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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
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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
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g Anaian§ls8LannIn (ferroelectric) nqundlassa¥rsunuwassanalng

1% = 1

(perovskite, ABO,) HAMNANATYNINNgAsansszans L lugna1unssunIsnansaLiy

7 q

UszaniAnawsialaBLanyan (dielectric constant, £,) 49 N9MUARaLIaS (transducer) Tawng

q

dlo

(sonar) Fiansasdnynynnd muead (sensor) ﬁm@mmmmﬁmLsﬁmﬁﬂﬂi:mmﬁmr]ﬁzgm
A wuBannn1um (barium titanate, BT) anriaslawm lnn1m (lead zirconate titanate,
PZT) LRALAUNTN IR SIALLA INNILUR (lead lanthanum zirconate titanate, PLZT)
AR NN (lead titanate, PT) wazaawNNRiTenlulalm (lead magnesium niobate,

PMN) [6].

wuiraaaslalun (Pb, Ba)ZrO, PBZ udanndlasairsuuuinasandlng #

Q

gruunivesardan wiiluarsuaumnlsaianyvisn (AFE)  Tnadlaseairailuaalssendna
(orthorhombic) [1-3] PBZ @nunsaitlaemumaann AFE ihunslsaidnyisn (FE) uazilae
TasagieannealsseuiaiflusenTudnsaa anvagns FE aziasuiduanimnimaidnysn
PE wavldsulnnaiannseniuanseaiulnragauunAadaldideldsuntsmieatin
anaualnin Sannsulasuulaana AFE-FE 904 PBZ iinlsfasndiniinnsasnefetiig

1N (Uszannd 1%) Fannngdmiunisszens lfidudoulseneuaesginsnitiannsating

\T4 displacement electromechanical actuator[4] AARNLMLNAIL LEsT1

o

aauuBaNInnun(Pb, Ba)TiO, PBT  iludasslsaianvisnatinnilnseaing

b

a

WULNAZANA NG warilaTaaF1auuumnIzinuaanaunniied [5-6] Iaaauisalasu

q a

'
aa o

! ! i 1
anmann FE ilu PE Mideguungiifimanas Ganndnguunginvinliineanisnlasuulasil

q a

31 9N AT Tegnn)iaTee PBT arnnsnilasuulasls TnuasiiAifiaadlatsuno

a

lanauaey Ba® dArdasas lunnsnduiuaeasdAigaauideunnleasuaes Ba® Hen

AI i o Y o = 1 o Y o m & a ¥ ¥ a
WNAW M danlvnnssenisinanssendldiugnsalaidnnsefindnseclignmgiuas

= dl 1 o o v o =3 3| k%
HAunga usadus Aiulseq Wusu
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WAALLLTEN RS IALLA lnn1wum (PBZT) WudaaNifinainn1ssNsaiuaag

q
v

a13seney PBZ uay PBT a9ifiunoued Zr' uaz Ti' duiinanililassairana Tnseaing

qAN1ARATANTFAI9I289 PBZ  waz PBT AnANuansaiy adnglafinndaluiiinng
=2 a A =2 dl = ad aaa <1

U EAzIRUALAZANLTRFNIR4NKAN PBZT Awwisaninedajisendniuraasuds

?x// %I/ a o éjd 1 £ = =X = 2 aa aaa
AINUINWIARHR TN TETE NN AN A AL TN e ST A LA InnuA A e AT U TeN
anuzreduisinglddnsndanaesanssssiu Ae (Pb, Ba)(Zr, Ti)O, Iaafl 0.055x<0.1

war 0Sy<T  UAsANENDNHAT0THN U 0IANIANAUNNAaa N TR 19710 KINANUAE
=&

i RnaaLuEsNEEasiaua Innuenwanle [y Taseadeuan Taseaiieqania uay

andAn1en1nIn udu

AAHINNEURINTANE

= = = a ~ > o |
1. INARTHNNINANLAZLTETTNNLAALLL L?ﬂNLsﬁ‘ﬂﬁﬁ LumiVW]’]Lum I@ﬂlsﬁ@m?qﬂqumﬂ\?@’]?

AafuAe (Pb, Ba)(Zr,,Ti)O,, el 0.055x<0.1 uay 0<y<1

4 = o = a = PR
2. WaAnHaNTRs9 2eaRAnwazEII AN ALLEFE NI S IALUE NN WAT TN

161 1 Taseainanan Tasea¥1eqania uazaniiEnIenIanIn

o = v o o : T o A P = P
3. ieAnwANduTudrednsdauaesansisAuntselasaaiienan Taseadag

AAN1A LATANITANINNIENIN TBIRIHANUAZ T HNA AL FeN e FTALWE InLuWe

YDLILURAINWIRE

= =K =) 67¢ o % % A
1. WWTUNNIHANAALLLTENLTasIALLA lnN1LUR TUERINdIuT09a1TFIAUAR

L TDO,, Taei 0.055x<0.1 waz 0<y<1 faeljisenaniuzaeduds

Tneldaamnilunisienwaalaid 800-1000 asaaimeaa wnan 1 alug

(Pb, Ba)(Zr

2. wirsNmAneAuLEENEe A e Tudnandauaesansfasiusiiu fos
ad aaa < ¥ a = 3 =
Jansdisenaniuzrecuds neldgauunnlunismn@wnes 1200 e TaEas
\uinan 3 dalus
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AINITDLATEHN LA T WA UINITLATUNNINAN AL IR NLA AL TN LT RS LA LUA
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ATNITNATIRADLANLTAFI9T VRININANUATLEIINNLAARLLTE N LT BT TR LA

R ¥ o = o .
Tmusiisizanls wu laseadenan Tassaiisqania wazauinisniann
@ = o ' Y o Ao v = ¥
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W4lsaannan (Ferroelectric)

dsngnisalinslsdianvisngnaunulul a.e. 1921 [7] Bedandszinninilsgidnyisn

¥ 1 1
=

Hazuanaantimnflsaianyan wu inalnanlsimdulsies (spontaneous  polarization) 7
AUNNHAININYAAT (curie point) LFlsaIaNYInTALNY (ferroelectric domains) uazin§ls
a a A aa . . = =2 a o dl o o

aLanyisnaanesaaqy (ferroelectric hysteresis loop) HNIFANHILALIRELNELUINLIAG)
wislsaidnnanasinannnunalutl A 1950 [7] TasannzasnetiauuFannnium (barium
titanate,  BT) Bdudaniugruniiniszendldluntsna@ndaiudszqaiiameinuas
nIuaR9Lgaf (transducer) wananidaligainaiaW§ledidnnIngu o anigu
AR INNILUR (lead titanate, PT) LRALTAS AR NN (lead zirconate titanate, PZT)
WAZLAALAUNT TN LA AR NN 111 (lead lanthanum zirconate titanate, PLZT) N19W6N1N

a a o val ¥ % 1 (] 1 9 a
nerusunIINansini liinsdsrensldanusiulud o wideulunjudamsiindszinn

wlflsBianyisninaztinauniszgnadmiudauivlseqlni

32
‘ Symmetry Point Groups

21 11
Noncentrosymmetry Centrosymmetry

(Non-piezoelectric)

e 20 ™
Piezoelecric
Polarized under stress

10 N
Pyroelectric

Spontaneously polarized
J

I
(" Subgroup N
Ferroeelectric
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Structure
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3

Ceramic

Perovskites
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FTULIKNAN

e TN B ANINAITTNITNATIAT09TTLUEAN LAY AL ANNNTDULNHAN
aantilu 7 sxuuTaEe 1 A8ANNLANHINNIIAIITNEIITDIUNUNANLAZHNIEUT 1LY
(Interaxial Angle) FaANENNTR NN A NS AT Saa AT e (Angstrom = A)

1. SYULNANLLUY Cubic

. SYUUNANLUL Orthorhombic
. SYULNANLUL Tetragonal
. SYULNANLUL Monoclinic
. SYUUNANLUL Rhombohedral

. FYULNANLL Triclinic

~N o o b~ owN

=
. TCUUNANLLUL Hexagonal

1. SEUUNANWUY Cubic
FTULNANUULIUHTY 3 FAuaeaminelgade1alyiniu uaziny 90°C dariuuasi
| WaNwag NaCl, KCI, Pb(NO,),, WMAN, NBILAY, NaSUAza1Tdy T UUNANLULEAY

1lsznavliléiag Simple Cubic, Body Centered Cubic Was Face Centered Cubic

AN 6 FTULNANWUUANTN [14]

2. SZULNANWUL Orthorhombic
d N e 4 .o .
FLULNANUULHE Azifuis 3 Aruanalaiyiniu wsazinygu 90°C Feriuuaziu
FaREinaIUY HANT9Y K,SO,, KNO,, KMNnO,, az31inlus (CaCO,), MgSO,, 7H,0 uazlalanu
sruuimregfrananuuuiazdsznavlidaanan Simple  Orthorhombic, Body Centered

Orthorhombic, End Centered Orthorhombic Llag Face Orthorhombic
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3. S2ULNANWLUL Tetragonal
=X da,d v 1 o % v dl = 1 9nl/
SLULNANLULHNAUENWNAY 2 f11 dausnui 3 Haanuenasneaantl uazeia 3
)y o £ o o o ' ) = . Y = X
ANUNIHH 90°C TAULATTU FvBEiaitl NANUes NiSO,, KH,PO,, {lumu syuunanuuyil

azilsnaumieNan Simple Tetragonal a2 Body Centered Tetragonal

NN 8 srULNANLULINIZINUea

1. §TUUNANKUL Monoclinic

] ]
o

= d” IS4 ?:/ 1% [ 1% g o ] =K K '
FEULNANLLLUUATNATUNN 3 ﬂ’}uﬂ’]QVLQJLVHﬂu A% 2 ATUNTHNAR umwmeﬁwﬂm

q

o

WinAL 90 °C AauAUN 3 NHN 90 °C AU 2 faeeinay LanTeaELldy
(CaS0,.2H,0), uausnd (Na,B,0, .10H,0), KCIO, uaznuztululupfan dessuunan

v
uuuHazilsynausaNan Monoclinic WAz End Centered Monoclinic

A 9 sxuunanuUL TN TUARTA
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5. SLULNANWUL Rhombohedral
¥ v v v
FTULINANUULUATHAWIY 3 AU uasyinyuis 3 yuinfiusag wriyums

v
o 1 =3

3 yuTuANA WAL 90 °C Aretinvidu nanwas NaNoO,, waalds (CaCo,), ZnCO,,

a a = a % d‘ =X d’l a A = .
ASHTFN, WaUF LA DAY T9TeUUNANULLRATNESNAN L Simple Rhombohedral

Wi

AW 10 sruunAnuuUsanTuEnsa

6. STULNANLUY Triclinic
= X ay T e . ~ D 2 o
FTULNANLUUHAZHAUAT 3 duena llwindu uazfaliynsendnasnuiia 3 Tuifluys
a £ o 1 1 = [~ U =3 d” a A . . -
INANAY ARLINNLTY NanaY K,Cr,0, Wiy sruunanuuuiaziiines Simple Triclinic

WiNtiu

AW 11 sruunanuuylnsAatin

7. STUUNANLUL Hexagonal
= X =y P ¥ o ° a v < '
FTULMANMULIHATH AWML 2 A1 wazyinys 120 °C anAUNIaEAINE16 19
aanlluazyings 90°C U 2 f1uiu fatiratu nanaasuns IWe, uuniidow, wsanuuway
Faned 1Judu Jeszuunanuuuilazl 2 93l Aa Simple Hexagonal LA <

Hexagonal Close-Packed
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FTULNAN WaRN
simple
Aadn
(isometric) G g a
a® 3 a™ 3 a

body-centered

face-centered

Simple base-centered | body-centered | face-centered
azb#c azb=c azb=#c azbzc
20518900 LN
(orthorhombic) c - c .
a
a b b a 2 b
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axc

d#£C
wnseinia c
(tetragonal)
a¥ 3
a a body-centered
simple
Simple body-centered
TuTupdtin
o= 90° o #90°
(monoclinic) B,y =90° B,y=90°
AN A
a.pB,y = 90°
sanluEnSA n
(rhombohedral
) a
a
(trigonal)
nsAdTin a,B,y # 90°
(triclinic)
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(hexagonal)

wsaatandisaanunsndy (X-Ray diffractometer)
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q 49
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71188 (non-destructive analysis) WaAneInsaaF19ae90@n (crystal stucture) NN99A eI
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sxunlasedienan (crystallography)
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1. wndirdiaiueinmas (X-Ray generator) Lasuaaniaawand (X-Ray tube) 111
Y A a o al «

WINNNARTaALend

2. wstunseaudn (B-filter) Hinuiihineasied Kg eanannivdiend

3. lawafiauadn (divergence slit) iNutinALANRUANLAIANNIENLAYRENS
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4. Taawaafadn (soller slit) iNUTiNTNIAILANAINATNITN IWNNTUENTNHNAN
PRI a L , o o o o v

5. TaN39aAR (reveiving slit) Y3uAmatn1snlunisuaniuas AN Nte 95 1
RYPELAEY

6. ALARMDTARR (scatter slit) MUTNNAANUNAY (background)

1 ¥
a o v A A

7. Wwlulpsimas (monochromator) NMUBINAANUNAILAZNTA Kp

f
o o v o A el o

8. wiasudtyu MutinFusdiendninumnzuazudasliidudyoiodiin

v o

uandasialisannglszunana
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= X, - , ) =< = - o o
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wiaNnLiABIANASAU (electron gun) azgnisesaadnsdinings (1,000 D14 3,000 BLanAsDL
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THqa WA UURFRaE19INe ALATANBLANATAUNANNIENURATADUTaAIBE 19Tl TUIA
Tua9 5 119 200 W luwms TnaHgATARIAAILANNIIABINIIA (scan coil) TBIANBLANATaY
o % dl a dl dl O a a o 1 d! U6 ¥
NN TUNITAIUANTANINNITARAUNVBIAIBLANATAULURIAIDENG T [HA1819D)
ﬁwumimmﬂmumqqmmuauﬁﬁma (control unit) UENANBLENAIAUNILNLRIFIDENS
Aziindunstsessud19BdnnseutlgunRivesnensin luinguredietnauazinanisang
Taundsanundupananainivuianszausemn liiianisdanlaesdoyydianmse

(electron  signal) afiasineeanun Gelddszlamiluntsfnundnwuzinressieteay
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Aoynynunanannivaland (X-Ray Image) aHaNiuivdiandlanizfailunan
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NAMIUNINNBAUNgABaNAIN9lAas N IHesnanfesinaunaredlnsaaiiesannie
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azmanlaani1sfsdidnnsauainduaslaasdnliidiuiunuiuarfasanndsanudouii
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dyayrininaindidnmseuinanlazgnidasunndudyyinnindsinguu
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ArynnudianaseuyRani lisanadasiananannisesias (Plastic scintilation detector)
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o - o 2 = ~ a .
°1|‘ﬂ\‘]§\7@LﬂﬂsﬁL@qumqsﬁ\iﬂaﬂﬂ?mqLﬂ?qzﬂuuNW\?LLUULﬁﬂQ (Single channel Analyzer) Wa¥

LUUMAangaas (Multi Channel Analyzer)
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Seanner

£3
AN 14 doulIrnaunazudnnisnneulessuaed SEM [26]

Lﬂi}m Differential Scanning Calorimeter (DSC)

Tuflaqriuiinsldirsasiiedmiunisdinezil (analytical instruments) THns"<] il
NA FTUATONTU IARANTNALINENTITULASTINW TuATadlafinauiazainiimatia
NTAATIEW (analytical techniques) NUANFANSTY NMTAATIElnaNT A NERL(thermal

. | a a e A =K dl
analysis) HUmARANIIATIEATUANLNN

[ % o

AANUANINNLNIN  (physical properties) U8

! = o a A a a dgjdla Y o -dl A . .
an9rine wWauiauiugamnivsanan watingliaiinfasldiunnigase Differential
Scanning Calorimetry ¥38i78neia991 DSC FTngaun)d uaz heat flow aINn19
wWasnulasaanfauthermal transition) wesiasifsauiauiugnmnvananyinlild

dayarianeAuANNLATLENIAL (qualitative and quantitative) MiiAAINNTIAELULIA
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(endothermic or exothermic processes) M?"ﬂmﬂﬂﬁﬂwmmﬂfnmﬁgﬂmu%@u (heat
. =® ) ¥ dl = o/adl [ % a [ 1 v 1
capacity Changes) @QH’]N’]SL?]L‘W‘ﬂﬂﬂH’]@N‘LIMVILﬂu@ﬂ‘lﬁfmzwLﬂiﬂ"ﬂ‘ﬂﬂ’)@@ﬁ]’]\‘i‘] 1ﬂLLﬂ

a

MAWAF 81 %17 LAZFRHNININTINENS AR R U T AT iUNT  ANUTUNNTINE LAY

q

1 1
a o

o a a v a g
WENUAN mﬁ?mwgnﬂmmwLmem@mﬂﬂ&ILme?Lﬂ@ﬂuLLﬂm (transitions) %19 n len
NANENINUETU  (glass transition, Tg) NIIVRANLNAL (melting) NTTUIUNNTANKAN
. . a aaa = a dl dl A
(crystallization process) ﬂﬁimmﬂgmmmﬂLﬂmmwmmmnm@ﬁuLsﬁmmﬂ@ﬂumnmm@
[<3 d‘ % [ ] A ad‘
mmmz\l'ﬂmﬂummLLﬂN@’mm?mﬂuImLmzmwwuﬁﬂﬁmmmwzanﬁuiﬂfqmugum
WNNZaN (curing) AaUANERATIANNIS cure (cure kinetics) Am onset N1388NTLATI (onset of

oxidation) WazAYINAAYINTR(heat capacity) tluAn

Differential Scanning Calorimeter

A P

Differential Scanning Calorimeter luilaqiiui et 3 1iagimuazdansialilil

(1) Heat Flux DSC ﬁﬂﬂ%ﬁumnﬁ@mme:ﬁ%’@ﬁﬁﬂﬁmﬁmﬁﬂmem@m’m
baseline (baseline stability) Way cell ﬁmmu

(2) Power compensation DSC T¥pauazidamued DSC curve (resolution) ﬁﬁLL@:ﬁ
SAsnsfinanteuasnnafusaimaE

a oA

(3) DSC #l¥ Tzero technology Faflumaluladang ANAENI999MLB TR AYTE

Anwouznangaanmalulatiend Heat Flux DSCuazPower Compensation DSC ingagi i

ﬂau@ummi‘ SN Heat Flux DSC fafiuandlunn 8

Heat Flux DSC
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Gas nge Inlat 1

J
—
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Chromsal g_hrumal
ISC
' Heating
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Tnerrnocowles—| Thermocicetrc Disg

{Constantan)

NN 15 LLEAN Heat Flux DSC
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o o 1

al al dg/d 1 . = 1
Heat Flux DSC NTUALLALAANUARARIDENN encapsulate @qlu aluminum pan k38121

= . ' P v al ' P
sample pan Uazd aluminum pan U&7 7 encapsulate Ua23aN41 reference pan Tnen
pan MINABILLILAINA199 DL thermoelectric disk NaglWALEN (Furnace) laansmn
wasuudasasinlianuFausdny thermoelectric disk Wl lusasinuazansgnedennli
NARNNWAN FN9T8d U3591.heat flow NFMasNILATaNIE9BITIazdnTAg  thermocouple

uwaznslingaeslein(Ohm’s law) ann1snldlunisaiuens heat flow Aa
Q=DT/R (11)

He QA8 heat flow 2846908
DT Af AYIHLANG UGN RIE NI NFDBENIUATANIE 9B

R A% ANNNFNUNILLAY thermoelectric disk

¥ Y o ' | . ' ' Ay e & JRy
ANNTIUNFUAINAILT]YN one-term equation @mqmwiuuumheat flow NANLLAZADNAN

|
= o A

o v 4&} Yo ¥ = 1 v o .
sensor WAL sample pan MFuanlsraudenudazidaaninides baseline flatness

Al (sensitivity) LarANNAZIBLALE9 DSC curve

Power Compensation DSC

[ %

¥ ]
Power Compensation DSC Hsnaazldanfiilaadoy i lfannaAnuiananees

a 1 o ]

AN NIENINAIDLINUATANIENBIALYNTALTLAE heating  power WA UUBIFLDEINY
lusiuf lee? differential heating power azwinfiu differential heat flow rate Wewagu
nasulAduauFeugavinasnniantu DSC 4 Tzero Technology AYsNEAzIBLA

selln

DSC 17‘i°l°ﬁ” Tzero Technology
DSC 94 Tzero Technology lumnalulagluiaessses DSC NlAFUNNTRENLLLNN

Tnaannzieiazdn heat flow Nduaraenainsiaatnalignsiasuindsauasnuanslunin

9 I aziasasasialll
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AN 16 wa@me DSC Cell N1 Tzero Technology

Cell nlasuniseenuuuluuil  sensor Usznaumae constantan  body ARaLIAWEY

o

QNUaEN9TIAIEY (fast signal response) U platforms 89FMAEN9LAZANIEN9BINEN

o
v 4 v
% R = %

A
geiuuazuenaanainiu Mnliuansaetieuazaisdnsdeananiulinau anviadetonli

N13979 Pan agflusinumidaneniunnaianeauusuinaesdeys uay platiorms AINa19
\ToNsentiLg1u1e4 heating  block tneviaNiuiaunee] eazinliiinAsusituniu

ANFaY  (thermal resistance) 351319 platforms Lar§nuIad heating block A115U

1
¥

thermocouple agdn9lFa0e  platform usazdunutinndngumgiaesisetauazans

£l

¥ !
=

v a 1 [~ = = 1 . %
mqm@m\ﬂiﬂmmwum:u SGI’]SOI’V]W?Q@V’WQWNIN’&N@@ (imbalance) ARIAINNATNUNIU

(resistance) uaxilszq (capacitance) waztaaAN llannafiINa1n

Anuiunanllannatiuan il baseline flatness, sensitivity, WAz resolution e
Aatil Tzero technology asldannns four-term heat flow equation NTfuinA N lsaNAaLAY
ANHLANFANTANSAFINITAN AN TAUTENINNT AU RIANEDY [ EUNIINADNLAAD

(melting) 1193% heat flow Niduazasnainsiatnslignsesuinia slaesmnalulat

o

a agljd dl o 04 1 ] ¥ é{ 4 dld ' .
1UalAe  Tzero cell  NNN1A mmmwﬂmmnmumﬂmuﬁau:wmm’] (Superior

o 3’/ d'y da( . dl =3 . =
performance) Tunsdn PNLLULUNTAUA(heating) LAZLLLNLEUAS (cooling) bWTIZHN1TTIN

a

ATUANTTRTANGAI9IN178BNULIL Heat flux LAY Power compensation DSC nsngiv fei

ag/luLp7a9 Q Series DSC UBIUSHN TA Instruments T9ildoh

[ %

eazidsnma i

(1) baseline NEeURD (flat baseline) i start-up hook 198 onset hook 1iag

%
=

L aX oA P , , o
(2) AN (sensitivity) A1 LLBNATN flat baseline AALLAL signal-to-noise-ratio AL
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%
=X

