected by the phase formation and properties of PBZT. However, the crystal structure and

Received August 3, 2008; in final form December 31, 2008.
*Corresponding author. E-mail: researchcmu@yahoo.com
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Figure 1. XRD patterns of PBZT powders for 0 < x < 1 calcined between 800 and 1000°C.

microstructure of PBZT ceramics have not been reported in the literature. Therefore, in this
work, (Pbg 975Bag 025)(Zr1xTix)O3; (PBZT) for 0 < x < 1 ceramics were prepared via the
solid state reaction method. The structural phases and microstructure of PBZT ceramics
were also investigated.

Experimental Procedure

The [(Pbg.975Bag.025)(Zr1—xTix)O3; (PBZT)] ceramics with 0 < x < 1 were prepared using
a conventional mixed oxide method. The proper amounts of reagents: PbO, BaCOs3, ZrO,
and TiO, were weighted and mixed. The starting powders were homogeneously mixed via
ball-milling for 24 h with zirconia media in ethanol and dried. The well-mixed powder was
calcined at 800 and 1000°C for 1 h in an alumina crucible. After, the calcined powders
were reground by wet ball milling with 1 wt% binder for 24 h. Then, the crushed and
sieved materials were pressed at 80 MPa into cylindrical pellets. Thereafter, the pellets
were fired in an alumina crucible and sintered at 1200°C for 3 h. The final sintering was
carried out as follows: the material was placed in a crucible with the same amount of
PBZT, in order to maintain the established composition and especially to avoid the loss
of PbO caused by its sublimation. Finally, the crystal structure and microstructures of the
calcined and sintered samples were examined using a X-ray diffractometor (XRD) and
scanning electron microscopy (SEM), respectively. The Archimedes displacement method
with distilled water was employed to evaluate sample density.
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Results and Discussion

Figure 1 shows the XRD patterns of PBZT powders with 0 < x < 1 calcined at 800-1000°C
for 1 h. The diffraction lines of x = 0 could be indexed with respect to an orthorhombic
structure matched with JCPDS file No. 35-0739 [9]. Powdered PBZT with 0.25 < x <
1 ratio indexed with respect to a tetragonal structure matched with JCPDS file No. 06—
0452 [10]. Moreover, the lattice parameter and unit cell volume decreased with increased x
values. For the tetragonal phase powders the c/a ratio increased when values of x increased
as shown in Fig. 2.

Figure 3 shows the XRD patterns of sintered PBZT ceramics with 0 < x < 1 sintered at
1200°C for 1 h. All ceramics exhibited pure perovskite structure without secondary phase.
The PBZT ceramics with x = 0, corresponded to the orthorhombic structure (a = 5.8379
A,b=11.6292 A and ¢ = 8.1696 A) and could be matched with JCPDS file No. 35-0739
[9]. The PBZT ceramics with 0.25 < x < 1 indexed in tetragonal structure and could be
matched with JCPDS file No. 06-0452 [10]. Table 1 shows the crystal structure, lattice
parameter and unit cell volume of PBZT obtained by the least square refinement method.
It is clearly seen that the lattice parameter and unit cell volume decreased with increasing
x values. For tetragonal phase ceramices the c/a ratio incresed when values of x increased
as shown in Fig. 2. They were the same results with calcined powders.

The SEM photographs of the as-sintered surfaces of the PBZT ceramics with x = 0.25
and 1 are shown in Fig. 4(a) and (b). The average grain size of the ceramics was increased
from 0.74 to 1.99 ;1 m with an increase of the x value from 0 to 1 as shown in Table 1. This
result indicated that the role of the x value is to raise the ceramic grain growth. The SEM
photographs of the fracture surface of the PBZT ceramics with x = 0.75 and 1 are showed
in Fig. 4 (c) and (d). The fractured surfaces represented predominantly an intra-granular
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Table 1
Crystal structure, lattice parameters, unit cell volume and average grain size of PBZT

ceramics.