(3) resolution 189 DSC curve REin

(4) favmﬂ'nu'ﬂ;m’m?ﬂu (heat capacity) Tngimsq

4
(5) Qﬂ[ﬁ”lml,l,@xmmmmnﬁumﬁu Modulated DSC

AW 17 w@me Thermal network model 184LATa9 DSC 71 Tzero Technology

AN Thermal network model agilu cell 7841389 DSC W4 Tzero technology 14

#1N"97 heat flow fallil

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

1 |
= ¥

Wa -AT/Rr iludauheat flowngneieaninndias IalnaLiUaNnis One-term equation

d15u ATo (Rr-Rs / RrRs) way (Cr-Cs) dTs / dT Wludauniiufinmanuwnnsng

1 ¥ 1% o 1 1% a a g ¥ a 1
‘3‘5'1)1"3’1\‘1@'3’1&]ﬁ]quﬂquﬂQWNﬁ“ﬂuLL@zﬂﬁ‘Z"ﬂW‘W’W@\W]Q@ﬂWQLL@%@W?@’]\?@\‘]%@\?N@IWLﬂﬂﬂ'ﬂﬁﬂ,ﬂ\l

ANAA (imbalance) 104LATDINATINNA L baseline tHeiLUuAz N1 heat Capacity Hnasia

o K

LAFAIHANINNYN heat flow Cr (d AT / T) WudauniiunnAnNuanFA91898msINTLAN

an

ANNTaU (heating rate) @:‘Wmﬁq@ﬂ'wLmzmié’w%qﬁﬁm@ﬁi@ﬁﬁmm@mLm:mﬂmm%’@u

(enthalpic event) 111 N19aaN (melting)
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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
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NN 18 L&A4 Baseline Conventional DSC 2844384 DSC A4 Tzero Technology

Tzero technology aelliNANTINWE (performance) 1aLATaY DSC AYgLN4 uangli

b

o a 1%

(-3 1 . dﬁg dll ¥ a 1 a -dl A
Wia1 baseline Aawdald cell dHalHN AUNATIUAINTAAAMNANAA IUTELLTANLATAINS

q

1
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A - A I a v P ¥ . a 2 £ R
W@NH?MLLUUMHLN@@W?WﬂW?LWNWJ’]N?@uﬁ\‘m@gLﬂ flat baseline NANAA ‘1)]‘3‘@1‘1)1 heat flow

Q

0 mW mafuazli onset point kaz end point AUNRA walwaniuasamsas DSCRlE Tzero
technology 1% baseline ML (deviate) teandn 10 mwW  wazlidfaaudnlnsan
qABNAULATALAA @91 Conventional DSC 19 Baseline MeNIUuN100 mW 1i5a11NN9

al a Ad‘ al % asj
LATHANNRALNANAABNALLAT AU

puAaiuasudn baseline flatness uiladeidAoydidn ”malﬁzgmﬁi@ﬁﬂﬁqﬁq
sensitivity 184918309 DSC 312 flat baseline inlffanunsanmanunsiAsunlasfinga
wuAeudnaen (subtle transition) Lt weak Tg T highly crystalline polymer #7a'l1 highly
reinforced polymer LA384 DSC M meTuladianunsanmany Tg aaslwalnsfian elnd

Tdaunsonsaanylueses DSC wuLAUNNaLauEd Tzero technology fi9lAruaziBeA

= o

284 curve (resolution) ATUaLNINNNH e FaLWLAL technology 2189 Heat Flux DSC w4

1
=

Power Compensation DSC el peak 9971 onset NTUUAZdALRUNINTY (sharper

a

al 1

onset) WAYN1INALE baseline N99m157  damanatiwutleAanisdnnINqAINFaU (heat

capacity) annsetnelnamsuazpiaiies Geliily Conventional DSC vinlAngnsiag

4
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| o L. Ny PR ° v @
(accuracy) ATULAZAINA LI productivity ATUAYenATRTaERAszuLN1INN 1L RA
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(Cooling system) liiatingsnisa Tneld Nickel cooling rodsfisiaat/iuiaNLmHNe84LATEs DSC

(DSC Furnace)

ﬂ@"mimmgﬂﬁ@lﬂ%q DSC #1¥ Tzero Technology fldussausdiandn Heat Flux
DSC uaz Power Compensation DSC lngfinnssuiandesfifumaluladaadiaios DSC i
aaguazld Four - term heat flow equation W ladeunngadann One - term equation %\‘1
a9ua’lii baseline G‘ﬂummmﬁu 1% resolution ﬁLﬁlm\l 76 heat capacity Talnemse § cell

a
NAINULR

ee

ansanisinnANFauuazni e b uAansamFa R ua ez

nadenluainangaduiugldiases DSC Tuilaqiiu [19]

N1FUIAMNUUILUY (Density)

ATHUWILUUE UNED9 ATNAAeUTNIRI209TAR D Hunn RN ] NiaaT89AY

AHUUILUUaINnsalunTuAeNaaang, NTNARgNUATIIURALNRAT, UauaragnuAninm,

1 =2 !

Alansusaanuiamuasdududusudaunazlanainnesaldfiazlduioguaeniusa

a

'
a

NUNAR WAL AT ATNANATUN AT RnadnetieAn nsanAaAIAN I wuLly

2>

N

zw = a a o ' o o { 2’/ 49{ dj dl
vaipness@nsninlunisdauiusinrecdan lussuinaduneunisaugy aegnanldlunis

AntiugaNnsntinllgnismnataunguansdan liansos [20]

= 1 U1 dl '
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a

NNIUIANAN NN LU UUBI TR UL URAUANN17URIDNT AN
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28941989 1B AR T H LTINS AAT UL W STUIAE U N NIRRT WAL H AN ALY

% o dl dl v < ada a’l’ o Y 1
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mp TuanALazauziquatlun

P=r o P (13)

e p AB AMAINTWIWINYeNTLeW Bndeedluniusegnuiafiaunimmg

Py ABANANNMWNLLNIBTaAY mbeiiluniusegnunaiiausiuns

A QOJ % % g = 1 o
W A9 dninuieaa9iuani Nuudoaiiundy

a
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AUNTVIAMNUUNLUULDITA mmlumﬁﬁmﬁuﬂ?mmﬁ WUUALATRLT9A

11 gaungnunlsann

pq=GIV (14)

%
a K o <

Tnedl G An wsswesiAaTuALIeIwds (Midaenduniy) wnldanniiudnaesduey

luaan1AaLAetnminaIasiuaulLaadian

A < dl 1 = 1 & a
Vv ﬂ@‘]ﬁmmm@mqmemﬂummmmwmmﬂuqﬂmﬂﬂ PIURLNAT

ANUFUNIIUANNMUNLULANAUS (relative density : p,) WU [21] @unsaAIaun laRY

ANN137 (15)

. (%)= (&J %100 (15)
P

[ &

A = 1 1 o/ I 1 | ' &
LB £, AR AANMNUUILUUANNANT Hundogitiluiafiaus

Py, A ANANULNLUNIENTUIY HueniluniusagnuiAriiufiums

Py P2 ArANTIILUW U 109817 Ruhaeduniusiagnuaard

NNSUIATANNUAR? (Shrinkage)

ANAINNUAA LMY ANNUUEUNI AU NANNT U UNAIRINN TN TR

Tpen1719aun137 (16) [18]

D, D,
A=——x100% (16)

Ha AR ANAINUARIANNLWIE LN WALETNAN

A
®; Ao IAEURNUANTNANRATOUNNTINNTUASS
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= aaa [
ﬂ']%‘l,ﬁliilNNQ@ﬁﬂﬂ{]ﬂiﬂ’]ﬂﬂﬁut"ﬂ’st‘i Lb2U

nsnnUize1anIuzaeeuda (solid state reaction) Az@1AENNTARELFININLANTB
fanndfisenaniuzaesudandsainldiuaninfennerinliisdureuiaialuduazuia
as dgja = 61 ¥ &
Aennsifianliluniswrasasanssznaueenladines) aanatswaneifuaiun lansenlss
Tumsm daln wediemn eanguan uaanenlas uazinaevesiande) fvediguaninig
AeUffsenanuzaeudeainnisaaafaeaunnilidsna1sueiun ienanaslsznay

uunRiEanaan s wazuiansuaulnaanlbasianesaannissaldil [22]
MgCO,(s) ——— MgO(s) + CO, (g) (17)

douliiseiaiisendnaanssasiuiiiuaeudslugdaesenan axldlunismsauns
1a9a19dsznaveenladndudan i lnniwen wiled uwazdanm Tnanisindjisenas
dsznaudsananaanseanlad Asuemn Tumm damn waTme vseeenananuuude’)
fetieuaninsfindisenan uzaesudaszndnauuFanaiueme wazlnndoneanlas
~ a = o 4J aaa Qe‘/ A ¥ o o
WWenARuguU TN I wAkansisannis (18) Zediselazinandesiunisaanasiaves

requdvaizealiszudnereudefoaiues Gandd nasuaalas (calcination)
BaCO,(s) + TiO,(s) —— BaTiO,(s) + CO, (g) (18)

ANANIUINITAATEIANERY MgCO, ANNANNIT (2.8.1) wudnazsiadldaiuFauaasnis
WNindRzengnngi 298 tadu windu 105 flaqaselua Ujiseidazsduiuuganan

v . oI/ = % v v % o aaa 1 = dl £
AINNTRY (endothermic) uuﬂ@%mﬂummi@mmmmﬂgmmmwmmwaL‘W@TM

¥ a

1 ¥
NadHNTanIsdanefiuules u@ﬂmnﬁ%mmwmammu@mmmﬁuﬂ'@ﬂ (equilibrium

]
=

partial pressure) 184 CO,(P,,,) N6 MgCO, Nnanmnitlsenausiag andeyanasanu

Q q a

1
4

849z (free energy) HmsgulunafinLfsen azvinlingugung il P, Waiumau
putazvasuia CO, luussannia 30 Uhaaa TeiAegnm)inisaaiasanes MgCo, T
AINNAN 480 1AATY 1TUlas Wa TuAdnaTuaseuan MgCO, Tlaunsnaaiasialan 480 °C 14
=X % { o di/ a i 1% o [ % g dl

aqdunisuanslingiudn nnsaaanaatiaviintunie i uladen e aaunaAIansinunay

Wutladenramasinlauing
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nauuaalunsaanefivazauiusssN I ANIARIeeia iU wasgannRT

1 1 v 1
1 Feansnsnacuanlffaedanisladanisuilalu 3 adwsielUil (1) U[iseniita (2) nstne

a
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XRD)
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A58 2 TATNATNEAN ALARTITNIINHLDS a, b, ¢, 8RINEIU c/a LBNIAIFBMLIAS LATIWIABLNIARALTBINNHANIAALLIEENEASTAE LW

dl i’/ L% ] [
NUTNUIRIANTF AURAINTNU

Lattice Parameter (A)

Unit cell volume

Average Particle

X y Crystal Structure cla .

a b c (A) Size (um)

1 tetragonal 3.0937 3.0937 4.1468 1.0623 39.6889 0.691

0.75 tetragonal 3.9714 3.9714 41414 1.0428 65.3182 1.694

0.05 0.5 tetragonal 4.0302 4.0302 4.1481 1.0268 67.3756 1.305

0.25 Tetragonal+ orthorhombic - - - - - 1.375

0 orthorhombic 5.8890 12.1982 8.3748 - 601.6054 1.413

1 tetragonal 3.9077 4.1431 1.0609 63.2656 0.713

0.75 tetragonal 3.9752 3.9752 4.1399 1.0414 65.4196 1.176

0.075 05 tetragonal 4.0383 4.0383 4.1316 1.0231 67.3776 1.347

0.25 Tetragonal+ orthorhombic - - - - - 1.667

0 orthorhombic 5.8444 12.3411 8.3778 - 604.2599 1.673

1 tetragonal 3.9074 3.9074 4.1420 1.0600 63.2391 0.674

0.75 tetragonal 4.0592 4.0592 4.1433 1.0272 68.1433 1.653

0.1 0.5 tetragonal 41224 41224 41798 1.0139 71.0322 1.407

0.25 Tetragonal+ orthorhombic - - - - - 1.108

0 orthorhombic 5.8986 12.1954 8.4080 - 604.8361 1.268
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2. WANITASIAIATIZNLATIRS1IAANIAAILNADIAANTTAUDLANATAULLY

&89n51A (Scanning Electron Microscope; SEM)

NINA 28 — 30 WARNNINENEAIENABI9ANTIALBLANATEULLLABINIIALBIN

=2 = dl o o !
NANAALLIEENIEaFIALA INNUWATILENM x=0.05, 0.075 WAT 0.1 AMNATAL WLG1BYNIA
HanwuzAsuditenan dnnsinizdaiudniies Wein1dANIIWIATR98 LN 1ALRAENLIIN
TuaredeuNIARALA IndALTuABHAat NI 0.674-1.694 TulAsims Tnaawie

AUNIANAININGATNLININL y=0 AsUanIIBazIBeAluA1997 2

| Juen EHT=2000K  Scan Speed =9 Signal & = SE1 Fill= 2670 A Jn EMT = 2000KV  Scan Speed = 10 Sigral A = SE1 Fill= 2670 A
Mag= 1000KX WOD= 10mm Spot Size = 280 Mags TOOKX WOD= 10mm Spot Size = 280

(a)

wm EHT = 20006V  Scan Speed = 10 Signal A = SE1 Fill= 2879 A

Jum EMT=2000KV  ScanSpeed=10  Signal A = SE1 Fill= 26794 |
Mag= SO0KX WO= 10em Spet Size = 300

() (d)

Mag= SO0KX WD= 10mm Spot Sizw = 300

Tpm EHT=2000k  Scan Speed = 10 Signal & = SE1 Fillm 2870 A
Mag= TO0KX WD+ 10mm Spot Size = 200

(e)

NN 28 NINTNYAIENABI9ANIIAUBIANATAULLLIADINTIATDINNAN (P, .Ba, 56)

(Zr,Tiy)O, Taeih (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25 uaz (e) y=0
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Zam EHT =2000KY  Scan Speed =8 ‘Signal A » SE1 Fill= 2679 A Jpm EHT =2000KY  ScanSpeed=10  Signal A= SEY Fill= 2679 A
Mag= S00KX WD= 10mm Spot Size = 280 Mag= 7O0KX WD= 1Dmm Spot Size = 280

i EHT = 2000K/  ScanSpeed=10  Signal A= SE1 Fill= 2679 A | Jpm EHT = 2000k  Scan Speed=10  Signal A= SE1 Fill= 2679 A
Mag= 500KX WD= 10mm Spot Size = 300 | Mag= 500KX WD= 10mm Spot Size = 300

(c) (d)

Jim EHT=2000KY  ScanSpeed=10  Signal A= SE1 Fill= 2679A
Mag= 700KX WD= 10mm Spot Size = 280

(e)

NN 29 MNENLFNENADIANIIABLANATAULLUABINIIATBAENNAN (PD, o,.Ba; 176)

(Zr,,Tiy)O, Taeih (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25 uaz (e) y=0



51

e .
Tim EHT = 20.00 k' Scan Speed = 10 Signal A = SE1 Fill= 2680 A Tpm | EHT = 20.00 kv Sean Speed = 10 Signal & = SE1 Fill= 2679 A
Mag= S500KX WD= 10mm Spot Size = 300 Mag= TOOKX WD = 10mm Spot Size = 280

! - T e
lm EWT=2000kv  ScanSpeed=10  SignalA=SE1 Fill= 2679 A i EWT=2000kv  ScanSpeed=10  SignalA=SE1 Fill= 2679 A
Mag= 500KX WD= 10mm Spot Size = 300 Mag= 500KX WD= 10mm Spot Size = 300

(c) (d)

4 8§ s 4 | % i
Tum EMT =2000kv  ScanSpeed=10  Signal A= SE1 Fill= 2679 A
Mag= TOOKX WD= 10mm Spot Size = 280

(e)

NN 30 MNENLFIENADIANIIABLANATAULLLABINIIATAIENNAN (Pb, Ba, )

(Zr,,Tiy)O, Taeii (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25 uaz (e) y=0
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NANTATIAILATIE LI ANAALLLITaLTaslALLA LR (Pb,Ba,)(Zr, Ti)O,

[ %

3. NANITATIAILATIEUAIENATANITIALLUADISIALANT (X-ray  Diffraction:
XRD)
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4. WAMTATIAATIZNLATIRSNAANIARIANARIFANTTAUBLANATAULLILADY

N91/ (Scanning Electron Microscope; SEM)

AINNINA 34-36  WARNNINEINEAIENABIANITANBLANATEULLLABINTIATEY
Uanniantasiinanuuzasesiaun NlFunnueesanssasusiieiu Ingwndunesn

grunni 1200 esAmaLded Wwnan 3 4alue nudilunndndauaes x nndaasiansne

AANENY ARNLBuNL y= 0 waz 0.55y<1 insuaavs@ninisasisinuaznazanasn
1 1 °I (=3 v 1 o a = a é’ dl
Aaudeadane adunsnnesiiugeunsuliatinednian tsinaslgnguinaunFuan
y=0 WAZAZAANINTUNALFNNU8 X IANTU dUNLFNN0L y=0.25 TUNALAZANEUZ LD
nsulannldadnanae Ingasdawaanlnngnszanaaglaaioll WesainiEunm y=0.25
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a a dl = v d? dl QI dgf o dl
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EMT=2000KY  Scan Speed=10  Signal A =SE1 Fill= 2680 A 'l_“i‘ EHT=2000K/  ScanSpeed=10  SignalA=SE1 Fill= 2680 A
Mag= SO0KX WD= 13mm Spot Size = 280 Mag= 300KX WD= Smm Spot Size = 280

F’

'}_Ui‘ EMT = 2000k  Scan Speed = 10 Signal A = SE1 Fill= 2660 A '}_"i‘ EMT = 2000k  Scan Speed = 10 Signal A = SE1 Fil| = 2680 A
Mag= 300KX WD= Smm Spot Size = 280 Mag= 300KX WD= Smm Spot Size = 280

(c) (d)

i
"_Ui' EHT=2000kY  Scan Speed=10  Signal A= SE1 Fill= 2668 A
Mag= 300KX WD= &mm Spot Size = 280

(e)

NN 34 NINEEAENABIAANTIAUBLANATAULLLABINIIAUBIRINTTINHN
(Pby 4sBa, 00)(Zr,, Tiy)O, Tneifl (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25

hag (e) y=0
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r 3
fym EHT=2000K  ScanSpeed=10  SignalA=SE1 Fil|= 2689 A
Mags SODKX WD= 10mm Spet Size = 280

(a) (b)

EHT= 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A
Mag= 300KX WD= 10mm Spot Size = 280

:[§

< » eC_N .
2um EMT= 2000k  ScanSpeed=10  Signal A= SE1 Fil | = 2689 A 2um EHT=2000K/  ScanSpeed=10  SignalA=SE1 Fil |= 2689 A
L 1 Mag= 300KX WD= 10mm Spot Size = 280 I i Mag= 30D0KX WD= 13mm Spot Size = 280 |

() (d)

fum EHT=2000K  ScanSpeed=10  SigalA=SE1 Fil|= 2689 A
Mags 300KX WD= 13mm Spet Size = 280

(e)

NN 35 AnEneseNABNaNnITAtEIANATA LU LABINIIATBNRIUEEIHN
(PDy 05582y 67)(Zr,, Tiy)O, el (@) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25

was (e) y=0
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EMT=2000kV  Scan Speed = 10 Signal A = SE1 Fill= 2689 A 2um EHT = 2000k Scan Speed = 10 Signal A = SE1 Fill= 2688 A
Mag= SO0KX WO= 10mm Spot Size = 280 Mag= 300KX WO= 10mm Spot Size = 280

F

'.\‘ P ‘ 4 E

2um EMT=2000KY  ScanSpeed=10  Signal A= SE1 Fill= 2688 A 2um EMT=2000KY  Scan Speed=10  Signal A =SE1 Fill= 2680 A
Mag= SO0KX WD= 10mm Spot Size = 280 Mag= 300KX WD= 10mm Spot Size = 280

(c) (d)

"_I'T EMT=2000kV  Scan Speed = 10 Signal A = SE1 Fill= 2688 A
Mag= 300KX WO= 10mm Spot Size = 280

(e)

NN 36 NINTNLANENABIRANITAUBIANATDULLUABINTIAUBINIUTNLETHN
(PbyoBay )(Zr,  Tiy)O, e (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25
wa (e) y=0
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EMT=2000KV  ScanSpeed=10  SignalA=SE1 Fill= 2689 A |‘:|“‘ EMT=2000KV  ScanSpeed=10  Sigal A= SE1 Fil|= 2689 A
Mags 300KX WD= t4mm Spot Size = 280 Mags 300KX WD= 10mm Spo Size = 280

(a) (b)

:[S’

EHT= 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A
Mag= 300KX WD= 9mm Spot Size = 280

Tbm EHT=2000K  ScanSpeed=10  SigalA=SE1 Fil|= 2689 A i
Mags 300KX WD= Smm Spot Size = 280

() (d)

1bm EHT=2000K  ScanSpeed=10  Signal A= SE1 Fil|= 2689 A
Mags 300KX WD= 10mm Spo Size = 280

(e)

NI 37 NINENLANENABIRANIIABLANATRULLILIARINTIALRIFRLNNLTINHN
(Pbyg gsBag45) (21, Tiy)O, Tneif (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25

was (e) y=0



o )
2m EHT=2000K  ScanSpeed=10  SigalA=SE1 Fil|= 2689 A
i Mags 300KX WD= Smm Spet Size = 280

I‘““I EHT=2000KY  Scan Speed = 10 Signal A = SE1 Fill= 2880A
Mag= S500KX WD+ 10mm Spot Size = 300

61

(a) (b)

IM i EMT = 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A EHT= 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A
Mag= 300KX WD= 10mm Spot Size = 280 Mag= 300KX WD= f4mm Spot Size = 280

EHT= 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A
Mag= 300KX WD= f4mm Spot Size = 280

(e)

:[5

NN 38 NINEEANENABIAANTIAUBLANAIAULLLABINIIAURITRENLTIINN
(PDy 625B20,675) (21, TiY)O, 1A (a) y=1, (b) y=0.75, (c) y=0.5 (d) y=0.25
hag (e) y=0
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=2000kY  Scan Speed = 10 Sigral A = SE1 Fill= 2689 A ‘ﬁi‘ EHT= 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A
= 300KX WD= 10mm Spot Size = 280 Mag= 300KX WD= 9mm Spot Size = 280

EHT= 2000k  Scan Speed = 10 Sigral A = SE1 Fill= 2689 A
Mag= 300KX WD= 9mm Spot Size = 280 |

I

EHT= 2000k  Scan Speed =10 Sigral A = SE1 Fill= 2689 A |
Mag= 300KX WD= 9mm Spot Size = 280

fum EHT=2000K  ScanSpeed=10  Signal A= SE1 Fil|= 2689 A
H Mags 300KX WD= f1mm Spet Size = 280

(e)

NN 39 NINENEANENABIAANITAUBIANATDULLLABINIIALBIIREWNLTINEN
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THEERACHAI BONGKARN* AND CHIRAPORN
THIANGCHIT
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65000, Thailand

Lead barium zirconate titanate [ (Pbg.g75Bag.025)(Zr1«Ti,)Os; (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 O to 1 the average grain size increaseed
from0.74 » mto 1.99 um. Thefractured surfacesrepresented anintra-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

I ntroduction

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.g75Bap.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.975Bag.025)(Zr1_«xTix)O3; (PBZT)
is the solid solution of (Pb0,9758ao.025)2r03 (PBZ) and (Pb0'97sBao_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
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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 g75Bag.025)(Zr1_xTix)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.g75Bag.025)(Zr1—x Tix)O3; (PBZT)] ceramics with 0 < x < 1 were prepared using
a conventional mixed oxide method. The proper amounts of reagents: PbO, BaCO3, 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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Figure 2. The c/a ratio of PBZT powders and ceramics made from starting powders contained
different values of x.