Lattice parameter A) Average

Compositions Crystal Unit cell grain  Density
(x) structure a b ¢ volume (A%) size (um) (g/cm?)
0 Orthorhombic 5.8379 11.6292 8.1696 554.6350 0.74 7.84
0.25 Tetragonal 4.0304 4.1140 66.8269 1.28 7.74
0.50 Tetragonal 4.0059 4.1011 65.8107 1.42 7.63
0.75 Tetragonal 3.9588 4.0841 64.0076 1.43 7.60
1 Tetragonal 3.8631 4.0651 60.6662 1.99 7.68
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Figure 4. SEM micrographs of as-sintered surface (a) x = 0.25 (b) x = 1 and fracture surface (c) x
=0.75 and (d) x = 1 of PBZT ceramics sintered at 1200°C.

fracture in PBZT ceramics with 0 < x < 0.75, whereas the PBZT ceramics with x =
1 displayed mainly inter-granular fractures. This indicated that the grain bounderies are
weaker in x = 1 sample.

The measured density at room temperature with a variation of x values are shown in
Table 1. The increase of the x value also affected the density. The density tended to decrease
with an increased of x value. The density corresponds with the SEM photomicrographs of
the pellets surface of PBZT ceramics.

Conclusions

The Zr** and Ti** ions have a strong influence on the structural phase and microstructure
of PBZT ceramics. The PBZT ceramics with x = 0 represented the orthorhombic structure,
while 0.25 < x < 1 exhibited the tetragonal structure. The increase of the x value caused
the increased of grain size and the fracture surface was changed from the intra-granular
mode to the inter-granular mode.
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Phase Formation, Microstructure and Phase
Transition of Lead Barium Titanate Ceramics:

Effect of PbO Content

RATTIPHORN SUMANG AND THEERACHAI BONGKARN*

Department of Physics, Faculty of Science, Naresuan University, Phitsanulok,
65000, Thailand

Monophasic oxides of the formula, (Pbg,975Bap,025)TiO3 with excess PbO (0, 1, 3, 5
and 10 wt%) were prepared by a mixed oxide method. It was found that lead barium
titanate powders indexed in a tetragonal structure. The impurity phases were detected
in the calcined powders with > 3 wt% of excess PbO. The impurity phases were not
present in any ceramic samples. The c/a ratio was decreased with increasing of excess
PbO. The average particle size and the average grain size of the PBT increased with
increasing of PbO contents. The density can be improved by adding 1 wt% of excess
PbO. The DSC results indicated that the Curie point shifted to higher temperature when
the excess PbO was higher than 3 wt%.

Keywords Excess PbO; Mixed Oxide; Tetragonal; Lead Strontium Titanate

Introduction

In recent years, lead titanate (PbTiO3) ceramics have attracted attention due to their high
Curie temperature (7,.) of 490°C and low dielectric constant of about 200, which makes them
more attractive for high-temperature and — frequency transducer applications [1]. However,
pure lead titanate ceramics are difficult to sinter because of their large lattice anisotropy
(c/a = 1.064). Almost any substitution of lead with suitable ions (Ba, Sr, or Ca), which are
likely to form a perovskite-type lattice, causes a lowering of the Curie temperature [2]. The
effort was successfully made to obtain a positive temperature coefficient resistance (PTCR)
effect with Curie point of 330, 360 and 420°C for (Pb;_xBay)TiO3 with x = 0.50, 0.65,
0.80 [3].

Many researchers have reported that (Pb;_4Ba,)TiO; is an excellent material in mi-
croelectric technology to exploit its properties, such as spontaneous polarization when they
are integrated into non-volatile ferroelectric random access memories (NVRAM) [4,5].
(Pb;_xBay)TiOs is also a perovskite ferroelectric, which has recently been reported as hav-
ing extremely large electrostriction, an attractive capacitor material with a high dielectric
constant (¢) at room temperature and good temperature stability [6]. A (Pb;_xBax)TiO3
thin film was successfully prepared by a sol gel method. It exhibited a nano-meteric
size about 30—50 nm and its specific surface area was 21.91 m2/g [4]. (Pby_xBay)TiO3,