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 c = 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 ¢/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 41140 66.8269 1.28 7.74
0.50 Tetragonal 4.0059 41011 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

Figure 3. XRD patterns of PBZT ceramics for 0 < x < 1 sintered at 1200°C.
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Figure 4. SEM micrographs of as-sintered surface (a) x = 0.25 (b) x = 1 and fracture surface (c) x
=0.75and (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*
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Monophasic oxides of the formula, (Pbg.g75Bag.o25)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%.
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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;_xBay)TiO3 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].
(Pby_xBay)TiOj3 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;_xBay)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 m?/g [4]. (Pb;_xBa,)TiOs,
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Figure 1. XRD patterns of (a) calcined powders and (b) sintered ceramics made from starting
powders contained different amounts of excess PbO: (e#)PbO, (x) TiO and (m) PbO,.
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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;_xBax)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;_xBax)TiO3 by the conventional
method relies on a solid-state reaction between PbO, BaCO3 and TiOj3 at high temperature.
Fabrication of (Pb;_xBay)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 g75Bag 025) TiO3; (PBT)]
ceramics were investigated in this study.

Experimental Procedure

The (Pbg.g75Bag.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 (BaCO3) 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,
c/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 Curie Temperature (°C)
PbO perovskite c¢/a particle c/a grain  Density
(Wt%) phase (%) ratio size (um) ratio size (um) (g/cm3) Heating Cooling

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 3.4 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 7.40 477.2 466.8
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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 (Pbg.goBag.10)ZrO3 ceramics
[11]. It demonstrated the effect of excess PbO in stabilising the ferroelectric rhombohedral
phase relative to the antiferroelectric orthorhombic phase in (Pbg goBag 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)ZrOs; ceramics, the appropriate compensating
levels of excess PbO added to starting powders raised the enthalpy and phase transition
temperature of ferroelectric rhombohedral 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 (Pbg.goBag.10)ZrO3; Ceramics with
Deficient and Excess PbO

THEERACHAI BONGKARN*

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

The effects of excess PbO on the properties of perovskite (Pbg.goBag.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 d33 and electromechanical coupling
factor kp.

Keywords Excess PbO; piezoelectric; relative permittivity; phase formation

Introduction

Lead zirconate, PbZrO3 (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,)ZrOz
(PBZ) solid solutions [3-11]. The substitution of Ba?* for Pb?* in PbZrOs; (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®*
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 g0Bag.10)ZrO3 (PBZ10). An alternative explanation is that the FE —
AFE phase transition is sluggish and the FE phase is quenched to room temperature [9].

It is 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 (Pbg 90Bag.10)ZrOs (PBZ10) was studied.
Results were also reported for phase transition and electrical properties.

Experimental

The (Pbg.g0Bag.10)ZrO3 powders were prepared by a conventional mixed oxide route. The
raw materials of PbO, ZrO, and BaCO3; 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 afield of 25 kV/cm. After poling, the piezoelectric coefficient ds3 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 (lgos/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 lgos240 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
dsz 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 tans 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 7, tans at 7,

-15 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
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Figure 2. (a) value of intensity ratio, 1004/240 for sintered pellets as a function of excess PbO; (b)
relative intensity of (130)/(112), (210) and (230)/(212) XRD peaks as a function of excess PbO.

temperature are shown in Fig. 4. The 1 wt% excess PbO sample exhibits the maximum ds3
and &, of 52 pC/N and 0.34, respectively. It can be note that the electrical properties of the
ceramics can be related to the density of the samples. The values of sintered density as a
function of PbO content are list in Table 1. The maximum density was found for the 3 wt%
samples which was ~ 0.5% higher than for the base composition. However, the density
for the 1 wt% samples was found to close to the 3 wt% samples. It can be assumed that
the 1 and 3 wt% excess PbO produce the optimum density ceramics. For PbO deficient
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Figure 3. Relative permittivity versus temperature for PBZ10 made from powders with different
amount of starting excess PbO.

Figure 4. Piezoelectric properties of d33 and k,, in PBZ10 ceramics made from powders with different
amount of starting excess PbO.
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samples, the lower values of the electrical properties can be related to the presence of ZrO,
as observed in the XRD patterns. However, the reduction of electrical properties in the 5,
and 10 wt% samples match that of the trend of the sintered density. The lowering of density
is consistent with there being an excessive amount of PbO in these samples which presents
the PbO liquid phase during the sintering. A large amount of PbO liquid phase can produce
an initial rapid densification but a lower final density as a result of void formation due to
the PbO evaporation as a consequence the porosity of the pellet increases and this porosity
is not removed by solid state sintering [14-16].

Conclusions

In the present work, PBZ10 ceramics were prepared by a conventional mixed oxide method
with various excess PbO contents. Effect of deficient and excess PbO on phase formation
and electrical properties of PBZ10 ceramic have been studied. The XRD results revealed
that the fraction of the rhombohedral phase relative to the orthorhombic phase has effected
by PbO content. The 1 and 3 wt% excess PbO were found to produce the maximum density
which exhibited the maximum electrical properties of the ceramics.
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Effect of Firing Temperatures on Phase Formation
and Microstructure of Ba(Zrg.3Tip.7)O3 Ceramics
Prepared via Mixed Oxide Method

THEERACHAI BONGKARN,* NALINEE PHUNGJITT,?
AND NARATIP VITTAYAKORN?

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

2Department of Physics, Faculty of Science, Uttaradit Rajabhat University,
Uttaradit, Thailand

3Department of Chemistry, Faculty of Science, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok, Thailand

Ba(Zro3Tip.7)O3 (BZT) ceramics were fabricated by a mixed oxide synthetic route. The
effect of calcination and sintering temperatures on phase formation and the microstruc-
ture of the ceramics were investigated. The pure perovskite phase of BZT powders was
obtained with a calcination condition of 1300°C for 4 h. The sintered pellets showed a
pure peroverskite cubic phase in all samples. The microstructure of the powders exhib-
ited an almost-spherical morphology and had a porous agglomerated form. The average
particle sizes and the average grain sizes were increased from 0.2 to 1.1 xm and 3.9
to 25.1 um with increasing calcination and sintering temperatures, respectively. The
densest and the highest maximum dielectric constant was found in the BZT ceramic
sintered at 1550°C.

Keywords Barium zirconate titanate; microstructure; phase formation; mixed oxide

Introduction

Barium titanate (BaTiO3, BT) is well known as a fundamental ferroelectric perovskite
oxide [1] and is often used in multilayer ceramic capacitors (MLCs) due to its” high di-
electric constant [2]. BaTiO3 displays dielectric anomalies at 130, 0, and —90°C with
respective transformations in symmetry from cubic to tetragonal, from tetragonal to or-
thorhombic, and from orthorhombic to rhombohedral, respectively. Those anomalies are
accompanied by a high dielectric constant near the phase transition [3]. The nature and
phase transition temperature of BT can be modified via the partial substitution of either
Ba ions (A-site doping) or Ti ions (B-site doping). A-site doping with cations of the same
valence as Ba causes the Curie temperature (T;) (~130°C) to either decrease (Sr substi-
tution) or increase (Pb substitution) without any significant broadening of the transition
[4]. With B-site doping, the ferroelectric domains, which are associated with a cooperative
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Figure 1. XRD patterns of Ba(Zrg 3 Tig 7)O3 powders: (v) BaCOs; (¢) ZrOy; (e)BaZrOs.(0)BayZrOy;
(*) BaTiO;.

off-center displacement of Ti** ions in their TiOg octahedra, are disrupted, which often
leads to a broadening of the transition at T.. Partial replacement of titanium by tin or hafnium
generally leads to a reduction in T and an increase in the permittivity maximum with dopant
content [5].

Barium zirconate titanate (Ba(Zr, Ti;_,)Oz3) is obtained by substituting ions at the B
site of BaTiO3 with Zr ions. This substitution results in a decrease in the temperature
and a broadening of the permittivity maximum [6]. Brajer and Kulscar showed that, as
the zirconium content increases, the orthorhombic-tetragonal phase transition temperature
increases and the tetragonal-cubic phase transition temperature decreases [7, 8]. At a Zr/Ti
ratio greater than 0.10, the three dielectric constant peaks coalesce into a single broad
maximum [9]. Ba(Zr, Ti;—, )O3 with 0.20 < x < 0.35 ceramics were prepared by a sol-gel
process [10]. The dielectric study of the ceramics showed a normal ferroelectric with weak
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Table 1
The percent perovskite phase, average particle size, average grain size, T, and density of
BZT.
Calcined powders Sintered ceramics

Calcination % Average Sintering Average
temperatures  perovskite particle temperatures grain Te Density
(°C) phase (%)  size (um) (°C) size (um)  (°C)  (g/cm?®)

800 68 0.26 1400 3.1 -64 5.70
1000 80 0.31 1450 7.2 —-64 5.74
1200 83 0.79 1500 115 -63 5.78
1250 91 0.87 1550 12.2 -63 5.80
1300 100 0.91 1600 20.8 -92 5.69

1350 100 1.37

Figure 2. SEM photographs of BZT powders calcined at (a) 800°C, (b) 1200°C, (c) 1250°C and (d)
1350°C.
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Figure 3. XRD patterns of Ba(Zr,3Tip7)O3 ceramics.

diffuse phase transition behaviors for the ceramics with x = 0.20 and 0.25 [10]. The diffuse
phase transition and a relaxor-like behavior were found at high Zr contents (x = 0.30 and
0.35). The tunability and dielectric loss of Ba(Zry3Tip7)O3s (BZT) ceramic measured at
room temperature under the biasing field 40 kV/cm are 45% and 0.002, respectively [11].
This make the Ba(Zr3Tip7)O3; BZT ceramic promising material for tunable materials
applications. However, to the author’s best knowledge, the effect of firing temperature on
crystal structure and morphology of Ba(Zry 3Tig7)O3 powders and ceramics prepared by
mixed oxide method have not been reported yet. Therefore, in the present work, the effect
of calcination and sintering temperatures on microstructure and the phase formation of
Ba(Zry3Tig.7)O3 (BZT) ceramics prepared via a solid state reaction method was chosen.
This would extend an understanding on the processing-properties relationships in the BZT
ceramics.
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Figure 4. SEM photomicrograph of BZT ceramics sintered at (a) 1450°C, (b) 1500°C, (c) 1550°C
and, (d) 1600°C.

Experimental

The starting materials were commercially available barium carbonate, BaCOj3 (99%) tita-
nium (1V) oxide, TiO, (99%) and zirconium (IV) oxide, ZrO, (99%). Barium zirconate
titanate (Ba(Zrp3Tip.7)O3, BZT) powder was synthesized by the solid state reaction of thor-
oughly ground mixtures of BaCO3, TiO, and ZrO, powders by a ball milling procedure
(zirconia milling media under ethanol for 24 h). Drying was carried out at 120°C for 4 h.
After sieving, the mixture was calcined at various calcination temperatures, ranging from
800 to 1350°C, with a dwell time of 4 h and heating/cooling rate of 5°C/min. The calcined
powders were then pressed into disks with a diameter of 15 mm at a pressure of 40 MPa.
The pellets were sintered from 1400 to 1600°C for 2 h and cooled in a furnace. For electrical
measurements, silver paste was fired on both sides of the polished samples at 500°C for
30 min and used as electrodes.

X-ray diffraction (XRD; Philip PW3040/60 X’ Pert Pro) was employed to identify the
phase formed and optimum temperature of BZT powders and ceramics. Calcined powders
and sintered ceramics morphologies were imaged using scanning electron microscopy
(SEM; LEO 1455 VP). Densities of sintered ceramics were measured by Archimedes
method and the average grain size was determined by using a mean linear intercept method.
The capacitance was measured with a LCR meter (Agilent 4263B) ranging from —170 to
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Figure 5. Variation of maximum dielectric constant and density of BZT ceramics as function of
sintering temperatures.

25°C. The dielectric constant (g,) was calculated using the geometric area and thickness of
the discs.

Results and Discussion

XRD patterns of BZT powders calcined at various temperatures are plotted in Fig. 1. After
calcination at 800°C, the crystalline phase of BZT was accompanied with BaCO3 and ZrO,
as separate phases, whose X-ray peak matches the JCPDS file number 41-0373 [12] and
24-1165 [13]. As the temperature increased to 1000°C, the peaks corresponding to the raw
materials disappeared, while the intensities of the BaTiO3, BaZrO3; and Ba,ZrO, peaks
became minor phases, which can correlate with JCPDS file number 03-0726 [14], 06-0399
[15] and 24-0130 [16] respectively. After calcination at 1250°C, the peaks corresponding
to BaTiO3, BaZrO3; and Ba,ZrO, were not detectable. Evidently, a single phase of BZT
is formed by calcination at 1300°C. The strongest reflections in the majority of the XRD
patterns can be identified as the perovskite phase of the composition Ba(Zry3Tig7)O3,
which can be matched with the JCPDS file number 36-0019 [17]. To a first approximation,
this phase is a cubic perovskite type structure.

The percentage of the perovskite phase of BZT powders as a function of calcination
temperatures was calculated. The perovskite phase of 800 to 1250°C calcined samples did
not reach a hundred percent. The single phase of perovskite of the calcined samples at a
temperature higher than 1300°C was formed. The percentage of the BZT perovskite phase
was increased with increasing of calcination temperatures listed in Table 1.

SEM photographs of BZT powders calcined between 800 and 1350°C are shown in
Fig. 2. These powders exhibit an almost spherical morphology and have a porous agglom-
erated form. As the temperature increased, more agglomerate particles could be observed.
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The average particle size tended to increase as calcination temperatures increased as shown
in Table 1.

The BZT powders, calcined at 1300°C, were pressed into pellets and sintered at various
temperatures. The XRD patterns of sintered ceramics are plotted in Fig. 3. It confirms that all
samples were free of minor phase peaks. BZT ceramics are identified as a single phase with
a perovskite structure which has a cubic symmetry, as reported in previous investigations
[18].

Microstructure developments of sintered pellets were investigated by SEM. The surface
of BZT ceramics at various sintering temperatures from 1450 to 1600°C are shown in Fig. 4.
The average grain sizes increased from 3.9 to 25.1 um (Table 1) with increasing of sintering
temperature from 1400°C to 1600°C and the results also show a nonuniform distribution
of grain size. These results agreed with previous work [11].

The maximum of dielectric constant (e, max) increased from 3600 to 5800 as the
sintering temperature increased from 1400 to 1550°C. A further increase in the sintering
temperature to 1600°C results in a drop in the values of &, max to 4300 as show in Fig. 5. In
the sintering temperature range of 1400 to 1550°C, the density increases with increasing
sintering temperature. Further increase in the temperature to 1600°C leads to the decrease
of the density (Figure 5). This feature creates a maximum density value of 98.3 % of
theoretical density which is comparable to the value of JCPDS file No. 36-0019. The
maximum dielectric constant corresponded with the density. The Curie temperature (T,) of
BZT ceramics are shown in Table 1. The T, of BZT ceramics sintered between 1400 and
1550°C were about —63°C. While, the T, of BZT ceramics sintered at 1600°C dropped to
—92°C. These results suggested that the optimum sintering temperature of BZT ceramics
is 1550°C. The decrease in &, max, density and T, of 1600°C sintered ceramic indicated that
the composition of BZT was changed with a high sintering temperature.

Conclusion

Ba(Zro 3 Tig.7)O3 powders can be formed through the reaction of barium carbonate, titanium
(IV) oxide and zirconium (IV) oxide via calcined temperature at 1300°C. The resulting
BZT powders were more agglomerated as the calcination temperature increased. BZT
ceramic was identified by XRD as a single phase with the perovskite structure having cubic
symmetry and the effect of sintering temperature on the densification, average grain size
and dielectric properties was investigated. High density and dielectric constant of BZT
ceramics were obtained for the sintering temperature about 1550°C.
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The Influence of Calcination Temperature on Phase
and Morphology of Ba(Sng o5 Tig.95)O3 Powders
Synthesized via Solid State Reaction Method and
Combustion Technique

THEERACHAI BONGKARN* AND
CHAKKAPHAN WATTANAWIKKAM

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

Barium stannate titanate [Ba(Sng o5 Tip.95)O3; BST5] powders were synthesized via a
solid state reaction and combustion techniques. The single perovskite phase of BST5
powders was found with calcinations temperature of 1200°C for both techniques. The
percent of perovskite and lattice parameter a increased with an increase of calcinations
temperature. The average particle size increased from 0.54 to 0.86 um for the solid
state reaction method and 0.35 to 0.78 um for the combustion technique when increas-
ing calcinations temperature from 600 to 1200°C. The average particle size from the
combustion technique was smaller than the solid state reaction method.

Keywords Solid state reaction method; combustion technique; morphology; phase
formation

Introduction

Barium Stannate Titanate [Ba(Sn;_xTix)O3; BST] is a binary solid state system composed
of ferroelectric barium titanate and non-ferroelectric barium stannate [1]. This material
was one of earliest prototypes for a diffused phase transition study. The crystallographic
phase structure evolves from tetragonal, to orthorhombic, to rhombohedral to cubic with an
increased tin composition at room temperature [2]. The properties of this material, such as
Curie temperature or dielectric maximum of BST, can widely shift by changing the Sn ion
content. Moreover, the permittivity is very high and the temperature is bias field sensitive.
BST can be used in various applications, such as capacitors, bolometer, actuators [3, 4] and
microwave phase shifters [5—7]. A survey of literature has reported that the BST has been
successfully prepared via a mix of hydrothermal and solid state reactions. It started from
the hydrothermal synthesized BaTiO3 powders, mixed by ball milled with the raw materials
BaCO3 and SnO,, and then calcined at 1000-1100°C for 3 h. The calcined powders were
sintered at 1250-1500°C for 2 h [1]. They suggested that this solution system is a mutual
soluble and the lattice constant was increased as the Sn content increased [1]. The relaxation
behavior of BST ceramics can be observed in the samples with 0.2 < x < 0.3 [8].
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It is well known that the mixing of hydrothermal and solid state reaction methods
is intricate, and difficult for preparation. The conventional solid state synthetic route is
probably one of the most fundamental and practical method which has been used, devel-
oped, and modified in the both scientific research and industry mass production for many
years [9, 10]. Furthermore, in recent years, many researchers have been interested in the
preparation of oxide ceramics by the combustion technique, because of its simplicity, fine
and agglomerating free crystalline particles and it can also calcinate at a lower temperature
[11]. However, a detailed study of the synthesis and characterization of [Ba(Sng.o5 Tio.95)O3;
BST5] powders via solid state reaction and combustion techniques have not been reported
yet. Therefore, in the present work, the Influence of calcinations temperature on the phase
formation and morphology of barium stannate titanate powders synthesized via solid state
reaction and combustion technique were investigated.

Experimental

The [Ba(Sng g5 Tig.95)O3; BST5] powders were synthesized via the solid state reaction and
combustion techniques. The raw materials of barium carbonate (99%), stannate oxide
(99%) and titanium oxide (99%) were weighted in the required stoichiometric ratio and
ball-milled in a zirconia milling media under ethanol for 24 hours. The suspensions were
dried and the powder ground using an agate motar and sieved into a fine powder. Then, the
mixed powders were calcined with temperatures ranging from 600 to 1200°C for 4 hours.
Thermogravimetric and differential thermalanalysis (TGA-DTA) techniques were used to
monitor the thermal behavior of the reaction between the oxides precursors in the powdered
mixture. The calcined powders were subsequently examined by X-ray diffraction (XRD)
to identify the phase formed and optimum calcinations temperature of the BST5 powders.
The powders morphologies and particle size were directly imaged by using the scanning
electron microscope (SEM). For the combustion technique, the mixture of raw materials
and the fuel, urea, in the ratio of 1:2 were well-mixed before the calcination step and the
other processes were the same as the solid state reaction method.

Results and Discussion

The DTA-TGA curves obtained for the stoichiometric properties of BST5 synthesized via
a solid state reaction method and combustion technique are shown in Fig. 1(a) and 1(b). In
Fig. 1(a) the weight loss, observed above 600°C, corresponded to the chemical reaction of
the raw material between BaCO3, SnO; and TiO,. A strong chemical reaction occurred at
about 800°C, 969°C and again at 1200°C. Figure 1(b), the TGA curves showed two distinct
weight losses. The first weight loss occurred below 300°C, due to the melting of urea and
corresponded to the endothermic peak at about 160°C and 228°C. The second one began
at 300°C, which can be attributed to the rapid vaporization of water and gas caused by the
melting of the urea. This related to the endothermic peak in the DTA curve at 360, 426,
490 and 578°C. The chemical reaction between BaCQOj3, SnO, and TiO, was obtained and
related to the small endothermic peak at 702°C. No abnormality was detected in the TGA
curve above 750°C, whilst the reactions were continuous to 1200°C. The endothermic peak
at around 1200°C was due to the formation of the BST5 perovskite phase. These data were
used to define the range of temperatures for XRD investigation.

The XRD pattern of BST5 powders prepared by a solid state reaction method and
a combustion technique are shown in Fig. 2(a) and 2(b). The diffraction synthesis line
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Figure 1. TGA-DTA curves for the mixture of BST5 powders synthesized via (a) solid state reaction
method and (b) combustion technique.

can be indexed on the basis of the cubic structure. The impurity of BaCO3, BaO, BaO,,
SnO, Sn0O,, TiO, TiO,, BaSnO3, Ba,TiO, and BaTiO3z; were discovered at calcination
temperatures below 1200°C in both the solid state reaction and combustion techniques.
The pure cubic perovskite phase was found in powders calcined at 1200°C in both the
solid state reaction method and combustion technique. This observation agrees with those
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Figure 2. XRD patterns of BST powders prepared by solid state reaction method; (®)BaCOs3,
(@)Ba0,, (©)TiO,, (#)BaTiOs, ()SnO, (0)TiO, (O)SNO,, (¢)BaSn0Os, (#)BaO and (V)Ba, TiO,.
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Percent perovskite, lattice parameter a and average particle size of BST5

Solid state reaction method

Combustion technique

Percent Lattice  Average Percent Lattice  Average
Calcined perovskite perameter particle perovskite perameter particle
Temperature (°C) (%) a(R)  size (um) (%) a(R)  size (um)
600 34.3 — 0.54 33.7 — 0.35
800 81.5 4.0025 0.59 83.7 3.9983 0.36
1000 84.0 4.0067 0.61 86.2 4.0008 0.39
1050 87.4 4.0069 0.66 91.0 4.0027 0.48
1100 89.6 4.0088 0.68 95.6 4.0068 0.59
1150 94.8 4.0138 0.73 98.5 4.0096 0.69
1200 100 4.0185 0.86 100 4.0117 0.78

Figure 3. SEM morphology of BST5 powders (a) calcined at 800°C via solid state reaction method
(b) calcined at 1200°C via solid state reaction method (c) calcined at 800°C via combustion technique
and (d) calcined at 1200°C via combustion technique.
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derived from the DTA-TGA result. The percentage of BST5 perovskite phase increased
with an increase of the calcinations temperature, demonstrated in Table 1.

The lattice parameter a tended to increase as calcinations temperature increased: list
in table 1. This result indicated that the calcinations temperature is directly affected the
crystal structure and the phase formation of BST5 powders.

Figure 3 shows the SEM photographs of BST5 powders synthesized via solid state
reaction method and combustion technique. According to the SEM micrographs, the particle
sizes were spherical and have a porous agglomerated form. The average particle sizes of
BST5 were 0.54-0.86 um for the solid state reaction method and 0.35-0.78 um for
the combustion technique. Correspondingly, the average particle size of both techniques
increased with increased calcinations temperatures, as showed in Table 1. In each calcination
temperature, the average particle size via the combustion technique was smaller than with
the solid state reaction method.

Conclusions

Barium stannate titanate [Ba(Sngos Tio.g5)O3; BST5] powders can be synthesized via a
solid state reaction method and combustion technique. The pure cubic perovskite phase
was obtained with a calcination temperature of 1200°C for both techniques. The average
particle size and lattice parameter a increased with increased calcination temperature. The
average particle size and lattice parameter prepared from the combustion technique was
smaller than with the solid state reaction method. The calcinations temperatures have a
strong influence on the crystal structure, lattice parameter and homogeneity of the calcined
powders.
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The Preparation of Ba(Sng.1 Tip.9)O3 Ceramics
via a Solid State Reaction Method

THEERACHAI BONGKARN* AND
CHAKKAPHAN WATTANAWIKKAM

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

The optimum condition for the preparation of barium stannate titanate
[Ba(Sno.1Tig.g)O3; BST10] ceramics by solid state reaction method were studied. BST10
were calcined between 600 and 1200°C for 4 h and sintering temperatures ranged
between 1250 and 1450°C for 2 h. It was found that a high purity of perovskite powders
was obtained at a calcination temperature of 1200°C. The average particle size and
average grain size increased from 0.41 to 0.80 «m and 0.60 to 2.25 um by increasing
the calcined and sintered temperatures. The highest density and dielectric constant
were 5.51 g/cm® and 529 obtained from the ceramic sintered at 1350°C of sintering
temperature.

Keywords Barium stannate titanate; phase formation; microstructure; solid state re-
action

Introduction

Ba(SnxTiy_x)Oj3 is a ferroelectric solid solution which is synthesized by adding Sn ions at
the B-site of the BaTiO3. The Curie temperature or maximum dielectric constant can be
widely shifted by changing the tin content. Due to this, it has been identified as a capac-
itor, bolometer and actuator [1, 2]. Xiaoyong et al. [3] has revealed that Ba(SnyTi;_x)O3
ceramics with 0 < x < 1 prepared by mixed hydrothermal and a solid state reaction method
showed a mutual soluble and the lattice constant increased with increased Sn content.
The Ba(Sng.1 Tig.9)O3: BST10 showed abnormal dielectric properties and a strong electric
non-linearity [4]. These make BST10 ceramics interesting for dielectric amplifiers and
switching circuit snubbers [5-8].

It is well known that the mixed hydrothermal and solid state reaction method is com-
plicated and difficult. The solid state reaction method is interesting because it is probably
one of the most fundamental, practical, routine methods which has been used, developed
and modified in both scientific research and industrials mass production for many years
[9, 10]. A detailed study of the synthesis and characterization of Ba(Shg 1 Tigg)O3; BST10
ceramics by the solid state reaction method has rarely been reported in the literature. So,
in this present work, The Ba(Sng1 Tig.9)O3: BST10 ceramics were prepared by a solid state
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reaction method. The effect of the firing temperature on phase formation, crystal structure
and dielectric properties of BST10 ceramics were investigated.

Experimental

Ba(Sng.1 Tig.9)O3 ceramics were prepared by a solid state reaction method. The raw materials
of barium carbonate (BaCOj3), tin oxide (SnO,) and titanium oxide (TiO,) were weighted
and mixed by ball milling for 24 h in ethanol. After being dried and sieved, the mixture
was calcined from 600 to 1200°C for 4 h. The BST10 powders calcined at 1200°C were
reground by wet ball milling with 1 wt% binder for 24 h, then were dried and sieved again.
The powder mixtures were isostatically pressed into a pellet 15 mm in diameter. The green
pellets were sintered from 1250 to 1450°C for 2 h. The thermogravimetric and differential
thermal analysis (TGA-DTA) technique was used to monitor the thermal behavior of the
reaction between the oxides precursors carried out on the powdered mixture. The phase
formation of the calcined powders was analyzed by a X-ray diffractometer (XRD). The
microstructures of calcined powders and the sintered samples were examined using scanning
electric microscopy (SEM). The density measurement was by Archimedes’s method. The
dielectric constant at room temperature was also measured by a LCR meter.

Results and Discussion

The TGA-DTA curves, recorded at a heating rate of 10°C/min in air for an equimolar
mixture of barium carbonate, stannate oxide and titanium oxide, where the ratio of Sn:Ti
is 0.1:0.9, are show in Fig. 1. The TGA curve shows weight loss occured between 600 and
1000°C, due to the solid state reaction between BaCQOg3, SnO; and TiO,. This corresponded
to the endothermic peak in the DTA curve at 852 and 953°C. The DTA curve shows a broad

Figure 1. TGA-DTA curves for the mixture of BST10 powders prepared by solide state reaction
method.
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Figure 2. XRD patterns of BST10 powders prepared by solid state reaction method; (*)BaCOs,
(«)Ba0y, ()TiO,, (#)BaTiOz, ()SnO, (0)TiO, (0)SNO,, (¢)BaSn0s, (#)BaO and (V)Ba,TiO,.

characteristic at around 1190°C. No abnormality was detected in the TGA curve above
1000°C. These data were used to define the range of optimum calcination temperature.
For the XRD pattern of BST10 prepared by a solid state reaction method, calcination
temperatures from 600 to 1200°C are shown in Fig. 2. The X-ray analysis indicated that
the BST10 calcined at 600°C demonstrated secondary phases of BaCOj3, BaO, BaO;, SnO,
SnO;,, TiO, TiO,, BaSn0O3, BaTiO3 and Ba, TiO,4. At 800°C, the BST10 perovskite phase
was formed and the second phases of BaCO3, SnO, BaSnO3; and SnO, were detected as
a separate phase. As the temperature increased to 1000°C the crystalline phase of BST10
was accompanied by SnO, SnO,, TiO,, BaSnO3 and BaTiO3; phases. Between 1050 and
1150°C, the minor phase of SnO, Ba, TiO4, BaSnO3 and BaTiO3 remained. At the 1200°C,
the pure cubic phase perovskite of the calcined sample was formed. In general, BaTiOs is
formed at lower than 1200°C [11]. The initial formation of BaTiO3 starts by the reaction
of raw materials BaCO3; and TiO, at the grain boundary. At lower than 1100°C, the
reaction progresses, BaTiO3 and BaCO3 react to form Ba, TiO4 until the BaCOs3 is used
up. The remaining TiO, then reacts with Ba,TiO,4 to form BaTiOj3 at lower than 1200°C.
Therefore, in this study, BST10 and BaTiO; separately formed at lower than 1200°C. XRD
investigation matches with data received from the TGA-DTA results. The percentage of
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Table 1
Percent perovskite phase, lattice parameter a, average particle size, average grain size,
density, shrinkage and dielectric constant of BST10

Calcined powder Sintered ceramics

percent Lattice  Average Sintering  Average
Calcined perovskite parameter particle temperature grain  Shrinkage
temperature (°C) phase (%) a (A)  size (um) (°C) size (um) (%)

600 23.0 — 0.41 1250 0.60 7.33
800 83.8 4.0193 0.50 1300 0.71 9.33
1000 85.5 4.0202 0.51 1350 1.22 14.67
1050 88.7 4.0216 0.59 1400 1.62 14.67
1100 91.2 4.0233 0.67 1450 2.25 16.00
1150 94.5 4.0245 0.69
1200 100 4.0260 0.80

BST10 perovskite phase increased with increased calcination temperature, demonstrated
in Table 1.

The lattice parameter @ was calculated and is illustrated in Table 1. The lattice parameter
a tended to increase with an increase of calcianation temperatures. This indicated the

Figure 3. SEM morphology of BST10 (a) powder calcined at 800°C (b) powder calcined at 1200°C
(c) ceramic sintered at 1300°C and (d) ceramic sintered at 1450°C.



07:48 10 June 2009

Downl oaded By: [Bongkarn, Theerachai] At:

60/[518] T. Bongkarn and C. Wattanawikkam

Figure 4. Density and dielectric constant at room temperature of BST10 ceramics.

calcination temperatures have a direct bearing on lattice parameter and unit cell volume.
The pure cubic perovskite phase was found in all sintered samples.

SEM photographs of BST10 powders calcined at 800°C and 1200°C for 4 hours are
shown in Fig. 3 (a) and (b). The particle sizes are agglomerated and irregular in shape. The
average particle size increased from 0.41 to 0.80 «m as calcination temperatures increased
from 600 to 1200°C (Table 1). Figure 3 (c) and (d) shows the SEM photographs of BST10
ceramics samples sintered at 1300°C and 1450°C. These photographs show well-developed
grain size and dense microstructure. The average grain size increases with increasing
sintering temperatures from about 0.60 to 2.25 um when the sintering temperatures are
between 1250 to 1450°C, as shown in Table 1. Moreover, porosity was evidenced in the
ceramics sintered at low temperature.

The shinkage of BST10 ceramics increased when sintering temperature increased as
seen in Table 1. The density and dielectric constant at room temperature of BST10 ceramics
with different sintering temperatures are shown in Fig. 4. The density and dielectric constant
was increased by sintering tempertures up to 1350°C. A further increase in the sintering
temperature resulted in a drop of both values. The highest density and dielectric constant
were 5.51 g/cm?® and 529 obtained from the ceramic sintered at 1350°C. This result also
indicated that the dielectric constant is relative to the density of ceramics.

Conclusions

Barium stannate titanate, BST10 can be prepared by the solid state reaction method and
formed by the reaction of barium carbonate, stannium oxide and titanium oxide at 1200°C
of calcination temperature. Particle sizes and grain sizes were increased with increased
calcination and sintering temperatures. Maximum density and dielectric constant were
obtained from the ceramic sintered at 1350°C. These results suggest that the calcination
and sintering temperature directly relate to phase formation, microstructure, density and
dielectric properties of BST10.
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ABATRACT

(PbyxSry)TiO3 (PST) (x=0.25, 0.50) powders were synthesized by a mixed oxide solid-
state reaction method under various calcination temperatures (600-1100°C). Powder samples were
characterized using thermogravimetric (TGA), differential thermal analysis (DTA), x-ray
diffractrometer (XRD) and scanning electron microscopy (SEM). The results showed that a single-
phase of PST for x=0.25 and 0.50 powders was successfully obtained with a calcination condition
of 950 °C for 2 h with a heating/cooling rate of 5°C/min. The TGA-DTA results corresponded to
the XRD investigation. The lattice parameter a increased whilst the lattice parameter ¢ decreased
with increasing calcination temperatures. The tetragonality of powders decreased with an increase
of calcination temperatures. The average particle size of the powders increased with the increase of
calcination temperature.

INTRODUCTION

(PbxSry)TiO3 (PST) is a complete solid solution of PbTiO3 (PT) and SrTiO; (ST). The solid
solution compounds were indexed in a tetragonal system for x< 0.5 and in a cubic one for x> 0.5.
The lattice parameters of (Pb;«Sry)TiO; continuously change but the changing tendency is
nonlinear [1]. The Curie temperature of PST is composition—dependent because it can be adjusted
from -200 to 490 °C by the ratio of PT and ST [2]. Xing et al. [1] demonstrated that the Curie
temperature of (Pb;,Sry)TiO; with x= 0.15, 0.20, 0.5 was 200 °C, 150 °C and below room
temperature. Zhao et al. [3] suggested that PST with x< 0.5 was a promising candidate as positive
temperature coefficients of the resistivity (PTCR). Furthermore, due to its large electric field—
dependent dielectric constant at a temperture near the Curie temperature, PST is highly suitable for
electronic and microelectronic applications, such as microwave devices, frequency tuning devices,
capacitors, sensors, etc [4-6].

(Pb«xSry)TiO3 were prepared by various techniques, such as hydrothermal reaction,
coprecipitation method, molten salt preparation, solvothermal synthesis, polymerized complex and
emulsion technique [7]. Almost all of these methods use high-purity inorganic or organic chemicals
with homogeneity and precise composition as the starting materials, but the production costs are
high with little quantity synthesized. The conventional mixed oxide solid-state reaction is more
economical for large batch processing of these ferroelectric materials [8]. However, the result of
calcining conditions on phase formation and microstructure of the PST powders with x=0.25 and
0.50 has not been reported in previous work. Thus, this study investigated the effects of calcining
conditions on the crystal structure and morphology evolution of PST powders with x =0.25 and 0.50
synthesized by the mixed oxide solid-state reaction method.

EXPERIMENTAL PROCEDURE

(PbyxSry)TiO3 (PST) (x=0.25, 0.50) was fabricated by the mixed oxide solid-state reaction
method using PbO, SrCO; and TiO, powders as starting materials. The powders were mixed by ball
milling for 24 h with ethanol as a solution media. The mixed powders were dried at 100 — 120 °C
for 6 h. After being dried and sieved, the powder mixture was calcined from 600 to 1100 °C for 2 h.
The reactions of the uncalcined PST powders with x=0.25 and 0.50 taking place during heat
treatment were investigated by differential thermal analysis (DTA) and thermo gravimetric analysis
(TGA). The calcined powders were subsequently examined by room temperature X-ray diffraction
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(XRD) using CuK radiation to identify the phases formed and optimum calcination condition for
the formation of PST powders with x=0.25 and 0.50. Powder morphology and grain size were
directly imaged using scanning electron microscopy (SEM).

RESULTS & DISCUSSION

The DTA-TGA simultaneous analysis of the powders mixed in a stoichiometric proportion of
PST with x=0.25 and 0.50 is displayed in Fig. 1(a) and 1(b). Fig. 1(a), the TGA curve of PST with
x=0.25 shows two distinct weight losses. The first weight loss occurred at 277 °C, which can be
attributed to the decomposition of the organic species from the milling process and related to a small
endothermic peak at 317 °C in the DTA curve. The second weight
loss was observed above 803 °C, which corresponded to the
endothermic peak at 916 °C on the DTA curve. Previous works
reported that synthesizing pure PbTiOs; is based on the solid-state
reaction between PbO and TiO,, typically at temperatures higher
than 630 °C [9] while pure perovskite of SrTiO; is produced by
the solid-state reaction between SrCOs; and TiO, at high
temperatures above 1000 °C [10]. Therefore, for PST with
x=0.25, the reaction between PbO, SrCO; and TiO, should begin
at a temperature higher than 800 °C and be completely firnished
(a) at temperatures higher than 920 °C. Fig. 1(b), -the DTA-TGA
trace of PST powder with x=0.50, -showed similar exothermic
and endothermic results as Fig. 1(a). The first weight loss was
found at 289 °C, and was caused by the decomposition of organic
species from the milling process and related to a small
endothermic peak at 322 °C in the DTA curve. The second
weight loss began at 840 °C, due to the chemical reaction of raw
materials and related to the endothermic peak at 957 °C in the
DTA curve. These data were used to define the range of
calcination temperatures.
XRD patterns of PST powders with x=0.25 and 0.50
(b) calcined at 600 - 1100 °C are shown in Fig. 2(a) and (b). For
Fig. 1 DTA-TGA curves for the powders with x= 0.25 and 0.50 calcined below 950 °C, X-ray
mixture of PbO, SrCO; and TiO, Peaks of raw materials and impurity such as PbO, SrCOs, TiO,
powders: (a) x = 0.25 and (b) x = and TiO appeared. A high purity of the tetragonal perovskite
0.50. phase was discovered in powders calcined above 950 °C. These
could be matched with JCPDS file number 06-0452 [11]. The
percent perovskite phase of PST powders with x=0.25 and 0.50 are calculated from formula (1) and
listed in Table 1. The purity of the perovskite phase rose with increasing temperatures and a hundred
percent of the perovskite phase was found above the calcination temperature of 950 °C.

1L
Y% perovskite phase 7 Loy 100 ( 1 )

perov Lo [Sr-coz Irzo2 7i0

This well-known equation is widely employed in connection with the preparation of complex
perovskite structure materials. 1 pemv,] Pboal Src03] rio, and [ referred to the intensity of the (101)

perovskite peak, intensities of the highest PbO, SrCO;, TiO; and TiO peaks, respectively.

The a-and c-axis lattice constants of PST powders with x=0.25 and 0.50 were calculated from
the (001)/(100) and (002)/(200) XRD peaks and are demonstrated in Fig. 3(a) and (b). With an increase
of the calcined temperature, the a axis parameter tended to increase, whereas the ¢ axis parameter
decreased greatly. The c/a ratio and unit cell volume of PST decreased with increasing calcined
temperatures as shown in Table 1. This indicated that the tetragonality decreased gradually to a cubic or
pseudo-cubic structure when the calcination temperatures increased. Moreover, at the same calcination
temperature, the c/a ratio and unit cell volume of PST powders with x=0.5 were lower than x=0.25 in
every calcined temperature. The lattice contraction was due to Pb being replaced by Sr with a smaller
ionic radius [12]. Furthermore, Kim and Kim [13] reported that the phase formation PST ceramics

a
o
3
@
<
)
a
°
3
3
®
H
B
1
a
°
3
2
&
2

*
o
®
Q
o
Q)
N
r

£



http://www.scientific.net/feedback/71711
http://www.scientific.net/feedback/71711

Key Engineering Materials Vols. 421-422 245

changed from the tetragonal structure to the cubic structure when the stoichiometric composition was
x=0.5.

=8 600°C E5) =) & & gz &=
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5 850 °C j‘}L
ot 900 °C j}{
iﬂ/ | A M A = M
= 950 °C A
= oA A A A
8 1000 °C Jk
e A A A —_ A
— 1100 °C
| & l A A A
JCPDS file no. 060452

T
50

N
S
o
=

26 (dgigrees)
(a) (b)
Fig. 2 XRD patterns of the PST calcined powders with (a) x = 0.25 and (b) x = 0.50 at various temperatures:
( PbO), ( SrCOs), (0 TiO,) and (o TiO).
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Fig. 3 The lattice parameters a, ¢ of the PST calcined powders at various temperatures:
(a) x=0.25 and (b) x=0.50.

SEM  micrographs of PST

calcined powders with x=0.25 and 0.50

are shown in Fig. 4. These powders

exhibited an almost spherical

morphology. In general, the particles are

highly agglomerated and basically

irregular in shape, with a substantial

(a) (b) variation in particle size. With an increase

of calcination temperatures, the average

particle size increased. The results also

indicated  that the  degree  of

agglomeration tended to increase with

increasing calcination temperature. The

average particle size of PST powders with

x = 0.25 and 0.50 was in the range of

() (d) 031-144 m and 030-1.09 m,
respectively.

Fig. 4 SEM Photographs of the PST powders with x=0.25 calcined at (a) 600 °C (b) 1100 °C and the PST
powders with x=0.50 calcined at (c) 600 °C (d) 1100 °C.
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o3
3 =h
Table 1. Percent perovskite phase, c/a ratio, unit cell volume and average particle size of the PST powders : 8
X Calcination % perovskite ¢/a ratio Unit cell Particle size % %
temperature phase volume ( m) Q)
(O (A% )
600 72 1.062 63.0 0.31 ~
800 79 1.061 63.0 0.48
850 88 1.058 62.9 0.57
900 93 1.056 62.8 0.63
0.25 950 100 1.028 61.3 1.03
1000 100 1.028 61.3 1.24
1100 100 1.025 61.4 1.44
600 25 1.051 62.6 0.30
800 51 1.047 62.5 0.47
850 65 1.046 62.5 0.55
0.50 900 72 1.036 62.0 0.62
950 100 1.012 60.7 0.77
1000 100 1.009 60.6 0.81
1100 100 1.007 60.6 1.09
CONCLUSIONS

Calcination temperatures have a strong influence on the crystal structure, microstructure,
lattice parameter, tetragonlality and percentage of the perovskite phase of calcined powders in both
compositions. The pure perovskite phase has been discovered when calcination temperatures are
above 950 °C. The lattice parameter ¢ decreases, while the lattice parameter a increases with
increasing calcined temperatures. The lattice anisotropy (c/a) decreases with increasing calcined
temperatures. The particles have a spherical form and tend to extend with the augmentation of
temperatures.
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Influences of Firing Temperatures on Phase and Morphology Evolution of
(Bay.2551¢.75)(Zrg 75Tip 25)O3 Ceramics Synthesized via Solid-State Reaction
Method
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ABSTRACT

The effect of calcination (1000-1400 °C) and sintering temperatures (1400-1600 °C) on the phase
formation and microstructure of barium strontium zirconate titanate [(Bag25Srg.75)(Zro.75T19.25)O3;
BSZT] ceramics were investigated. BSZT powders were prepared by the solid-state reaction
method. Higher calcination temperatures increased the percentage of the perovskite phase, but
decreased the lattice parameter a of BSZT powders. The pure perovskite phase of BSZT powders
was detected above the calcination temperature of 1350 °C. The microstructure of BSZT powders
exhibited an almost-spherical morphology and had a porous agglomerated form. The average
particle size and the average grain size of the ceramics were increased with the increase of
calcination and sintering temperatures. The highest density of the samples was 5.42 g/cm’® which
was obtained from ceramic sintered at 1550 °C for 2 h.

INTRODUCTION

A solid solution of barium titanate and strontium zirconate; (/-x)BaTiO3;—xSrZrO; exists in a single
phase for wide range of compositions. The solid solution exhibited paraeletric properties, was
chemically more stable, had a lower transition temperature (T.) and had a high dielectric constant
for x value above 0.2 [1]. (1-x)BaTiO3—xSrZrO; compounds have been applied in microwave
dielectric resonators which are miniature resonating devices used in microwave integrated circuits
[2]. The tunability and figure of merit of (Bag 75S10.25)(Zro.25T19.75)O3 thin films prepared by pulsed
laser deposition are 53% and 38 respectively and were promising candidates for microwave tunable
devices [1,3]. A literature survey has revealed that the sol-gel technique reaction has been used for
preparing (1-x)BaTiO;—xSrZrO; powders [4-6]. It is well known that this processing of sample
preparation is complex and expensive [7]. The solid-state reaction is probably one of the most
fundamental, practical and routine methods which has been used, developed and modified in both
scientific research and industrial mass production for many years [8,9]. However, a detailed study
of the synthesis and characterization of (Bag2s5Sro75)(Zry75Tip25)O3 ceramics by the solid-state
reaction has not been reported in the literature. So, in this present work, the
(Bag 25S10.75)(Zr9.75Ti925)O3: BSZT ceramics were prepared via solid-state reaction. The effect of
calcination and sintering temperatures on the phase formation and microstructure of BSZT ceramics
were also investigated.