Received August 3, 2008; in final form December 31, 2008.
*Corresponding author. E-mail: researchcmu@yahoo.com

[729]/57
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0 < x < 1.0, ceramics prepared by a precursor route showed a particle size of 50-54
nm in all compositions and the dielectric constant (¢) increased with barium-doping [2].
All solid solution compounds of (Pb;_4Ba,)TiO3;, 0 < x < 1.0, prepared by solid state
reaction method, were indexed in tetragonal symmetry with lead titanate structure type
at room temperature. The tetragonality continuously decreased when x increased [3]. It
is well known that the conventional solid-state reaction method is more economical for
large batch processing. However, the synthesizing of (Pb;_yBay)TiO3; by the conventional
method relies on a solid-state reaction between PbO, BaCO3 and TiOj3 at high temperature.
Fabrication of (Pb;_4Ba)TiO3 ceramics in this way also suffers from the problem of PbO
loss because of the high temperature [7]. Evaporation of PbO also changes the properties of
the materials due to the change of stoichiometry. In order to compensate the lead loss in the
samples, some excess PbO is usually added during the batch preparation [8]. Furthermore,
the optimum amount of excess PbO can improve the bulk density, which is important in the
device applications of the ceramics [9]. Therefore, the effect of excess PbO on the crystal
structure, microstructure density and phase transformation of [(Pbg 975Bag.025)TiO3; (PBT)]
ceramics were investigated in this study.

Experimental Procedure

The (Pbg 975Bag 025)TiO3 powders used in this study were prepared by a conventional solid
state reaction. The raw materials of lead oxide (PbO), titanium oxide (TiO,) and barium
carbonate (BaCOj3) were weighted and mixed by ball milling for 24 h in ethanal. After drying
and sieving, the mixture was calcined at 800°C for 1 h. An excess of PbO, equivalent to
0,1, 3,5, or 10 wt%, was added prior to ball milling. Subsequently, the calcined powders
were then pressed into disks with a diameter of 15 mm at a pressure of 80 MPa. The pellets
were fired in a sealed alumina crucible and sintered at 1150°C for 3 h. The obtained PBT
samples were characterized by a powder X-ray diffractrometer (XRD), Scanning electron
microscope (SEM) and Differential Scanning Calorimeter (DSC). Lattice parameters c, a,
¢/a ratio were obtained by a calculation base on XRD peaks. The average particle size and
average grain size of samples were determined using the linear interception method. The
apparent density of the samples was measured by the Archimedes method.

Table 1
Percent perovskite phase, c/a ratio, average particle size, average grain size, density and
Curie temperature of PBT.

Calcined powder Sintered ceramic

Excess Percent Average Average
PbO perovskite c/a particle c/a grain  Density
(Wt%) phase (%) ratio size (um) ratio size (um) (g/cm?®) Heating Cooling

Curie Temperature (°C)

0 100 1.060 0.8 1.057 1.3 7.70 467.3 461.5
1 100 1.059 2.7 1.055 2.7 7.82 467.8 462.3
5 96 1.057 5.2 1.053 34 7.43 478.5 468.5
3 98 1.058 4.0 1.053 2.6 7.52 478.6 469.1

10 92 1.057 6.8 1.048 6.6 7.40 4772 466.8
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Figure 2. The lattice parameters a, ¢ of PBT (a) calcined powders and (b) sintered pellets made
from starting powders contained different amounts of excess PbO.