EXPERIMENTAL PROCEDURE

The starting materials were commercially available: BaCO; (99%), SrCO; (99%), ZrO,
(99%) and TiO; (99%). Barium strontium zirconate titanate ((Bag25St¢.75)(Zro75Ti925)O03) powder
was prepared via the solid-state reaction method by thoroughly grounding mixtures of raw materials
by a ball milling procedure (zirconia milling media under ethanol for 24 h). Drying was carried out
at 120 °C for 4 h. After sieving, the uncalcined powders were calcined in temperatures ranging from
1000 to 1400 °C, with a dwell time of 4 h and a heating/cooling rate of 5 °C/min. The calcined
powders were then pressed into disks with a diameter of 15 mm at a pressure of 80 MPa. The pellets
were sintered from 1400 to 1600 °C for 2 h and cooled in a furnace. X-ray diffraction was employed
to identify the phase formed and the optimum temperature of the BSZT powders and ceramics. The

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 202.28.21.4-25/07/09,14:03:18)
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calcined powders and sintered ceramics morphologies were imaged using scanning electron
microscopy. The density of the sintered ceramics was measured by the Archimedes method. The
average particle size and the average grian size were determined by using a mean linear intercept
method. The dielectric measurements were carried out at 1 kHz using a LCD meter (Agilent 4263B)
at room temperature. The dielectric constant (g;) was calculated using the geometric area and
thickness of the discs.

RESULTS & DISCUSSION

XRD patterns of BSZT powders at different calcination temperatures are shown in Fig.1. The
diffraction lines were indexed on the basis of a cubic structure matched with JCPDS file number 03-
0632. The impurity phases of BaO, BaTiOs, TiO;, ZrO, and SrTiO; were discovered at calcination
temperatures below 1350 °C. The pure cubic perovskite phase was found in powders calcined higher
than 1350 °C. The relative amounts of perovskite phase were determined via measuring the major
XRD peak intensities of the perovskite phase. The percentage of perovskite phase was emitted by
the following equation:

1
% perovskite phase = o 100 (1)
1 1 1 IZr02 I SrTiO;

perov BaO BaTiO, TiO,

This equation is a well-know equation widely employed in connection with the preparation of
complex perovskite structure materials [10,11]. Here 7 L3051 atio, s Lnio, » L 70, @0d g7 refer

perov
to the intensity of the (110) perovskite peak, intensities of the highest BaO, BaTiOs, TiO,, ZrO, and
SrTiO; peaks, respectively. The percent perovskite phase of BSZT calcined powders at calcination
temperatures ranging from 1000 to 1400 °C for 4 h is shown in Table 1. The increase of phase
purity with increasing calcination temperature was evident.

The lattice parameter a decreased
with increasing calcination
temperatures, seen in table 1. The
changing of calcination temperatures
affected the lattice strain, which is
determined as the change in the d
spacing and the lattice parameter of
the samples [12]. This indicated that
the calcination temperatures affected
the crystal structure and the phase
formation.

Fig.2 (a) and (b) show the SEM
photographs of BSZT powders
calcined at 1300 and 1400 °C for 4 h.
These powders exhibited an almost
spherical morphology and had a
porous agglomerated form. The
average particle size of BSZT

) , powders were between 182 and 381
Fig. 1 XRD patterns of BSZT powders calcined at ;13 when calcined between 1000 and

various temperatures for 4 h: ( )BaO; ()BaTiOs; 1400 °C. The average particle size

(m)TiO; (7)) ZrOy; () StTiOs. increased as calcination temperatures
increased, as shown in table 1.
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Table 1. The percent perovskite phase, lattice parameter a and average particle size of BSZT powders

Calcined Percent perovskite  Lattice parameter a Average
temperature phase (%) (A) particle size
°C) (nm)
1000 71.5 4.1146 182
1100 73.5 4.1137 195
1200 77.1 4.1128 204
1300 95.3 4.0855 251
1350 100 4.0829 322
1400 100 4.0785 381

The calcined powders obtained
at 1350 °C were pressed into
pellets and sintered from 1400 to
1600 °C for 2 h. The phase
formation behavior of the
sintered ceramics was revealed
by the XRD method. The BSZT
ceramics were identified as a
single phase in all samples with
a perovskite structure which has
a cubic symmetry.

The lattice parameter a as a
function of sintering
temperatures in this study is
shown in Table 2. The lattice
parameter a decreased with the
increasing of sintering
temperatures. The decrease of
lattice parameter a may be caused
by the changing of the lattice
strain which was similar in the
calcined powders. This indicated
that sintering temperatures have a direct significance on the lattice parameter.
The SEM photographs of the BSZT surface of the sintered ceramics are shown in Fig. 2 (c) and (d).
It was evident that the porosity decreased with the increase of the sintering temperature. The
average grain sizes of the BSZT ceramics increased from 0.88 to 2.60 m when the sintering
temperatures increased from 1400 to 1600 °C as shown in Table 2.
The measured density, shrinkage and dielectric constant at room temperature with a variation in the
sintering temperatures are shown in Table 2. It can be seen that the density and dielectric constant
were first increased by sintering temperatures, reached a maximum at 1550 °C and then dropped in
value when the sintering temperature was higher than 1550 °C. The highest density of this work was
5.42 g/em’ and the highest dielectric constant was 93 which was sintered at 1550 °C for 2 h. These
results indicated that the dielectric constant is relative to the density of the ceramic. The percent
shrinkage of the pellet samples increased with the increase of sintering temperatures as is shown in
Table 2.

Fig. 2 SEM photomicrographs of the powders calcined at : (a)
1300 °C and (b) 1400 °C, for 4 h and the pellets surface
sintered at : (c) 1500 °C and (d) 1600 °C, for 2 h.
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Table 2. The lattice parameter a, density, shrinkage, average grain size and dielectric constant at
room temperature of BSZT ceramics

Sintered Lattice parameter ~ Density Shrinkage Average grain Dielectric
temperature a (g/ cm’ ) (%) size constant (&)

(°C) A) (_m)

1400 4.0811 5.38 5.13 0.88 59
1450 4.0811 5.39 5.49 1.24 65
1500 4.0785 5.41 10.39 1.45 79
1550 4.0759 5.42 16.95 1.64 93
1600 4.0682 5.41 17.68 2.60 79

CONCLUSIONS

(Bag 25S10.75)(Zr.75Tip25)O3 powders can be obtained from a solid-state reaction method. The pure
cubic perovskite phase was obtained with a calcination temperature of 1350 °C. The resulting BSZT
powders became more agglomerated as the calcination temperature increased. A maximum density
of 5.42 g/ cm’ and maximum dielectric constant of 93 were obtained from the ceramic sintered at
1550 °C for 2 h. The calcination and sintering temperatures have a strong influence on the crystal
structure, lattice parameter and homogeneity of the calcined powders and the sintered ceramics.

ACKNOWLEDGEMENTS

This work was supported financially by the Thailand Research Fund (TRF), Commission on Higher
Education (CHE), Faculty of Science, Naresuan University. Thanks also to the Science Lab Center,
Faculty of Science, Naresuan University for support facilities. Acknowledgements also to Mr. Don
Hindle, for his helpful correction of the manuscript.

REFERENCES

[1] X. Tang, J. Wang and H.L.W. Chan, J. Cryst. Growth, 276 (2006), p. 453.

[2] J.S. Kim and S.G. Yoon, J. Vac. Sci. Technol. B, 18 (2000), p. 216.

[3] W.J. Kim, W. Chang, S.B. Qadri, J.M. Pond, S.W. Kirchoefer, D.B. Chrisey and J.S. Horwitz,
Appl. Phys. Lett., 76 (2000), p. 1185.

[4] X.G. Tang, K.H. Chew and H.L.W. Chan, Acta. Mater., 52 (2004), p. 5177.

[5] X.G. Tang, X.X. Wang, K.H. Chew and H.L.W. Chan, Solid State Commun., 136 (2005), p.
89.

[6] M. Veith, S. Mathur, N. Lecerf, V. Huch, T. Decker, H.P. Beck, W. Eiser and R. Haberkorn,
J. Sol-Gel Sci. Technol., 15 (2000), p. 145.

[7] T. Ahmad and A.K. Ganguli, J. Am. Ceram. Soc., 89 (2006), p. 3140.

[8] T.R. Shrout, P. Papet, S. Kim and G.S. Lee, J. Am. Ceram. Soc., 73 (1990), p. 1862.

[9] B.V. Hiremath, A.I. Kingon and J.V. Biggers, J. Am. Ceram. Soc., 66 (1983), p. 790.

[10] N. Vittayakorn, R.Gobwute, T. Xiaoli, A. Meagen, Marquardt and D. Cann, J. Appl. Phys.,
96(9) (2004), p. 5103.

[11] N. Vittayakorn, G. Rujijanagul, T. Tunkasiri, T. Xiaoli and D. Cann, J. Mater. Res., 18(12)
(2003), p. 2882.

[12] S. Eitssayeam, U. Intatha, K. Pengpat, G. Rujijanagul, K.J.D. MacKanzie and T. Tunkasiri,
Curr. App. Phys. (In Press).

e-mail: researchcmu@yahoo.com

Fax: +6655-963-501

£

1DBIU0D - JUBWIWOD - } NSU0d

[ )12eqpasy

mmmmmmm



http://www.scientific.net/feedback/71712
http://www.scientific.net/feedback/71712

Functional Materials Letters
\ol. 2, No. 4 (2009) 193-197
© World Scientific Publishing Company

World Scientific

www.worldscientific.com

| 5

EFFECT OF SINTERING TEMPERATURE ON THE CRYSTAL
STRUCTURE, MICROSTRUCTURE AND PHASE TRANSITION
OF (Pby_xSrx)TiO3 CERAMICS
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Polycrystalline (Pby_x Srx)TiO3 (PST) (x = 0.25, 0.50) ceramics were synthesized by the solid-state reaction method. PST sintering
temperatures ranged between 1050-1250° C. The samples were characterized by X-ray diffractometer (XRD) and scanning electron
microscopy (SEM). The sintered pellets showed pure perovskite in all samples. The lattice parameter ¢ increased, while the lattice
parameter a decreased with increasing sintering temperatures. The tetragonality and average grain sizes increased when sintering
temperatures were increased. The dielectric constants vs temperature curves of PST ceramics with x = 0.25 and x = 0.50 associated
with the ferroelectric to paraelectric phase transition, showed a maximum peak at around 311 and 139°C, respectively. The dielectric
constants of both compositions were related with their densities.

Keywords: Lead strontium titanate; tetragonality; sintering temperature; crystal structure; microstructure.

Lead strontium titanate (Pb;_xSry)TiOs (PST) is cur-
rently being investigated as a potential candidate material
for future tunable microwave device components (such as
resonators, filters, etc.) and for ultra-large scale integration
dynamic random access memory (DRAM) capacitors.! PST
is a ferroelectric solid solution between PbTiO3 and SrTiO3
with a tetragonal or cubic structure and has physical proper-
ties which vary depending on its composition.2 Zhang et al.2
reported that the phase transition from the tetragonal structure
of pure PbTiO3 to the cubic structure of SrTiO3 occurred at the
stoichiometric composition of (Pbg 50Srg 50) TiO3. The phase
diagram of a PST solid solution was studied by Nomura and
Sawada® and recently, in Sr rich samples by Lemanov et al.® It
was found that the Curie temperature decreased linearly with
the increase of Sr content. The pure phase PST has a very high
relative permittivity in the desirable application temperature
range. For example, a PST film with a Pb/Sr ratio of 40/60
reported by Kim et al.®7 has a dielectric constant and tunabil-
ity of 335 at 100 kHz and 47.89% at 250 kV/cm, respectively.

(Pb1_xSrx)TiO3 was prepared by various techniques,
such as the sol-gel method,8~10 soft chemical process,!
co-precipitation method,’? and complex polymerization

*Corresponding Author.
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method.13 Almost all of these methods use high purity inor-
ganic or organic chemicals with homogeneity and precise
composition as the starting materials but the production costs
are high with little quantity synthesized. The conventional
solid-state reaction method is more economical for large batch
processing of these ferroelectric materials.* However, the
effect of sintering temperature on the PST ceramics prepared
via the solid-state reaction method had not been observed yet.
Therefore, investigating the effects of sintering conditions on
the crystal structure, microstructure and phase transition of
PST ceramics with x = 0.25 and 0.50 (henceforth called as
PST25and PST50, respectively) synthesized by the solid-state
reaction method was studied in this work.

PST (PST25 and PST50) ceramics were prepared by a
conventional solid-state reaction of lead oxide (99% PbO),
strontium carbonate (98+% SrCO3) and titanium oxide (99%
TiO2). The raw materials were ball milled with stabilized zir-
conia balls and ethanol for 24 h, and then calcined at 950°C
for 2h®® and sintered at 1050-1250°C for 3h. The crystalline
phase structures of the PST were analyzed by X-ray diffraction
(XRD) with CuK,, radiation. Scanning electron microscopy
(SEM) was used to examine the surface morphologies and
cross-sectional micrographs. Lattice parameters ¢, a and c/a
ratio were determined from the (001)/(100) and (002)/(200)
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reflections plane obtained by a calculation based on XRD
peaks. The average particle size and average grain size of
samples were determined by using the linear interception
method. The apparent density of the samples was measured by
the Archimedes method. Dielectric measurements were per-
formed using an LCR meter (Agilent 4263B), and the mea-
suring frequency was 1 kHz.

The XRD patterns of PST25 and PST50 ceramics sin-
tered at various temperatures are shown in Figs. 1(a) and 1(b),
respectively. The sintered pellets showed a pure perovskite
in both compositions. The diffraction patterns of PST25 and
PST50 could be indexed with respect to a tetragonal structure.
Our data matched well with JCPDS data file No. 06045216 and
earlier reports.1”-18 Moreover, it is noted that the (001)/(100)
and (002)/(200) peaks are clearly separated in the PST25 pat-
tern. With increasing Sr content from 0.25 mol% to 0.50 mol%,
the peaks shifted slightly towards a higher angle. However,
there were still a few overlapping peaks in both (001)/(100)
and (002)/(200) for the PST50 sintered ceramics, showing a
certain degree of tetragonality.

Figure 2(a) shows lattice parameters a, ¢ of PST25 sin-
tered ceramics. The lattice parameter a decreased, while
the lattice parameter c increased with an increased sintering
temperature. For PST50, the results tend to be similar to
PST25. Figure 2(b) shows the c/a ratio of PST25 and PST50
ceramics as a function of sintering temperatures. When the sin-
tering temperature increased from 1050-1250°C, the c/a ratio
of PST25 and PST50 was increased from 1.024-1.028 and
1.007-1.010, respectively. Furthermore, at the same sintering

@

temperature, the c/a ratio of the PST ceramics decreased with
an increase of Sr content (from 0.25mol% to 0.50 mol%).
The reduction of the c/a ratio is due to the decrease of
the ¢ parameter and the a parameter which remains almost
unchanged with the increase in Sr content. It was confirmed
that Sr-doped in PT could reduce the tetragonality of PT
ceramics.*13

The SEM photographs of PST sintered ceramics at var-
ious temperatures are shown in Fig. 3. It was found that
increasing sintering temperatures help grain size grow in both
compositions. The average grain size in PST25 and PST50
increased from 0.4 to 1.1um and 0.4 to 0.9 um (Table 1),
in agreement with the previous work by Sheng et al. and
Yimnirun et al.1®2% A porous microstructure with small
grain size is observed in the PST25 sintered at 1050°C. The
increase of sintering temperature in this composition signif-
icantly promoted the grain growth and microstructural den-
sification. However, the grain size of PST25 sintered above
1150°C also displayed very high degree of porosity. For
PST50, very high porosity was observed at low tempera-
ture, while good densification and homogenous microstruc-
ture were exhibited when the sintering temperature was
above 1200°C. Furthermore, the cross-section microstruc-
tures of the PST25 displayed predominantly intra-granular
cleavage with sintering temperatures above 1150°C. The
PST50 ceramic changes from fully inter-granular to fully
intra-granular at a sintered temperature of 1250°C. The result
indicated that the sintering temperatures strongly affect grain
boundaries.

(b)

Fig. 1. XRD patterns of the PST sintered ceramics at various temperatures: (a) PST25 and (b) PST50.
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(b)

Fig. 2. (a) The lattice parameters a, ¢ of the PST25 sintered ceramics at various temperatures. (b) The lattice anisotropy (c/a) of PST25 and PST50 ceramics

as a function of sintering temperature.

@) (b)
(c) (d)
(e) ()

Fig. 3. Surface morphologies and cross-sectional micrographs of the PST25
sintered ceramics: (a) and (b) sintered at 1050°C, (c) and (d) sintered at
1150°C, (e) and (f) sintered at 1250°C.

Table 1. The average grain size, density, shrinkage and dielectric constant
of the PST sintered ceramics.

Sintering Average Density Shrinkage Dielectric
temperature  grain size (g/cm3) (%) constant
(°C) (um) at Te
X 25 50 25 50 25 50 25 50
1050 04 04 719 65 7.3 8.0 - 1,300
1100 06 05 740 657 133 126 - 4,000
1150 11 05 766 659 153 14.0 18,000 5,500
1200 08 06 740 6.60 146 144 14200 6,000
1250 11 09 710 661 146 153 13,600 7,900

The density and shrinkage of PST25 and PST50 ceram-
ics with sintering temperatures between 1050-1250°C can be
also seen in Table 1. For PST25, the density and shrinkage
increased with increasing sintering temperatures from 1050-
1150°C, reached a maximum value at 1150°C and decreased
after further sintering at a higher temperature (1200°C). The
decrease in density of PST25 ceramics sintered at a high tem-
perature (1200°C) may be due to the PbO evaporation, and the
presence of a porous microstructure.?1-22 A similar result was
found in Pb(Zro,44Ti0_56)03 and (1—x)Pb(Zr0_52Tio,48)03—
xBaTiO3 ceramics.?-23 For PST50, the density and shrink-
age increased with increasing sintering temperatures, and the
maximum value was 6.61 g/cm? and 15.3% obtained from sin-
tered at 1250°C, as seen in Table 1. However, when the sinter-
ing temperature was over 1250°C, the PST50 ceramics became
very fragile.

Figure 4 shows the dielectric constant of PST25 and
PST50 sintered ceramics as a function of temperature at
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@

(b)

Fig. 4. Dielectric constant of PST ceramics as a function of sintering temperature: (a) PST25 and (b) PST50.

a frequency of 1kHZ. The phase transition temperature is
related to the transition from a tetragonal ferroelectric phase
(FE) to a cubic paraelectric phase (PE). The FE to PE phase
transition occurs at ~ 311 and ~ 139°C for PST25 and
PST50, respectively, as seen from Figs. 4(a) and 4(b). For
PST25, the dielectric constant at the transition temperature
increased with increasing sintering temperature from 1050—
1150°C, and then dropped when the sintering temperature was
above 1150°C (Table 1). The dielectric constant of PST50 con-
tinuously increased with increasing sintering temperatures,
and a maximum value was found to be about 7900 from the
sample sintered at 1250°C. The result of the maximum dielec-
tric constant corresponded with the density. It is well known
that the dielectric constant is inversely proportional to space
charge polarization, and the space charge polarization also
depends on the porosity and density of ceramics.?42° Hence,
with high density and low porosity, a low space charge and a
high dielectric constant are obtained. Furthermore, the dielec-
tric peak of PST25 was broader than PST50, and the dielectric
spectrum of PST25 increased rapidly above the phase transi-
tion temperature. This was due to the PbO content of PST25
being higher than PST50 and thus, PST25 had a higher loss
of PbO which led to the higher space charge polarization.
Sintering temperatures have a strong influence on the
crystal structure, microstructure, lattice parameter, tetrago-
nality and dielectric properties of PST ceramics. The lattice
anisotropy (c/a) increases with increasing sintered temper-
atures. With the addition of Sr from 0.25-0.50 mol%, the
tetragonality is reduced and the tetragonal to cubic transi-
tion of PST sintered ceramics occurred in a systematic man-
ner. The maximum density of PST25 and PST50 ceramic was

discovered in the pellets sintered at 1150 and 1250°C respec-
tively, which were related to the dielectric constant. Moreover,
the dielectric constant of PST sintered ceramics decreased
with the increase in Sr doping content.
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Effect of Firing Temperatures on Phase and
Morphology Evolution of CaZrO3; Ceramics
Synthesized Using the Combustion Technique

ATTHAKORN THONGTHA, ARTID LAOWANIDWATANA,
AND THEERACHAI BONGKARN*

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

The effects of calcination temperatures (900-1400°C) and sintering temperatures
(1400-1650°C) on phase and morphology evolution of perovskite CaZrOs; ceramics
were studied. The results obtained from DTA-TGA analysis were used to determine
the processed conditions of various calcination temperatures. The highest purity of the
orthorhombic perovskite phase was obtained from powder calcined at 1200°C and the
pure phase was detected in sintered ceramic samples below 1650°C. The SEM results
showed that the average particle size and the average grain size of samples increased
with the increase of firing temperatures. The shrinkage of ceramics increased as the
sintering temperatures increased. The calcium zirconate, which had around 97.6% of
the theoretical density, was obtained from the sample sintered at 1500°C for 2 h. More
importantly, the highest density with low sintering temperature were be improved by the
combustion technique.

Keywords Calcium zirconate; microstructure; combustion technique; density

Introduction

Metal oxides with an ABOj3 perovskite structure are of interest and significance for their
electrical properties including: ferroelectricity, piezoelectricity, and superconductivity, and
they also offer interesting high temperature properties. Calcium zirconate (CaZrQO3) is
a kind of perovskite structure with: high chemical stability, a high melting temperature
(~2345°C), good thermal shock resistance, a relatively low thermal expansion coefficient
and a phase stability in contrast to zirconia. Therefore, CaZrO3 has received much attention
for mechanical and electrical applications, such as: fuel cells [1], filler [2], coating [3], ca-
pacitors [4], resonator for microwave telecommunication [5] and temperature compensating
materials of capacitance in multilayer ceramic capacitors.

CaZrQj3 ceramics can be prepared via solid state reaction methods [6, 7]. W. J. Lee et al.
[6] prepared CaZrO3 ceramics which obtained a density of around 96% of the theoretical
density from a sample sintered at 1650°C for 2 h via the solid state reaction method. To
reduce the sintering temperature, the Ni ion was doped in CaZrO3 ceramics and obtained

Received August 23, 2009; in final form October 17, 2009.
*Corresponding author. E-mail: researchcmu@yahoo.com

[511]/3



09: 41 2 Decenber 2010

Downl oaded By: [Uppsala University Library] At:

4/[512] A. Thongtha et al.

a 95% dense calcium zirconate sample with the sintering temperature higher than 1550°C
[7]. 1t is well known that the conventional solid-state route, which involves prolonged
calcination at high temperatures with intermediate grindings, yield large, coarse-grained,
micron-sized powders [8, 9]. Presently, the combustion technique is interesting because it
can decrease the calcination temperature [10], obtain a pure phase and nanosized particles
because of the combustion technique’s high surface energy and driving force [11, 12].
So, in this present study, the phase formation and microstructure of CaZrO3 ceramics were
investigated. CaZrO3 ceramics were prepared using the combustion technique with different
calcination and sintering temperatures. The results were also compared with previous works.

Experimental

The starting materials were commercially available: CaCO3 (99%) and ZrO, (99%). Cal-
cium zirconate (CaZrO3) powder was prepared, using the combustion technique, by thor-
oughly grinding mixtures of the raw materials by a ball milling procedure (zirconia milling
media under ethanol for 24 h). Drying was carried out at 120°C for 4 h. After sieving, the
reaction of the uncalcined powders with well-mixed urea taking place during heat treatment
was investigated by thermogravimetric and differential thermal analysis (TGA-DTA) using
a heating rate of 10°C/min, in air, from room temperature up to 1325°C. The mixture of
raw materials and the fuel, urea, was well-mixed before the calcination step. The mixed
powders were calcined at temperatures ranging from 900 to 1400°C, with a dwell time of
2 h and a heating/cooling rate of 5°C/min. The calcined powders were then pressed into
disks with a diameter of 15 mm at a pressure of 200 MPa. The pellets were sintered at
1400 to 1650°C for 2 h and cooled in a furnace. X-ray diffraction was employed to iden-
tify the phase formed and the optimum temperature to prepare the CaZrO3 powders and
ceramics. The calcined powders and sintered ceramics morphologies were imaged using

Figure 1. TGA-DTA curves for the mixture of raw materials and urea.
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scanning electron microscopy. The density of the sintered ceramics was measured using the
Archimedes method. The average particle size and the average grain size were determined
by using a mean linear intercept method.

Results and Discussion

The TGA-DTA simultaneous analyses of a powder mixed in the stoichiometric proportions
of CaZrO3 and urea is exhibited in Fig. 1. In the temperature range from room temperature
to ~260°C, the sample demonstrates endothermic peaks at 144 and 218°C inthe DTA curve,
which was consistent with the first weight loss around 102-260°C. These observations can
be related to the melting of urea at about 135°C [12]. The second weight loss occurred

Figure 2. XRD patterns of CaZrO; powders calcined at various temperatures for 4 h: (¥) CaCO;
and (¢) ZrO,.
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between 270 and 420°C, which related to the endothermic peak at 417°C in the DTA curve
and was due to the rapid vaporization of water and gas [13], which correlates with following
equation:

CO(NH,) + O, — NHz + CO; + H,0 @)

The third weight loss occurred between 430 and 745°C, which correlated with the small
endothermic peaks at 741°C. This probably occurred due to the decomposition of CO; in
the CaCOs [7]. At temperatures higher than 750°C, the last weight loss was nearly stable
and the endothermic peak occurred at 1290°C, which might be the solid-state reaction of
the raw materials. These results were used to identify the range of different calcination
temperatures for XRD investigation.

XRD patterns of the calcined powders are given in Fig. 2. The crystal structure was
matched with JCPDS file no. 35-0790 and corresponded to previous works [7, 14]. The
diffraction synthesis lines illustrated that the structure of CaZrOg, calcined from 900 to
1400°C, indexed a orthorhombic perovskite structure. The crystalline phase of CaZrO3; was
accompanied with ZrO, and CaCQg as separate phases in all calcination conditions which
is similar to previous works [7, 14]. The degrees of the perovskite phase were determined
by measuring the major XRD peak intensities of the perovskite phase. The percentage of
the perovskite phase was obtained by the following equation:

|
% perovskite phase = ( perov > x 100 (2)
|perov + IZrOz + |CaCO3

This equation is a well-known equation widely employed in connection with the preparation
of complex perovskite structure materials [15]. Here lperov, Izr0, and lcaco, refer to the
intensity of the (110) perovskite peak and the intensities in the highest ZrO, and CaCO3
peaks, respectively. The percent of the perovskite phase in CaZrO3 calcined powders at
calcination temperatures ranging from 900 to 1400°C for 2 h is shown in Table 1. The
highest percentage of the perovskite phase of CaZrOs in the calcined powders-about 97.8%
was obtained at the calcination temperature of 1200°C for 2 h.

Figure 3(a), (b) and (c) illustrate the SEM photographs of morphological changes
in the calcined CaZrO3 powders as a function of calcination temperatures. The particles

Table 1
The percent perovskite phase and average particle size of CaZrOz powders

Average particle size (nm)

Calcined Percent perovskite
temperature (°C) phase (%) FWHM SEM
900 84.7 65.9 134.9
1000 91.3 84.5 157.2
1100 97.4 109.9 176.1
1200 97.8 119.9 177.4
1250 96.4 122.1 246.2
1300 96.6 124.5 336.5
1350 97.5 131.9 394.3

1400 97.4 134.6 434.9
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Figure 3. SEM photomicrographs of the powders calcined at : (a) 900°C, (b) 1000°C and (c) 1300°C,
for 2 h and the pellets surface sintered at: (d) 1400°C, (e) 1500°C, and (f) 1650°C, for 2 h.

are agglomerated and spherical with a variation in particle size. The average particle size
was calculated by the linear intercept method and the Scherer formula for the major (h
k 1) reflection of XRD patterns. More agglomerated particles and the increased range of
average particle size could be observed as the calcination temperatures increased as shown
in Table 1. The average particle size in each condition, measured, from both techniques,
had little difference in their values.

The calcined powders obtained at 1200°C were pressed into pellets and sintered from
1400 to 1650°C for 2 h. The phase formation behavior of the sintered ceramics was
revealed using the XRD technique as seen in Fig. 4. The CaZrO3 ceramics were identified
as a single phase in sintered samples below 1600°C with a perovskite structure which had
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Figure 4. XRD patterns of CaZrO; ceramics sintered between 1400 and 1650°C for 2 h: (¢) ZrO,.

an orthorhombic structure. The peak of ZrO, was detected at 1650°C, which may be due
to the vaporization of Ca®* at high temperatures. The percent of the perovskite phase of
sintered ceramics is listed in Table 2.

The morphological changes in the CaZrO3 surface of the sintered ceramics as a function
of sintered temperatures are displayed in Fig. 3(d), (e) and (f). It was evident that the porosity

Table 2
The percent perovskite phase, shrinkage, density and average grain size of CaZrO3 ceramics
Sintered Percent . Density
temperature  perovskite  Shrinkage Average
(°C) phase (%) (%) (g/cm®)  Theoretical (%)  grain size (um)
1400 100 12.55 4.27 92.6 0.55
1450 100 14.45 4.33 93.9 0.92
1500 100 15.28 4.50 97.6 1.26
1550 100 15.11 4.42 95.9 5.20
1600 100 8.50 4.41 95.7 9.40

1650 93.7 6.33 3.85 83.5 16.84
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decreased, but the average grain sizes increased from 0.55 to 16.84 ;«m when the sintering
temperatures increased from 1400 to 1650°C, as shown in Table 2. When the sintered
temperature was higher than 1500°C, the melting of grain boundary began and continually
increased as the sintered temperature increased as shown in Fig. 3(f).

The density and the percent of shrinkage of CaZrO3; ceramics as a function of the
different sintering temperatures are illustrated in Table 2. The density and the percent of
shrinkage in value was first increased by sintering temperatures and reached its highest
at 1500°C and reduced in value at higher sintering temperatures. The maximum density
was around 4.50 g/cm?® or ~97.6% of the theoretical density of the sintered sample at
1500°C for 2 h. During the sintering process, the densification mechanisms during treatment
corresponded to the XRD results and the grain growth, especially at the final stage of
sintering. That the density decreases when the sintering temperature is higher than the
optimal temperature may be due to distending from the trapped gas in the pores. The
gas-filled pores combined and grew owing to the grain growth [16]. The lower sintering
temperature and higher density were obtained from the combustion technique, compared to
the solid-state reaction method [6, 7]. This demonstrated the efficiency of the combustion
technique in the preparation of pure and dense CaZrO3 ceramics.

Conclusions

The maximum percentage (97.8%) of the pure orthorhombic perovskite phase was obtained
with a calcination temperature of 1200°C. The maximum density of the pure pellet was
~97.6% of the theoretical density from the sintered ceramic at 1500°C for 2 h. The range
of the average particle size and average grain size increased with the increase of calcination
and sintering temperatures. The melting and combustion of urea carry out an important role
in the complete process. The calcination and sintering temperatures have a strong influence
on the crystal structure, homogeneity, microstructure and density of the calcined powders
and the sintered ceramics.
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Use of the Combustion Technique for the
Preparation of Ba(Tig70Zro.30)O3 Ceramics
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!Department of Physics, Faculty of Science, Uttaradit Rajabhat University,
Uttaradit, Thailand

2Department of Physics, Faculty of Science, Naresuan University, Phitsanulok,
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3Department of Chemistry, Faculty of Science, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok, Thailand

The preparation conditions for barium titanate zirconate [Ba(Tio.70Zr0.30)O3] ceramics
by the combustion method were studied. The X-ray diffraction pattern indicated that
the calcined powders belonged to a cubic phase. The maximum percentage of the cubic
perovskite phase was found in the sample calcined at 850°C. A pure cubic crystal
structure was found in all ceramic samples. The average grain size increased with
increasing sintering temperatures. The dielectric constant-temperature plots showed a
maximum peak value of 5800 from ceramic sintered at 1350°C. The densities of samples
corresponded to the dielectric constant. A diffuse phase transition was also observed.

Keywords Barium titanate zirconate; microstructure; phase formation; dielectric con-
stant; combustion technique

Introduction

Barium titanate (BaTiO3) is one of the most widely used materials in the electronic industry.
Because of its specific characteristics, such as a high dielectric constant, low dielectric
loss and good piezoelectricity, it’s used for a variety of applications such as: multilayer
ceramic capacitors (MLCCs), resistors, thermal sensors, etc. [1, 2]. The structural phase of
BaTiO3 changes from tetragonal to cubic at a Curie temperature (T.) which occurs around
120-130°C. For the perovskite ABO3, substituting the A and/or B cation site by isovalent
ions-, such as the addition of lead (Pb) into the barium (Ba) site or zirconium (Zr) into the
titanium (Ti) site in barium titanate-, it can improve the electrical properties of the materials
[3].

Zr-substitution at the Ti-site in BaTiO3 decreases the temperature and broadens the per-
mittivity maximum [4]. The zirconium ion content increases, the orthorhombic-tetragonal
phase transition temperature increases and the tetragonal-cubic phase transition tempera-
ture decreases [5, 6]. For x > 0.15, the three phase transitions merged together. In addition,
the transition temperature of barium titanate zirconate (Ba(Tiy _ xZrx)O3) shifts to a lower
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temperature region, while the degree of diffuse phase transition behavior is enhanced with
the increase of Zr content. For the x > 0.25, the sample showed broad dielectric peaks
with frequency distortion, i.e., ferroelectric-relaxor behavior [7]. The dielectric study of
the Ba(Tig.70Zro.30)O3 ceramics showed a tenability of 26% and a high value of figure of
merit (FOM) of 104. These make Ba(Tig.70Zr0.30)O3 ceramics suitable for dynamic random
access memories, tunable microwave devices and capacitors.

The solid state reaction method is widely used in the preparation of barium titanate
zirconate ceramics [8-10]. Nevertheless, the solid state reaction method requires high tem-
peratures to prepare the ceramics and large particle sizes and wide particle size distribution
obtained. The combustion route has interesting characteristics such as: its simplicity, its
relatively low cost and a nanosize with a high surface energy and driving force. The com-
bustion route also reduces the firing temperatures which would save energy [11]. However,
no researcher has reported the preparation of Ba(Tig70Zr0.30)O3 by the combustion route
and no one has shown the results of firing conditions on phase formation and the microstruc-
ture of Ba(Tip.70Zr0.30)O3. Thus, in this research, Ba(Tig 70Zro.30)03; BTZ was fabricated
by the combustion route. The effects of the firing temperatures on the crystal structure,
morphology and dielectric properties of the samples were examined and the results are
discussed.

Experimental Procedure

The starting materials were commercially available barium carbonate, BaCO3 (99%) ti-
tanium (IV) oxide, TiO, (99%) and zirconium (IV) oxide, ZrO, (99%). Barium titanate
zirconate (Ba(Tig.70Zr0.30)03, BTZ) powder was synthesized by the combustion of thor-
oughly ground mixtures of raw materials by a ball milling procedure (zirconia milling
media under ethanol for 24 h). Drying was carried out at 120°C for 4 h. After sieving,
the powders and urea were mixed in an agate mortar. Then, the mixture was calcined at
various calcination temperatures, ranging from 600 to 900°C, with a dwell time of 4 h. and
heating/cooling rate of 5°C/min. The calcined powders were then pressed into disks with a
diameter of 15 mm at a pressure of 40 MPa. The pellets were sintered from 1300 to 1450°C
for 2 h. and cooled in a furnace. For electrical measurements, silver paste was fired on both
sides of the polished samples at 500°C for 30 min and used as electrodes.

X-ray diffraction was employed to identify the phase formed and optimum temperature
of BTZ powders and ceramics. Calcined powders and sintered ceramics morphologies were
imaged using scanning electron microscopy (SEM). The average particle size was computed
from Full Width at Half Maximum (FWHM) using the Scherrer formula. Densities of the
sintered ceramics were measured by the Archimedes method and the average grain size
was determined by using a mean linear intercept method. The capacitance was measured
with a LCR meter. The dielectric constant (e,) was calculated using the geometric area and
thickness of the discs.

Results and Discussion

XRD patterns of BTZ powders calcined at various temperatures are plotted in Fig. 1. The
structure of the BTZ powders belonged to the cubic perovskite phase and could be matched
with JCPDS file number 36-0019 [12]. However, the raw materials such as BaCQOg3, ZrO,
and BaTiO3 appeared in all BTZ samples. The percentage of the perovskite phase of
BTZ powders at various calcination temperatures was computed and is listed in Table 1.
The percentage of the BTZ perovskite phase increased with the increase of calcination
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Figure 1. XRD patterns of BTZ powders at various calcination temperatures; (¥) BaCOg, (¢) ZrO,,
(*) BaTiOs.

temperatures up to 850°C, and then it decreased with higher calcination temperatures. The
maximum percent perovskite phase (98%) was found in the powder calcined at 850°C.
The average particle size calculated from Full Width at Half Maximum (FWHM) using the
Scherrer formula for the major (h k I) reflection of the XRD peaks is shown in Table 1 [13].
The nano-particle size tended to increase as calcination temperatures increased.

SEM photographs of BTZ powders calcined at different temperatures are shown in
Fig. 2(a) and (b). It is clearly seen that the powders have a spongy appearance, forming
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Table 1
The % perovskite phase, average particle size, average grain size, density and maximum
dielectric constant of BTZ samples

Calcined powders Sintered ceramics
Calcination % Average Sintering Average Maximum
temperatures perovskite particle size temperatures grain size Density dielectric
(°C) phase (um) °C) (um) (9/cm®)  constant
600 90 89 1300 2.8 5.53 3800
700 92 109 1350 21.2 5.67 5800
750 95 116 1400 38.3 5.44 5400
800 96 125 1450 43.1 5.42 4600
850 98 133
900 95 156

agglomerates of fine particles of different shapes. As the temperature increased, more
agglomerate particles could be observed.

The powder calcined at 850°C was pressed into a pellet and sintered between 1300
and 1450°C for 2 h. XRD patterns of BTZ ceramics sintered at various temperatures are
plotted in Fig. 3. All samples were free form minor phase. BTZ ceramics are identified as a

Figure 2. SEM morphology of BTZ samples: (a) powder calcined at 700°C, (b) powder calcined at
900°C, (c) ceramic sintered at 1300°C and (d) ceramic sintered at 1450°C.
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Figure 3. XRD patterns of BTZ pellets with various sintering temperatures.

single phase with a perovskite structure which has a cubic symmetry, the same as reported
in previous investigations [14]. Although the second phase was found in the calcination
procedure, they disappeared in the sintering step. There was evidence that the combustion
route could produce the pure cubic phase of BTZ ceramics.

Microstructure developments of sintered pellets were investigated by SEM. The surface
of BTZ ceramics at various sintering temperatures are shown in Fig. 2(c) and (d). The
results showed a nonuniform distribution of grain size at low sintering temperatures. The
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Figure 4. The dielectric constant of BTZ ceramics: (a) 1350°C and (b) 1450°C.

average grain sizes increased from 2.8 to 43.1 um (Table 1) with the increase of sintering
temperature from 1300° to 1450°C. These results agreed with previous work [15]. The
rapid increase in grain size may be due to the atom in vicinity of particular grain boundary
which will have a driving force to diffuse towards that boundary and will diffuse when the
temperature is sufficiently elevated [16].

The density of sintered pellets measured by the Archimedes method is listed in Table 1.
As the sintering temperature increased, the density of samples increased up to 5.67 g/cm? or
96.1% of theoretical density in samples sintered at 1350°C, and then decreased with higher
sintering temperatures. The temperature dependence of the dielectric constant at 1 kHz
for BTZ ceramics sintered at 1350 and 1450°C is shown in Fig. 4. The Curie temperature
(T¢) slightly decreased from —28 to —43°C, while the BTZ30 prepared with mixed oxide
showed the T, at approximately —64°C. The T, of the samples prepared by the combustion
technique was higher than the samples prepared by the solid state reaction method; this
was similar to previous work [17]. The maximum dielectric constant was discovered in
samples sintered at 1350°C. It was noticed that the dielectric constant corresponded with
the density of sintered pellets.

Figure 5. Plot of In(1/e — 1/s,,) as a function of In(T — T,,) for BTZ30 ceramics at sintering
temperature: (a) 1350°C and (b) 1450°C.
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The diffuse phase transition around the transition temperature can be obtained from
the broadening in the dielectric constant versus temperature curve which is characterized
by a modified Curie-Weiss law [18].

Y- 1/8”1 (T - Tm)V/C, (1)

Where C' is the Curie-Weiss constant. The parameter y describes the character of the phase
transition; for y = 1 a normal Curie-Weiss law is obtained; y = 2 describes a complete
diffuse phase transition [15].

Figure 5 shows the plot of In(1/e — 1/e,,) as a function of In(T — T,,) for the BTZ30.
The y value was computed from the slope of the fitting curves using the equation 1. The y
value was found to be about 1.92-1.94 which was close to the y ( = 1.87) of previous work
[19]. This indicated that the BTZ30 has a strong diffuse phase transition and a relaxor-type
diffuse phase permittivity.

Conclusions

The calcination and sintering temperatures affected the phase formation, microstructure,
particle size, grain size, density, and dielectric properties. The resulting BTZ powders
had a spongy appearance and become more agglomerated as the calcination temperature
increased. BTZ ceramic was identified by XRD as a phase with a perovskite structure
having cubic symmetry. The densest of 96% of theoretical density and a maximum dielectric
constant of 5800 were obtained from the sample sintered at 1350°C. These confirmed that
the combustion technique can prepare good BTZ30 ceramics. The y value also exhibited
the ferroelectric-relaxor behavior of BTZ30.
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Crystal Structure and Microstructure
of (Pbi_xBay)(Zri—yTiy)Os Ceramics Prepared
by the Solid State Reaction Method

CHAKKAPHAN WATTANAWIKKAM, SUPHORNPHUN
CHOOTIN, AND THEERACHAI BONGKARN*

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

Lead Barium Zirconate Titanate [(Pb;_«Bay)(Zr,_yTiy)Os]: PBZT ceramics with x =
0.05 and 0.10 and 0 <y < 1 were prepared by the solid state reaction method. The
calcination temperatures were between 800 and 1000°C for 1 h and the sintering temper-
ature was 1300°C for 3 h. The crystal structure and microstructure were characterized
by a X-ray diffractrometer (XRD) and scanning electron microscopy (SEM). It was
found that the structure of calcined powders and sintered pellets of x = 0.05 and 0.10
were in an orthorhombic phase for y = 0, and tetragonal phase for 0.5 <y < 1; the
c/a ratio increase with an increasing in the y content, whereas the orthorhombic and
tetragonal phase coexist for y = 0.25. Microstructurally, the average particle size and
average grain size slightly decreased with an increasing in the y content. The density
and shrinkage increased when the x content increased.

Keywords Lead barium zirconate titanate; microstructure; phase formation; crystal
structure

Introduction

Lead barium zirconate (Pb;_yxBay)ZrOs; PBZ is one of the perovskite structure materials
which was discovered by Roberts in 1950 [1, 2]. The investigation of the structural phase
indicated that the PBZ has an anti-ferroelectric phase and orthorhombic structure at room
temperature. The anti-ferroelectric to ferroelectric phase transition of PBZ produces a large
increase in volume [3, 4]. Specifically, the PBZ with x = 0.10 exhibited high expansion
(0.85%) which makes this ceramic interesting for potential use in large displacement
actuator devices [5-7].

Lead barium titanate (Pb;_xBay)TiOs; PBT is perovskite ferroelectric material which
has a tetragonal structure at room temperature [8-10]. It changes from ferroelectric to
paraelectric when it receives the proper temperature, i.e. Curie temperature. Moreover,
PBT with x = 0.10 shows a high Curie temperature (~450°C), and has been used to
manufacture many electric and optical devices [10].

Lead barium zirconate titanate; PBZT ceramics is a solid system composed of anti-
ferrorlectric PBZ and ferroelectric PBT. The structural phase and properties of PBZ differ
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absolutely from PBT. This suggests that the amounts of Zr*+ and Ti** ions on the B-
site were directly affected by the phase formation, microstructure and physical properties
of PBZT. However, the crystal structure and microstructure of lead barium zirconate ti-
tanate (Pb;_xBay)(Zr1_y Tiy)O3: x = 0.05; PBZT5 and 0.10; PBZT10 ceramics with 0 <y

Figure 1. XRD pattern of PBZT powders with (a) PBZT5 and (b) PBZT10.
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< lceramics prepared by the solid state reaction method has rarely been reported in the
literature. So, PBZT5 and PBZT10 ceramics with 0 <y < 1 were prepared by the solid
state reaction method. The structural phase and microstructure of PBZT ceramics were
characterized by X-ray diffractrometer (XRD), scanning electron microscopy (SEM).

Figure 2. XRD pattern of PBZT ceramics with (a) PBZT5 and (b) PBZT10.
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Experimental

The (Pbi_xBay)(Zri1_yTiy)O3: x = 0.05; PBZTS5 and 0.10; PBZT10 ceramics with 0 <y <
1 were prepared by a conventional solid state reaction method. The raw materials of PbO,
BaCOs, ZrO, and TiO, were weight and mixed by ball milling in ethanol using zirconia
balls for 24 h. After drying and sieving, it was calcined between 800 and 1000°C for 1 h
[11]. The calcined powders were reground by ball-milling and mixed with 2 wt% binder
for 24 h. The calcined powders were then dried, crushed and sieved. Pellets of 15 mm in
diameter were isostatically pressed at 80 MPa. Finally, the pellets were sintered at 1200°C
for 3 h. In order to minimize the loss of lead due to vaporization, the PbO atmosphere during
the sintering process was maintained using lead titanate and lead zirconate as the spacer
powders. The crystal structure and microstructure of the calcined and sintered samples were
characterized by a X-ray diffractometer (XRD) and scanning electron microscopy (SEM).
The Archimedes displacement method with distilled water was employed to evaluate the
sample density.