Results and Discussion

The X-ray diffractograms of the calcined powders, containing different amounts of PbO,
are shown in Fig. 1(a). The crystal structure of the PBT system was proposed as a tetragonal
phase, which could be matched with the JCPDS file number 06-0452 [10]. Small amounts
of PbO, TiO and PbO, were clearly present in the 10 wt% excess PbO sample and there
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Figure 3. SEM photomicrographs of PBT made from starting with different PbO contents: (a) 0
wt% of calcined powders (b) 10 wt% of calcined powders (c) 0 wt% of sintered ceramics (d) 10 wt%
of sintered ceramics.

was also some evidence of these phases being present in the 5 wt% and 3 wt% samples.
The second phase was not present in any ceramic samples, as seen in Fig. 1(b). It indicated
that the excess PbO was beyond that required to maintain compositional control (assumed)
in the PBT powders and was eliminated from the sample by volatilization during sintering
at 1150°C. The percent perovskite phase of calcined powders is demonstrated in Table 1.
The pure perovskite phase was found for PbO in range 0-1 wt% samples. With PbO content
higher than 3 wt%, the percent perovskite phase decreased with the increase of excess PbO.
The percent perovskite phase of ceramics reached a hundred percent in all samples.

The lattice parameters a, ¢ of the PBT calcined powders and sintered ceramics are
demonstrated in Fig. 2(a) and (b). The data for calculation is received from (001), (100) and
(002), (200) XRD peaks [10]. The lattice parameter a increased, while the lattice parameter
¢ decreased with the increase of excess PbO content. Furthermore, the ¢/a ratio of powders
decreased with the increased excess PbO levels, (Table 1). These results indicated that the
introduction of excess PbO affected the phase formation of PBT calcined powders and sin-
tered ceramics. A similar result was found in antiferroelectric (PbgggBag 19)ZrO3 ceramics
[11]. It demonstrated the effect of excess PbO in stabilising the ferroelectric rhombohedral
phase relative to the antiferroelectric orthorhombic phase in (Pbg g9Bag 10ZrO3; powders and
ceramics. It also proposed that Pb and O ion vacancies in uncompensated compositions
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Figure 4. DSC thermographs of PBT grounded pellet samples with different amounts of starting
excess PbO, on (a) heating and (b) cooling.

de-stabilise the rhombohedral structure. This may suggested that the compensation of the
Pb and O vacancy in ferroelectric PBT ceramics make the instability of tetragonal phase.
The SEM photographs of PBT calcined powders with various PbO excess are shown
in Fig. 3 (a) and (b). These powders exhibited an almost spherical morphology and have a
porous agglomerated form. The average particle size increased with increasing excess PbO
(Table 1). It is believed that at the chosen calcinations temperature the sintering process
starts and, as a consequence, the agglomerates are formed in the calcined PBT powders
[17]. Fig. 3 (c) and (d) reveal the SEM photograph of PBT sintered pellets. The average
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grain size tended to increase with the increase of the lead excess (Table 1). The PbO maybe
combined into the ceramics, and therefore less liquid phases existed in the grain boundaries,
which hinder the grain growth.

The density of PBT sintered ceramics are listed in Table 1. One can see that the
density increases with increasing amounts of PbO until 1 wt%, then slightly decreases, for
all samples. The presence of a PbO-rich liquid phase usually assists densification during
sintering [12, 13]. However, a large amount of a PbO liquid phase can produce an initial
rapid densification but a lower final density as a result of a void formation due to PbO
evaporation [12, 13]. As a consequence the porosity of the pellet increases and this porosity
is not removed by solid state sintering [14, 15].

Figure 4 (a) and (b) show DSC thermographs of grounded PBT pellet samples on heat-
ing and cooling cycles. For < 1 wt% samples, the tiny broad exothermic and endothermic
peaks were found around 468°C on heating (Fig. 4(a)) and 462°C on cooling (Fig. 4(b)).
These peaks corresponded to the transition from a tetragonal ferroelectric phase to a cubic
paraelectric phase. The transition peaks were seen larger and sharper in > 3 wt% excess
PbO samples. The enthalpy was increased from 3.408 J/g to 5.172 J/g on heating and
from 2.894 J/g to 7.738 J/g on cooling, when the excess PbO increased from 0 to 10 wt%.
Furthermore, the Curie temperature of the high excess PbO ( > 3 wt%) samples was also
higher than the low excess PbO ( < 1 wt%) samples, around 5°C on heating and cooling
cycles (Table 1). In the case of (Pb;_xBax)ZrO;3 ceramics, the appropriate compensating
levels of excess PbO added to starting powders raised the enthalpy and phase transition
temperature of ferroelectric thombohedral to antiferroelectric orthorhombic [16]. In this
study, 3 wt% excess PbO was sufficient to increase the transition energy and temperature.
This is the first time demonstrating how excess PbO affects Curie temperature of lead base
ceramics.