Results and Discission

Figure 1(a) and (b) shows the XRD pattern of PBZT5 and PBZT10 powders with 0 <
y < 1. The pure perovskite phase of both PBZT5 and PBZT10 were observed for all

Figure 3. SEM morphology of PBZT5 powders with () y = 0, (b) y = 1 and PBZT10 powders with
(c)y=0and (d)y =1.
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compositions. The structural phase of PBZT5 and PBZT10 powders with y = 0, indexed
in an orthorhombic phase which matched with JCPDS file number 35-0739 [12]. PBZT5
and PBZT10 powders with 0.5 <y < 1, indexed in a tetragonal phase which matched with
JCPDS file number 06-0452 [13]. The PBZT5 and PBZT10 powders with y = 0.25, indexed
as the mixed phase between the orthorhombic and the tetragonal phase. The XRD pattern
of the orthorhombic phase is known to contain a large number of superlattice reflection,
i.e. 130/112, 210, 132, 230/212, 310, 320/124, 330/312 and 332 reflections [5-7]. These
superlattice reflections vanished in the XRD patterns of PBZT5 and PBZT10 with y = 0.25.
It is well known that the XRD pattern of the tetragonal phase obtains the doublet reflections
of 001,100 and 002,200 which are indexed as 120,002 and 240,004 in orthorhombic phase.
These reflections appeared as a singlet peak in the XRD pattern of PBZT5 and PBZT10
with y = 0.25 content. These observations confirmed that the orthorhombic and tetragonal
coexist in PBZT5 and PBZT10 samples with y = 0.25. The XRD results of PBZT5 and
PBZT10 sintered pellets showed similarity with the XRD powders results as shown in
Fig. 2(a) and (b). The reflection peaks of PBZT5 and PBZT10 ceramics were sharper than
the powders in every y value, which indicates the larger crystallization was obtained from
the sintered processing. The lattice parameters a, b, ¢, of PBZT5 and PBZT10 powders and
ceramics were calculated and are shown in Table 1 and 2. In PBZT5 and PBZT10 powders
and ceramics with 0.5 <y < 1, the lattice parameters a and ¢ decreased with increased y
values. The c/a ratio of both PBZT5 and PBZT10 powders and ceramics increased while

Figure 4. SEM morphology of PBZT5 ceramics with (a) y = 0.25, (b) y = 1 and PBZT10 ceramics
with (c)y =0.25and (d) y = 1.
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the unit cell volume decreased when values of y increased as seen in Table 1 and 2. In each
composition, the c/a value of the ceramics is higher than the powders.

The SEM morphology of PBZT5 and PBZT10 powders with y = 0 and 1 are shown
in Fig. 3(a), (b), (c) and (d). The particles of PBZT5 and PBZT10 were agglomerate and
irregular in shape with variation in particle size. The average particle size of PBZT5 and
PBZT10 of 0 <y < 0.75 had little difference in their values, while the value in size of y =
1 rapidly decreased. The average particle size was between 0.69 and 1.69 um for PBZT5
and 0.67 and 1.65 um for PBZT10 with an increase of y values as shown in Table 1. The
morphological changes in the PBZT5 and PBZT10 surface as a function of the increasing
of y are shown in Fig. 4(a), (b), (c) and (d). The increase of the average grain sizes were
between 1.69 and 2.36 wm for of PBZT5 and between 1.90 and 2.21 um for PBZT10 when
the content of y increased from 0 to 1 as illustrate in Table 2.

The measured density and shrinkage with the variation of the y contents are shown in
Table 2. The density and shrinkage tended to increase with the increase in y values. The
maximum density was obtained around 7.54 g/cm? from the PBZT5 sample withy = 1 and
7.50 g/cm? from the PBZT10 sample with y = 1. This indicated that the increase of y value
in the PBZT5 and PBZT10 composition affected the density and shrinkage.

Conclussions

The structural phase of (Pbi_xBay)(Zri1—yTiy)O3: X = 0.05; PBZT5 and 0.10; PBZT10
samples were in an orthorhombic phase for y = 0 and a tetragonal phase for 0.5 <y <
1. The samples were in a mixed phase between orthorhombic and tetragonal phase for
y = 0.25. The average particle was 0.67-1.69 um and the average grain size was 1.69-
2.36 um. The density and shrinkage of PBZT5 and PBZT10 tended to increase with an
increase in the x contents. It’s indicated that the Zr*+ and Ti** ions have strong influence
on the structural phase and microstructure of PBZT.
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Fabrication of (Pb;.xBay)ZrO3; Ceramics
via the Combustion Technique
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Phitsanulok 65000, Thailand

(Pb;4Bay)ZrO; with x = 0, 0.1 and 0.2 (PZ, PBZ10 and PBZ20) ceramics were syn-
thesized via the combustion technique. (CO(NH;),) was used as fuel to reduce the
reaction temperature. The sintering temperatures were in the range of 1150°C-1350°C
for 3 h. All calcined powders indexed in an orthorhombic structure and the purity of
the perovskite phase was found in all the sintered pellet samples. The sintered pellets
indexed in the orthorhombic structure for PZ and PBZ10 ceramics and in the rhombo-
hedral structure for PBZ20 ceramics. The average grain size increased with an increase
of sintering temperatures. The maximum density was observed in the sample sintered
at 1250°C. The DSC measurement showed FE-PE phase transition temperature to be
around 232°C, 194°C and 154°C, and the PE-FE phase transition temperature was
around 229°C, 192°C and 152°C for x = 0, 0.1 and 0.2, respectively. The AFE to FE
phase transition temperature was 229°C for PZ ceramics. The dielectric properties were
also investigated.

Keywords Lead barium zirconate; combustion technique; sintering temperatures; an-
tiferroelectric

Introduction

Lead zirconate, PbZrOs, is a well known antiferroelectric material which has an orthorhom-
bic structure at room temperature. The transition to the cubic paraelectric (PE) phase 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
transition temperature [1, 2]. The AFE — FE phase transition is accompanied by a large
volume expansion, which makes this material potentially useful for actuator application.
The temperature range over which the FE phase is stable can be extended by chemical
substitution, such as Ba?* on the Ph?* sites to form (Pb;.xBay)ZrOz (PBZ) solid solutions
[3-11]. The substitution of Ba?* for Pb®* in PbZrOs is of considerable interest for trans-
ducer applications since its volume change, associated with a field force from AFE to FE
transition, increases with the Ba?* substitution [10].

PBZ powders were prepared via the solid state reaction method with calcination
temperatures about 1000°C for 1 h [7, 12-14]. In general, the vapor pressure of PbO is quite
high, above 800°C [10]. This caused a PbO loss during the calcined step and the composition
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*Corresponding author. E-mail: researchcmu@yahoo.com
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and properties of PBZ were changed. To reduce the calcined temperature, Pockarel et al.
synthesized PZ and PBZ via a semi-wet route [8-14]. The PbO and BaCOj3 were reacted by
a co-precipitation technique. The (Pb;.«Bay)CO3 and ZrO, were calcined by the solid state
reaction method at 700°C for 6 h and subsequently at 850°C for 6 h. However, the calcination
temperature of the semi-wet method had higher temperature than the PbO vaporization
temperature. Recently, PBZ powders synthesized via the combustion technique has been
reported [15]. Nano-size PBZ powders were obtained with the calcination temperature at
800°C which is below the PbO evaporation temperature. This suggests that the combustion
technique has the potential to reduce the calcined temperature.

The detail of how the sintering temperatures affect the crystal structure and morphology
evolution of the PBZ ceramics, which is synthesized by the combustion method, has not
been reported yet. Therefore, in the present work, the effect of firing temperatures on
phase formation, microstructure and dielectric properties of PBZ ceramics prepared via a
combustion method were studied.

Experimental

(PbyxBay)ZrO3 (PBZ); x = 0, 0.1 and 0.2, (PZ, PBZ10 and PBZ20), ceramics were
synthesized via the combustion method using a thoroughly ground mixture of PbO, BaCOs,
ZrO, powders that were milled in the required stoichiometric ratio. The mixture of starting
powders was milled and mixed in a ball mill, as well as wet homogenized with ethanol
for 24 h using a zirconium grinding media. The suspensions were dried and the powders
were ground using an agate mortar and sieved into a fine powder. After sieving, the mixed
powders and urea were mixed in an agate mortar. Then, the mixtures of raw materials and
the fuel, urea, were calcined at 800°C, for 1 h [15]. The PBZ powders were reground by wet
ball-milling with a 2 wt.% binder. The calcined powders with binder were dried, crushed
and sieved again. The calcined powder mixtures were isostatically pressed, at 80 MPa, into
a pellet. Finally, the pellets were fired in a covered alumina crucible with a PbO atmosphere
to prevent PbO loss at such a high firing temperature and sintered at 1150°C-1350°C for 3 h.
The crystalline structure, microstructure and the phase transition of the PBZ were analyzed
by X-ray diffractrometer (XRD), scanning electron microscopy (SEM) and a differential
scanning calorimeter (DSC). The density of sintered pellets was measured using a liquid
displacement method. The dielectric data were obtained measuring capacitance and loss
tangent of fired silver pasted pellets.

Results and Discussion

Figure 1(a) shows the XRD patterns of the (Pb«Bay)ZrOs; (PBZ) powders which were
calcined at 800°C for 1 h. It was found that the PBZ powders indexed in an orthorhombic
structure. The intensity ratio of 004/240 peaks (looa/240) and the relative intensity of super-
lacttice reflections, namely 130/112, 210, 320/124 and 330/312, decreased with increasing
Ba?* content. It indicated that the replacement of Pb>+ by Ba?* ions apparently influenced
the orthorhombic structure.

Figure 1(b) shows the XRD pattern of PBZ ceramics sintered at 1250°C. The purity of
the perovskite phase was found in all the sintered pellet samples. The diffraction lines of
the PZ and PBZ10 ceramics were indexed with respect to orthorhombic structure. PBZ20
ceramics indexed with a rhombohedral structure. looa240 Of PZ (~0.4) was higher than
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Figure 1. XRD patterns of (a) PBZ powders and (b) PBZ ceramics sintered at 1250°C.

PBZ10 (~0.3) which was similar to the previous study [8-14]. The sintering temperatures
did not affect the phase formation of PBZ ceramics.

The scanning electron micrographs in Fig. 2 show the as-sintered and fractured surfaces
of the PBZ10 ceramics. They exhibited well-developed grain size and dense microstruc-
tures. The pores were decreased with the increase of sintering temperatures. The average
grain size tended to grow with the increase of sintering temperatures. The linear intercept
method gave an average grain size which increased from 1.0 um to 2.3 um when the
sintering temperatures increased from 1150°C to 1350°C (Table 1). The fracture surfaces
of the sintered pellet samples each displayed inter-granular fractures in the case of low
sintering temperatures. When the sintering temperatures increased the fracture surfaces
showed intra-granular cleavage. This indicates that the grain boundaries were stronger with
increasing sintering temperatures. These results were similar to PZ and PBZ20 ceramics.
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Figure 2. SEM micrographs of as-sintered surface of PBZ10 (a) sintered at 1150°C, (b) sintered at
1250°C, (c) sintered at 1350°C and fractured surfaces of PBZ10 (d) sintered at 1150°C, (e) sintered
at 1250°C, (f) sintered at 1350°C.

However, at the same sintering temperature, the average grain size was decreased with
increasing Ba®* content as listed in Table 1.

The density of all x samples tended to increased with an increase in sintering tem-
peratures, up to 1250°C, afterward density decreased with higher sintering temperatures
(Table 1). At the same sintering temperature, the density was decreased with increased
Ba?* content. The results agreed with previous work [8-14]. The shrinkage was increased
with the increasing sintering temperature up to 1300°C, and then decreased with higher
sintering temperatures. Furthermore, at the same sintering temperatures, the shrinkage was
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Figure 3. Dielectric constant versus temperature (a) on heating and (b) in cooling cycle.

decreased with increased Ba?*. Higher Pb>* content lead to a higher loss of lead and greater
shrinkage was the result.

The PBZ ceramics sintered at 1250°C obtained the highest density, and were selected
to study dielectric properties and DSC measurement. Figure 3 depicts the variation of the
dielectric constant with temperature during heating and cooling of the PBZ samples for
0 < x < 0.2. On the heating cycle, by replacing lead with barium, the dielectric maximum
of PBZ ceramics was shown to shift to a lower temperature (Fig. 3(a)). The dielectric
maximum was found around 235, 198 and 159°C for PZ, PBZ10 and PBZ20 ceramics.
The dielectric maximum on heating in all samples is linked with the transition of the FE
phase into the PE phase. In the cooling cycle, the specimens of PZ ceramics showed two
dielectric anomalies around 228°C and 175°C which corresponded to the PE to FE and
the FE to AFE phase transitions (Fig. 3(b)). The dielectric anomaly of the AFE to FE
phase transition temperature during heating has not been observed by most researchers.
The intermediate FE phase of PZ ceramics existing only in the cooling cycle agrees with
previous works [8-11]. The maximum dielectric constant increases with increasing Ba?+.
For PBZ10 and PBZ20 ceramics, on the cooling cycle, dielectric anomalies were observed
around 194°C and 155°C which corresponded to the PE to FE phase transition. The FE
to AFE phase transition was not found in the dielectric peaks of PBZ10 and PBZ20
ceramics.

Figure 4 shows the DSC results of PBZ sintered samples. On the heating cycle, PZ
had two endothermic peaks. The first endothermic peak ~229°C corresponded to the
transformation from the AFE to FE phase; the secondary peak ~232°C related to the
transition phase from FE to PE (Fig. 4(a)). The PBZ10 and PBZ20 ceramics were found
to have only one endothermic peak at around 194°C and 154°C, when it was transforming
from the FE to PE phase. In the cooling cycle, the PZ ceramics had two exothermic peaks at
229°C and 199°C, when they were transforming from PE to FE and FE to AFE phases (Fig.
4(b)). PBZ10 and PBZ20 ceramics showed only one exothermic peak when transforming
from the PE-FE phase at 194°C and 150°C. The AFE to FE phase transition of the PZ
ceramics during the heating cycle was observed from the DSC peak but not demonstrated
in a dielectric measurement. This suggested that in the detection of a small anomaly of
AFE to FE in phase transition, the DSC technique is more effective than the dielectric
measurement.
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Figure 4. DSC thermograms of sintered samples (a) on heating cycle and (b) in cooling cycle.

Conclusions

We have for the first time demonstrated the synthesis of PBZ ceramics via the combustion
technique. The Orthorhombic phase and the fraction of the antiferroelectric phase were
found to decrease with increasing Ba®* content. The Ba?* content affected average grain
size and grain boundaries hardness. They decreased with increasing Ba®* content. The
bulk density and shrinkage of PBZ ceramics continuously decreased with increasing Ba?*
content. Moreover, we also found the effect of sintering on average grain size and grain
boundaries hardness, increased with increasing temperature. The maximum density was
observed in the sample sintered at 1250°C. The maximum dielectric constant increased with
increasing Ba?*. The FE to PE and PE to FE phase transition temperatures were detected
in all Ba?* content. It progressively decreased with increasing Ba®* content. AFE to FE
and FE to AFE phase transitions were only detected in the PZ ceramics.
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Dependence of Firing Temperatures on Phase
Formation, Microstructure and Phase Transition
of (Pb; _ yBay)TiO3 Ceramics
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(Pb; _«Bay)TiO3 or PBT (0.025 < x < 0.100) ceramics were prepared via the solid state
reaction method. The powders, calcined above 800°C, belonged to a pure tetragonal
structure. The c/a ratio of the PBT powders decreased while the average particle size
increased with the increasing of calcination temperatures. At the same calcination
temperature, the average particle size increased when the Ba ion contents increased. A
pure tetragonal structure was found in all PBT ceramics. The densest was discovered
in the sample sintered at 1150°C in all compositions. The Curie temperature slightly
decreased when the amount of Ba ions increased. The phase transition and dielectric
constant were also measured.

Keywords Solid state reaction; tetragonality; calcination temperature; Curie tempera-
ture

Introduction

PbTiO3 (PT) is one of the most interesting and most studied perovskites possessing a ferro-
electric phase under ambient conditions. The strong interest in this material is caused by its
high spontaneous polarization and the wide temperature stability of the ferroelectric phase.
PT is used in the field of pyroelectric infrared detectors because of its large pyroelectric
coefficient and low permittivity and is also a good material for sensors and actuators [1].
Unfortunately, pure PT, because of its high c/a ratio, has been difficult to synthesize as
a mechanically robust, high density and monolithic ceramic [2]. However, the dense PT
ceramics can be prepared by the substitution of a small amount of dopant, such as isovalent
(Ca?t, Ba?t, Sr¥t, etc.) or off-valent (Sm3t, Gd®+, Nd®*, etc.) ions into the Pb?+ sites. The
lattice anisotropy will be decreased and the samples become hard and dense [3-5].

The (Pb; _ «Ba,)TiO3 (PBT) ceramics were prepared by the substitution with small
amounts of Ba ions into the Pb ion site. The substitution of Ba®* for Pb>* increases the lattice
parameter a while decreasing the lattice parameter c. The cell parameters continuously,
but nonlinearly, change with x. [2, 6]. The addition of a Ba ion not only reduced the
lattice anisotropy but also maintained the excellent dielectric and piezoelectric anisotropy
properties of the PBT ceramics, making it suitable for non-volatile random access memory
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(NVRAM) and surface acoustic wave (SAW) [7, 8]. The PBT ceramics can be synthesized
by several methods and has been widely reported [9, 10]. Yang and Haile [9] prepared PBT
via a sol-gel process. A high purity of (PbgsBags)TiO3 powder was obtained at 500°C with
a nano-meteric size about 30-50 nm and a specific surface area of 21.91 m?/g. The particle
size of the PBT powders fabricated via the polymeric citrate precursor route were found
and ranged between 50 and 54 nm, in all compositions [10].

However, the effects of the addition of small amounts of Ba ions in PT on the phase
and morphology evolutions have not been reported yet. Furthermore, the result of firing
conditions on phase formation and the microstructure of (Pb; _ «Bay)TiO3 ceramics are
not clearly understood. Therefore, in this present study, the (Pb; _ «Bay)TiO3 (0.025 < x <
0.100) ceramics were fabricated by the solid state reaction method. The structural phase and
microstructure of the samples were studied as a function of firing conditions. In addition,
the DSC result and phase transition were also investigated.

Experimental

(Pby _ xBay)TiO3 or PBT (0.025 < x < 0.100) ceramics were prepared by the solid-state
reaction method. The starting materials (PbO, BaCOj3 and TiO,) were weighed, mixed and

Figure 1. XRD patterns of PBT25; (a) powders calcined at various temperatures and (b) ceramics
sintered at different temperatures: (X) TiO, (+) TiO,, (*) BaCos, (v ) PbO; and (®) PbO.
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ball-milled for 24 h by the zirconia media in ethyl alcohol. After being dried, the powders
were ground in an agate mortar. The mixed powders were calcined at different temperatures
(400-900°C) for 4 hin a covered alumina crucible. The PBT calcined powders were pressed
into the pellets with a diameter of 15 mm. The pellets were then sintered at temperatures
ranging from 1100-1225°C for 2 h. The phase identification of the calcined powders and
sintered ceramics were carried out through an X-ray diffractometer. The microstructures
were investigated via a scanning electron microscope (SEM). The density of the sintered
pellets was measured using the Archimedes method. Silver electrodes were coated on both
sides of the polished samples. The room temperature dielectric constant was then measured

Table 1
The percent perovskite phase, lattice parameter a, c, c/a ratio and particle size of PBT
powders
Lattice

Ba**+ Calcination parameter (A) Average
contents  temperatures - cla particle
(%) (°C) % perovskite phase a c ratio  size (um)

2.5 400 8.39 — — — 0.13

600 93.16 3.884 4132 1.064 0.16

700 95.12 3.884 4128 1.063 0.24

750 96.90 3.887 4.127 1.062 0.30

800 100 3.888 4.124 1.061 0.39

850 100 3.889 4121 1.060 0.43

900 100 3.890 4.114 1.058 0.62

5.0 400 7.65 — — — 0.14

600 94.51 3.885 4.128 1.063 0.19

700 97.33 3.886 4.125 1.062 0.24

750 98.65 3.886 4.124 1.061 0.32

800 100 3.887 4123 1.061 0.43

850 100 3.889 4121 1.060 0.60

900 100 3.890 4.120 1.059 0.77

7.5 400 9.45 — — — 0.14

600 91.85 3.887 4.115 1.059 0.20

700 93.42 3.887 4.114 1.058 0.25

750 96.54 3.888 4.111  1.057 0.33

800 100 3.891 4.110 1.056 0.44

850 100 3.891 4.108 1.056 0.59

900 100 3.894 4108 1.055 0.65

10.0 400 9.87 — — — 0.14

600 89.90 3.884 4132 1.064 0.21

700 94.67 3.887 4.129 1.062 0.25

750 98.69 3.889 4126 1.060 0.34

800 100 3.890 4.122 1.060 0.45

850 100 3.891 4120 1.059 0.56

900 100 3.893 4117 1.058 0.74
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by a LCR meter. The Curie temperature (T.;) of PBT ceramics was evaluated using a
differential scanning calorimeter (DSC).

Results and Discussion

Figure 1(a) shows the XRD patterns of (Pbg.975Bag.025) TiO3 (PBT25) powders with different
synthesis conditions. The X-ray analysis indicated that the PBT25 powders, calcined from
600 to 900°C, have mainly set peaks with a major peak at (101). All of them belong to
the tetragonal phase of a perovskite-type structure and matched with JCPDS file number
06-0452 [11]. For PBT powders calcined below 800°C, impurity phases such as PbO,
BaCQOg, TiO,, PbO,, and TiO were formed. Above 800°C of calcination temperature, the
impurity phases disappeared and the pure tetragonal phase was discovered in all sam-
ples. The XRD results of (Pbo_gsoBaoloso)Tio;z, (PBT50), (Pb0.925880_075)TiO3 (PBT75) and
(Pbg.g00Bap.100) TiO3 (PBT100) were similar with PBT25.

The relative amounts of the perovskite phase were calculated by measuring the major
XRD peak intensities of the perovskite phase. The percentage of perovskite phase is
described by the following equation:

. I
% perovskite phase = ( peroy ) x 100
Iperov + Ipbo + Iaco, + Irio, + Ipvo, + Irio

Figure 2. SEM micrographs of the PBT powders: (a) PBT50 calcined at 600°C, (b) PBT50 calcined
at 900°C, (c) PBT100 calcined at 600°C and (d) PBT100 calcined at 900°C.
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This equation is a well-known equation widely employed in connection with the
preparation of complex perovskite structure materials [12, 13]. Where ,er00, Ipb0, IBac 05
Iti0,, IPbo, and lyio refer to the intensity of the (101) perovskite peak, and the intensities
of the highest PbO, BaCOs, TiO,, PbO, and TiO, respectively. The percent perovskite
phase of PBT powders in all compositions at various calcination temperatures are shown in
Table 1. There was an increase in the phase purity with increasing calcination temperatures.

The lattice parameters and tetragonality (c/a) of the PBT powders in all compounds
at different temperatures (600-900°C) were computed from the (100), (001), (200) and
(002) reflective peaks of the XRD patterns and are listed in Table 1. The lattice parameter
¢ and c/a ratio decreased while the lattice parameter a increased with the increasing of the
calcination temperatures.