Conclusions

The excess of PbO affected phase formation, microstructure, density and Curie temperature.
The 1 wt% excess PbO produced the highest density ceramics. The XRD results indicated
that the tetragonality was decreased by introduction of excess PbO. The particle size and
average grain size increased with increasing of excess PbO. With high excess PbO, the
sintering process was started in the calcination step and Curie temperature also shifted to
high temperature.
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Properties of (Pby.99Bag.19)Zr0O; Ceramics with
Deficient and Excess PbO
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65000, Thailand

The effects of excess PbO on the properties of perovskite (Pbg gpBag.10)ZrO3 (PBZ10)
have been investigated. The PBZ10 ceramics were prepared by a conventional mixed
oxide method. Excess PbO (-1.5, 1, 3, 5 and 10 wt%) was added together with starting
materials to compensate for PbO loss from evaporation during calcination and sintering.
The XRD results revealed that the fraction of the orthorhombic phase has effected by
PbO content. The 3 wt% PbO excess sample exhibited the maximum value of relative
permittivity at the Curie temperature, while the 1 wt% PbO excess sample showed
maximum value of piezoelectric strain coefficient dz3 and electromechanical coupling
factor k.

Keywords Excess PbO; piezoelectric; relative permittivity; phase formation

Introduction

Lead zirconate, PbZrO5 (PZ), is an antiferroelectric material which has an orthomrhom-
bic structure at room temperature. The transition to the paraelectric phase(PE) occurs at
around 235°C but a transition from the orthorhombic antiferroelectric (AFE) structure to a
rhombohedral ferroelectric (FE) structure occurs a few degrees below the paraelectric tran-
sition temperature [1, 2]. The temperature range over which the FE phase is stable can be
extended by chemical substitution, such as Ba®* on the Pb?™ sites to form (Pb;_,Ba,)ZrO;
(PBZ) solid solutions [3—11]. The substitution of Ba** for Pb?>* in PbZrO; (PZ) is of
considerable interest for transducer applications since its volume change associated with
field forced antiferroelectric (AFE) to ferroelectric (FE) transition increases with Ba?t
substitution [10]. Also, the longitudinal strain associated with the AFE to FE transition in
these materials can be as large as 0.85%. This makes PBZ ceramic an interesting material
for high displacement electromechanical actuator applications [9,10]. Recently, Pokharel
et al. found an irreversibility of the FE to AFE (FE — AFE) phase transition during the
cooling cycle in (Pbg g9oBag 19)ZrO3 (PBZ10). An alternative explanation is that the FE —
AFE phase transition is sluggish and the FE phase is quenched to room temperature [9].
Itis known that the processing method used to prepare lead-based ceramics is important
in influencing phase formation. An important factor which influenced the properties of the
lead-based ceramics is the effect of PbO loss due to evaporation during high temperature
processing. In case PBZ, it has been suggested that the AFE — FE transitions are sensitive
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to the chemical homogeneity of the Ba and Pb ions [10]. Any variation in Pb and O ion
vacancy concentrations may be important for phase formation. In the present work, effect of
deficient and excess PbO on phase formation of (Pbgg9Bag 10)ZrO3; (PBZ10) was studied.
Results were also reported for phase transition and electrical properties.

Experimental

The (Pbg.goBag.19)ZrO; powders were prepared by a conventional mixed oxide route. The
raw materials of PbO, ZrO, and BaCO; were weighed and mixed. Each mixture of the
starting powders was milled using zirconia grinding media. After drying and seiving, it was
calcined at 850°C for 6 h. Deficient and excess PbO, equivalent to —1.5, 0, 1, 3, 5, and
10wt%, was applied prior to ball milling before calcination. The powder mixtures were
isostatically pressed into pellets then the pellets were sintered at 1325°C for 4 h in an
alumina crucible. In order to help control PbO loss during sintering (in addition to adding
excess PbO) a PZ ‘atmosphere’ powder was used to generate PbO vapour over the samples.
In order to study phase formation, X-ray diffraction analysis (XRD) was performed using a
diffractometer with CuK, radiation. The density of the sintered samples was measured by
Archimedes’ method with distilled water as the fluid medium. The sintered samples were
prepared for electrical properties measurements by first polishing and then gold electrodes
were applied to pellets. The dielectric measurements were carried out using an impedance
analyzer. For piezoelectric measurement, the samples were poled in silicone oil bath at
170°C with a field of 25 kV/cm. After poling, the piezoelectric coefficient d33 were measured
using a d33 tester. The electromechanical coupling factor k, were measured by means of
the resonance-anti-resonance method using a precision impedance analyzer then calculated
from the resonance and anti-resonance frequencies base on the Onoe’s formula [12].

Results and Discussions

Figure 1 shows XRD patterns of sintered samples made from different PbO content. The
ZrO, phase [13] was observed for the 1.5 wt% PbO deficient sample whilst the other
samples were shown pure perovskite phase. The formation of ZrO, phase may be due to
the PbO loss during the sintering process. The absence of PbO in any sample, indicating
that the excess PbO beyond that required to maintained compositional control in the PBZ10
powder was eliminated from the sample by volatilization during sintering at 1325°C.

The intensity ratio of 004/240 peaks and the relative intensity of superlattice reflections,
namely 130/112,210 and 230/212 are plotted in Fig. 2. The intensity ratio of 004/240 peaks
may therefore be taken as a qualitative indicator of the relative proportions of orthorhombic
(AFE) and rhombohedral (FE) phases. For a purely orthorhombic pattern, the ratio is
about 0.5 (Ipos/240 ~ 0.5). This value decreases with increasing amounts of coexisting
rhombohedral phase [9]. The relative intensities of 120/002 and 322/044 peaks also change
in a similar manner with increasing proportions of rhombohedral phase. In this work, the
intensity ratio of Inos/240 and the intensities of 130/112, 210 and 230/212 reflections increase
with amount of PbO contain up to 1 wt% and then decrease with further increasing amount
of PbO content. This indicates that the fraction of the orthorhombic phase has effected by
PbO content. The change of the relative proportions of orthorhombic and rhombohedral
phases may be due to the change in stoichiometry of the samples [2].

The temperature dependence of relative permittivity for PBZ10 at various PbO contents
is shown in Fig. 3. The temperature at which the permittivity is maximum 7, and the relative
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Figure 1. XRD patterns of PBZ10 ceramics made from starting powder containing different amounts
of excess PbO: (V) ZrO, [13].

permittivity at 7, are listed in Table 1. The 1.5 wt% PbO deficient sample presents lower
value of the maximum relative permittivity than base composition. There was however an
increase in permittivity peak from 11500 for the 0 wt% sample to 12700 for the 3 wt%
sample, followed by reductions for the 5 and 10 wt% samples. In addition, the FE — PE
transition temperature was found between 195 and 197°C. The piezoelectric coefficient
ds3 and the electromechanical coupling factor k, versus amounts of excess PbO at room

Table 1
Values of density, 7., maximum relative permittivity at 7., and tan$ at 7, of PBZ10 ceramics
made from starting powder containing different amounts of excess PbO.

Amount of PbO Density Maximum relative

excess (Wt%) (g/cm?) T.(°C) permittivity at T, tand at T,

—-1.5 7.64 195 10400 0.0309
0 7.64 197 11500 0.0294
1 7.67 198 12300 0.0785
3 7.68 197 12700 0.0167
5 7.63 196 10600 0.0205

10 7.54 197 10300 0.0015