The powders calcined at 800°C were pressed into pellets and sintered from 1100 to
1225°C. Figure 1(b) demonstrates the XRD patterns of the PBT25 sintered pellets at various
sintering temperatures. The single tetragonal perovskite phase of PBT was obtained in all
compositions. This result was similar with the XRD results of PBT50, PBT75 and PBT100
and indicated that Ba forms a complete solid solution with (Pb; _ y\Bay)TiOs in the studied
composition range. The c/a ratio tended to slightly decrease with the increase of Ba ion
contents. There is a decrease in the tetragonality of the PBT sample, compared to the PT,
due to the incorporation of a smaller Ba ion in the place of the Pb ion site.

Figure 3. SEM micrographs of the PBT ceramics: (a) PBT25 sintered at 1100°C, (b) PBT25 sintered
at 1225°C, (c) PBT75 sintered at 1100°C and (d) PBT75 sintered at 1225°C.
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Figure 2 shows the SEM morphology of synthesized PBT powders with different
temperatures for 4 h. The synthesized PBT powders consisted of ultra-fine particulates.
The particles were highly agglomerated and basically irregular in shape, with a substantial
variation in particle size. The powders sintered above 800°C seemed to display a signif-
icant level of necking and bonding as if they were in the initial stages of sintering. The
obtained particle size of PBT powders increased as the calcination temperatures increased
(Table 1). Figure 3 demonstrates the SEM micrographs of PBT ceramics sintered at various
temperatures. The grain size tended to increase when the sintering temperatures increased
(Table 2).

The densest of the PBT ceramics, in all compounds, were obtained in ceramics sintered
at 1150°C as shown in Table 2. The density of the samples increased up to a maximum
value of 7.438, 7.310, 7.419 and 7.444 g/cm? in samples with x = 0.025, 0.050, 0.075 and
0.100, respectively; then the value decreased with the increase in the sintering temperature.
The density decreased when the temperature was higher than the optimal temperature. This
is because there is a compromise between grain growth and the densification mechanisms
during heat treatment, especially during the final stage of sintering. If the sintering rate is
too fast and/or if the temperature is too high, the grain growth mechanism is faster than the
densification [14].

The tendency of the room temperature dielectric constant decreased, while the grain
size tends to increased with the increasing of the sintering temperatures as seen in Table 2.
Similar results were reported in BaTiO3, modified PbTiOz, Pbgglag;TiOs and
Pb(Zrps2Tig4g)O3 ceramics [15-18]. Kakegawa et al. described the decrease of the
dielectric constant may due to the changing of the chemical composition [18]. In this

Table 2
The c/a ratio, average grain size, density and dielectric constant of PBT ceramics
dielectric
Ba**+ Sintering Average constant
contents temperatures cla grain Density at room
(%) (°C) ratio size (um) (g/cmd) temperature
2.5 1100 1.059 1.9 7.132 2348
1150 1.060 1.8 7.438 1197
1200 1.059 2.6 7.432 1131
1225 1.059 5.1 7.412 708
5.0 1100 1.057 15 7.282 3151
1150 1.057 2.0 7.310 1394
1200 1.057 2.1 7.296 1077
1225 1.058 8.4 7.235 866
75 1100 1.057 0.9 7.343 2550
1150 1.056 3.0 7.419 1922
1200 1.057 6.4 7.417 1432
1225 1.056 5.7 7.412 912
10.0 1100 1.055 1.0 6.983 944
1150 1.055 2.0 7.444 938
1200 1.056 7.1 7.405 876

1225 1.056 4.9 7.280 294
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Figure 4. The DSC traces of: (a) PBT pellets sintered at 1150°C with various x and (b) PBT100
pellets with different sintering temperatures.

study, the higher sintering temperature led a greater lead loss, which evaporated above
800°C [19].

The ceramics which were sintered at 1150°C and PBT100 ceramics with different
sintering temperatures were selected to study phase transition by DSC measurement.
Figure 4(a) shows the DSC graph of PBT ceramics with different x. The endothermic
peak associated with the Curie temperature (T.)—the transition temperature from ferro-
electric (FE) to paraelectric (PE) phase—were observed. The T, was decreased with an
increase of Ba ion content. The T, of PBT ceramics were found to be 468, 459, 457 and
447°C for samples with x = 0.025, 0.050, 0.075 and 0.100, respectively. The DSC patterns
of PBT100 ceramics with different temperatures are demonstrated in Fig. 4(b). The T,
tended to slightly increase with an increase of sintering temperatures. The T, of PBT100
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ceramics were 446, 447, 449 and 450°C for samples sintered at 1100, 1150, 1200 and
1250°C, respectively. These results agreed with previous work [20].

Conclusions

The firing temperatures and Ba ion contents have a strong influence on the phase formation,
morphology, lattice parameter and tetragonlality of PBT ceramics. The pure tetragonal
perovskite phase appeared above 800°C of calcination temperature. The tetragonality of
powders decreased with an increase of calcination temperatures. The particles have a
spherical form and tend to increase with the rising of temperatures. The densest of the PBT
pellets was observed in ceramics sintered at 1150°C in all compositions. The T, of the PBT
ceramics depended on the sintering temperatures and Ba ion contents.
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Preparation of (Ba;_xSry)(Zr¢Ti;_x)O3 Ceramics via
the Solid State Reaction Method

ATTHAKORN THONGTHA, KRITSANA ANGSUKASED,
NAOWARAT RIYAMONGKOL, AND THEERACHAI
BONGKARN*

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

The effect of calcination (1000-1400°C), sintering temperatures (1400-1650 °C) and
the changing of ions in A and B sites on the phase formation and microstructure of barium
strontium zirconate titanate (Ba;_4Sry)(Zr¢Ti;_x)Oz, BSZT, x = 0.25 and 0.50 ceramics
were investigated. BSZT powders were prepared by the solid state reaction method. It was
found that BSZT samples indexed in a cubic structure. Higher calcination temperatures
increased the percentage of the perovskite phase. The pure perovskite phase of BSZT
with x = 0.25 was detected above the calcined temperature at 1400°C. For the x = 0.50,
the second phase of BSZT with x = 0.25 was found at all calcination temperatures. The
purity phase was detected in all the ceramic samples. At the same sintering temperatures,
the lattice parameter a of BSZT ceramics with x = 0.50 has higher than with x = 0.25.
The microstructure of the BSZT powders exhibited an almost-spherical morphology and
had a porous agglomerated form. The average particle size (160-420 nm) and average
grain size (0.68-12.45 um) increased with the increase in calcination and sintering
temperatures. The optimized density, around 5.64 and 5.42 g/cm? for x = 0.25 and 0.50,
were obtained from BSZT samples calcined at 1500 and 1550°C for 2 h.

Keywords Cubic perovskite; barium strontium zirconium titanate; microstructure;
phase formation

Introduction

Barium titanate (BaTiO3) has been extensively studied due to its interesting properties such
as a high dielectric constant in the structure phase transition which transferred between the
paraelectric (cubic) and ferroelectric (tetragonal) phase and showed a dielectric peak (emax)
at around 130 °C [1]. To enhance these properties, BaTiOz was modified with Sr’+ and
Zr**, by substituting the Ba2* ion with a Sr%* ion which will shift the T, of BaTiOs close to
room temperature [2] and by substituting the Ti** ion with a Zr** ion which will reduce the
dielectric loss, be chemically more stable, and reduce leakage current in the BaTiO3-based
materials [3].

(Ba,Sr)(Zr,Ti)Os powders have been prepared by the sol-gel technique [4, 5] but
this form of processing sample preparations is complex and expensive [6]. Alternatively,
the solid-state reaction method is probably one of the most fundamental, practical and
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routine methods which has been used, developed and modified in both scientific research
and industrial mass production for many years [7, 8]. Our previous work prepared and
characterized (Ba;_xSry)(ZryxTii_x)O3 ceramics with x = 0.75 [9]. The pure phase was
obtained at a calcined temperature of 1350°C and a maximum density of around 5.42
g/cm?® was found in the sample sintered at 1550°C. The literature survey has revealed
that paraelectric (Ba;_xSrx)(ZrxTii—x)Os; X > 0.2 ceramics were chemically more stable,
had a lower transition temperature (T.) and had a high dielectric constant [10], which
is suitable for applications in microwave dielectric resonators and miniature resonating
devices used in microwave integrated circuits [11]. However, (Baj_xSry)(ZryxTii_x)Os3;
x = 0.25 and 0.50 ceramics have not been reported in the literature. So, in this work, the
(Bai—_xSry)(Zr«Ti;—x)O3; BSZT, x = 0.25 and 0.50 ceramics were studied via the solid-state
reaction method. The effect of calcination, sintering temperatures, and the replacing of ions
in the A and B sites in the phase formation and microstructure of BSZT ceramics were also
investigated.

Experimental

The starting materials were commercially available: BaCO3; (99%), SrCO3; (99%), ZrO,
(99%) and TiO, (99%). Barium strontium zirconate titanate (Bay_xSry)(ZrxTi;_x)Os; X =
0.25 and 0.50 powders were prepared via the solid-state reaction method by thoroughly
grinding mixtures of the raw materials by a ball milling procedure (zirconia milling media
under ethanol for 24 h). Drying was carried out at 120°C for 4 h. After sieving, the mixing
powders were calcined at temperatures ranging from 1000 to 1400°C, with a dwell time of
4 h and a heating/cooling rate of 5°C/min. The calcined powders were mixed with a binder
and ground by ball milling with ethanol again for 24 h to deagglomerate. The granulated
powders were placed into disks with a diameter of 15 mm and pressed at a pressure of
80 MPa to form a green disk. These disks were sintered in a crucible from 1400 to 1650°C
for 2 h and cooled in a furnace. X-ray diffraction was employed to identify the phases
formed and the optimum temperature for the pure crystal structure in the BSZT powders
and ceramics. The calcined powders and sintered ceramics morphologies were imaged
using scanning electron microscopy. The density of the sintered ceramics was measured
by the Archimedes method. The average particle size and the average grain size were
determined by using a mean linear intercept method.

Results and Discussion

Figure 1 (a) shows the XRD patterns of the BSZT powders of x = 0.25 with different
synthesis conditions. They were indexed on the basis of a cubic structure matched with
JCPDS file number 31-0174. The impurity phases of BaO, BaCO3, TiO, and BaZrO3 were
observed when calcination temperatures were below 1400°C. The pure cubic perovskite
phase was detected in powders calcined higher than 1400°C. The percentage of the per-
ovskite phase was calculated with the equation (1), which is a well-known equation widely
employed in connection with the preparation of complex perovskite structure materials [9].
Here Iperov, IBao Ipacos, Itio, a0 Ip,z:-0, refer to the intensity of the (101) perovskite
peak, intensities of the highest BaO, BaCOg3, TiO, peaks and BaZrOg, respectively.

- I erov
% perovskite phase = ( £ ) x 100 (1)
Iperov + IBaO + IBaC03 + ITiOz + IBaZrOg
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Figure 1. (a) XRD patterns of BSZT powders with x = 0.25 calcined between 1000 and 1400°C,
(b) XRD peaks of BSZT powders with x = 0.50 calcined between 1000 and 1350°C for 4 h: (e) BaO;
(#) BaCOs3; (?) TiOy; (*) BaZrOs () BSZT (x = 0.25).

The percent of the perovskite phase of BSZT calcined powders with x = 0.25 are
listed in Table 1. An increase of phase purity with increasing calcination temperatures was
evident. The XRD trace of x = 0.50 calcined between 1000 and 1350°C is shown in Fig.
1 (b). The phase formation of x = 0.50 was indexed on the basis of the cubic structure

Table 1
Percent perovskite phase and average particle size of BSZT calcined powders
x =0.25 x = 0.50
Calcined Percent Average Percent Average
temperature perovskite particle perovskite particle
(°C) phase (%) size (nm) phase (%) size (nm)
1000 69.7 190 49.9 160
1100 73.5 200 54.2 190
1200 77.1 280 59.7 260
1300 95.3 320 60.5 270
1350 98.5 380 72.3 300

1400 100 420 67.9 360
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which matched with JCPDS file nhumber 03-0632, as shown in Fig. 1 (b). The impurity
phases of BaO, BaCO3 and BaZrO3; were observed when calcination temperatures were
below 1350°C. In addition, the second phase of BSZT with x = 0.25, which matched with
JCPDS file number 31-0174, was found at all calcination temperatures. The percentage of
the perovskite phase was calculated and is shown in Table 1. The highest percent perovskite
phase of BSZT calcined powders with x = 0.50 was obtained from the powder calcined at
1350°C.

Figure 2 (a), (b), (c) and (d) illustrate the SEM photographs of morphological changes
in the calcined BSZT powders with x = 0.25 and 0.50. In general, the particles are agglom-
erated and spherical in shape with variation in particle size. As calcination temperatures
increased from 1000 to 1400°C, the increased average particle size was between 190 and
420 nm for x = 0.25 and from 160 to 360 nm for x = 0.50 as displayed in Table 1. In each
condition of calcined temperature, the average particle size of the x = 0.25 was slightly
larger than the x = 0.50.

The calcined powders with the x = 0.25 and 0.50 obtained at 1400 and 1350°C
were formed into disks, pressed into pellets, and sintered from 1400 to 1650°C for 2 h.
Figure 3 (a) and (b) shows the XRD patterns of the BSZT sintered ceramics with x =
0.25 and 0.50. All samples, of both compositions, were indexed as a single phase with a
perovskite cubic structure. It may be noted that the second phase which occurred in calcined
powders disappeared during the sintering process. The phase formation of x = 0.25 and
0.50 correlated and matched with JCPDS file number 31-0174. The lattice parameter a as
a function of sintering temperatures is shown in Table 2. The lattice parameter a increased
with the increasing of sintering temperatures. At the same sintering temperatures, the lattice
parameter a of BSZT ceramics with x = 0.50 was higher than x = 0.25. The changing of
sintering temperatures and the ions in the A and B sites affected the lattice strain, which
is determined by the change in the d spacing and the lattice parameters of the samples
[12] and resulted in a change in lattice parameter a. Furthermore, the reflection peaks
were sharper with higher sintering temperatures, indicating larger crystallization when the
sintered temperature increased.

The morphological changes in the BSZT surface of the sintered ceramics with x =
0.25 and 0.50 as a function of sintered temperatures are shown in Fig. 2 (e), (f), (g)
and (h). It was evident that the porosity decreased, but the average grain sizes increased
from 0.94-12.45 um for x = 0.25 and from 0.68-10.66 um for x = 0.50 when the
sintering temperatures increased from 1400 to 1650°C as shown in Table 2. In each sintering
temperature, the average grain size of the x = 0.25 had more than the x = 0.50 in value.
The increase of grain size obtained from the SEM images corresponded to the XRD
result.

The density of BSZT ceramics with the x = 0.25 and 0.50, as a function of the different
sintering temperatures, is shown in Table 2. The density first increased and reached its
highest at 1500 and 1550°C for x = 0.25 and 0.50 then dropped in value when the sintering
temperature was higher than 1500 and 1550°C, respectively. Thus, the optimal sintering
temperature of highly dense BSZT samples of 5.64 and 5.42 g/cm? of the x = 0.25 and 0.50
was obtained. The density decreased when the temperature was higher than the optimum
temperature in the sintering process. The grain growth correlates with the densification
mechanisms during treatment, particularly during the final stage of sintering. The density
of the sintered samples maybe decreased because of the expanding of trapped gases in the
pores. The gas-fill pores assemble and grow because of grain growth [13, 14]. The percent
of shrinkage of the pellet samples increased with the increase of sintering temperatures as
shown in Table 2.
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Figure 2. SEM photomicrographs of BSZT powders with x = 0.25 calcined at: (a) 1000°C, (b)
1350°C and x = 0.50 calcined at (c) 1000°C, (d) 1350°C for 4 h, the pellets surface of x = 0.25
sintered at: (e) 1400°C and (f) 1450°C and for 2 h and x = 0.50 sintered at: (g) 1400°C and (h) 1450°C.
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Figure 3. XRD patterns of BSZT ceramics with (a) x = 0.25 and (b) x = 0.50.

Conclusions

The pure cubic crystal and the maximum percentage of the perovskite phase (72.3%) of
(Bag_xSry)(ZrcTi;_x)O3 powders with x = 0.25 and 0.50 can be obtained by calcination
at 1400 and 1350°C through the solid-state reaction method. The second phase found
in BSZT powders with x = 0.50 disappeared in all sintered samples. BSZT ceramics in
both compositions were identified as a single phase with a cubic perovskite structure. The
average particle size and the average grain size increased with the increasing of calcination
and sintering temperatures. A highest density of 5.64 and 5.42 g/cm?® of the x = 0.25 and
0.50 content was obtained from the sintered ceramics at 1500 and 1550°C for 2 h. The
crystallization, lattice parameter and homogeneity of the calcined and sintered samples had
been influenced by the calcinations, sintering temperatures and the change of ions in the A
and B sites.
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Department of Physics, Faculty of Science, Naresuan University, Phitsanulok
65000, Thailand

This study investigated the effect of excess PbO on the crystal structure, microstructure,
phase transition and dielectric properties of (Pbg75Sr.25)TiOs (PST25) ceramics. The
PST25 ceramics were synthesized by the solid-state reaction method with various excess
PbO levels (0, 1, 3, 5 and 10 wt.%). The excess PbO was added to compensate for the
lead loss from evaporation during calcination and sintering at 950°C and 1150°C. The
X-ray characterization revealed that all samples had a tetragonal structure and impurity
phases since PbO and PbO, were detected in the calcined powders with higher than
3 wt% of excess PbO. A pure perovskite phase was obtained in all ceramic samples. The
c/aratios tended to decrease with an increasing excess PbO in the calcined powders and
sintered pellets. The average particle size and the average grain size of the PST tended
to increase with an increase of PbO content. With 1 wt.% of excess PbO, the highest
density and a broader dielectric peak were obtained. The dielectric spectrum was not
present in the 3, 5 and 10 wt.% excess of PbO samples. The DSC results indicated that
the Curie point shifted to a higher temperature with the increase in the excess of PbO
until 3 wt.%, then slightly decreased with higher excess PbO.

Keywords Excess PbO; tetragonality; lead strontium titanate; phase transition

Introduction

Lead strontium titanate [(Pb1.«Srx)TiO3, (PST)] is a complete solid solution of PbTiO3 (PT)
and SrTiOs (ST) [1]. PST (where O< x <1) is highly suitable for electronic and micro-
electronic applications such as: infrared sensors, nonvolatile memories, dynamic random
access memory (DRAM), etc. [1-3]. Earlier studies indicated that the Curie temperature
of PST varied from -220 to 490°C [1] and the composition range of the tetragonal/cubic
phase boundary at room temperature was about x ~ 0.50-0.70 [4]. The phase diagram of a
PST solid solution was studied by Nomura and Sawada [5, 6]. They found the exact phase
transition from the tetragonal to cubic phase occurred at X ~ 0.65 at room temperature.
The dielectric properties of PST ceramics were studied by Subrahmanyam and Goo. They
reported that, for the ferroelectric tetragonal phase region, the maximum value of the di-
electric constant (7,675) was found in the x = 0.2 sample. For the palaelectric cubic phase
region, the maximum value of the dielectric constant (3,500) was found in the x = 0.7
sample [7].
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PST are prepared by various techniques such as: the coprecipitation method [1], the
complex polymerization method [4], the precursor solution method [8] and the sol-gel
method [9, 10]. All of these methods use high-purity inorganic or organic chemicals with
homogeneity and a precise composition as starting materials but the production costs are
high with little quantity synthesized. The conventional solid-state reaction method is more
economical for large batch processing of these ferroelectric materials [11]. The literature
survey showed that PST ceramics prepared by conventional methods which used high
sintering temperatures above 1200°C [3, 6], suffered from the problem of PbO loss because
of the low melting point of PbO which is about 850°C. This makes it difficult to achieve high
densities and changes the intrinsic electromechanical properties of the materials [12, 13].
In order to compensate for the lead loss in the samples, some excess PbO is usually added
during the batch preparation [14, 15]. Therefore, the effect of excess PbO on the crystal
structure, microstructure, phase transition and dielectric properties of (Pbg 75Srp.25)TiO3
(henceforth called as PST25) ceramics synthesized by a solid-state reaction method was
investigated in this study.

Experimental Procedure

The PST25 ceramics were prepared by a conventional solid-state reaction of lead oxide
(99% PbO), strontium carbonate (984+% SrCOj3) and titanium oxide (99% TiO;). The raw
materials were ball milled with stabilized zirconia balls and ethanol for 24 h, and then
calcined at 950°C for 2 h [16]. An excess of PbO, equivalent to 0, 1, 3, 5, or 10 wt.%,
was added prior to ball milling. The calcined powders were then pressed into disks with a
diameter of 15 mm at a pressure of 80 MPa. Subsequently, the pellets were sintered in a
sealed alumina crucible at 1150°C for 3 h.

The crystal structure was determined by X-ray diffraction (XRD) with Cu-K,, radiation.
The lattice parameters and tetragonality factors (c/a) of the calcined powders and sintered
ceramics were calculated from the XRD patterns. Scanning electron microscopy (SEM)
was used to examine the surface morphologies and the cross-section micrographs of the
PST25 ceramics. The average particle size and average grain sizes of the powders and
ceramics were determined using the mean linear method. Dielectric measurements were
performed using an LCR meter (Agilent 4263B), and the measuring frequency was 1 kHz.
The ferroelectric transition temperature was determined by using a Differential Scanning
Calorimeter (DSC). Densities of the final sintered products were determined by using the
Archimedes principle.

Results and Discussion

The XRD patterns of powdered mixtures with various PbO excess contents are shown in
Fig. 1(a). The crystal structure of the PST25 was proposed as a tetragonal phase, which
could be matched with the JCPDS file number 06-0452 [17]. The pure perovskite structure
can be obtained in the powders containing 0 and 1 wt.% excess PbO. On the other hand,
when the excess PbO content was greater than 3 wt.% the PbO and PbO, phases were
present. The second phases occurred because of too much lead for the proper reaction
[15, 18]. Figure 1(b) shows the XRD patterns of PST25 sintered ceramics. The impurity
phase was not obtained in any ceramic samples. It indicated that the PbO and PbO; phase
(impurity phase) that had been formed in the PST powders were eliminated from the
samples by volatilization during sintering at 1150°C.
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Figure 1. XRD pattern of (a) calcined powders and (b) sintered ceramics made from starting powders
contained different amounts of excess PbO: (*) PbO, (o) PbOs.

The lattice parameters a, ¢ of PST25 calcined powders and sintered ceramics which
were calculated from the (001)/(100) and (002)/(200) XRD peaks, are seen in Table 1.
The lattice parameter a, ¢ and c/a of the PST25 calcined powders and sintered ceramics
tended to decrease with the increase of excess PbO content. These results indicated that the
introduction of excess PbO affected the phase formation of PST25 calcined powders and
sintered ceramics. The decrease of the tetragonality affected by excess PbO was similar to
our previous work on (Pbg g25Bag 075) TiO3 ceramics with excess lead [16].

SEM photomicrographs of PST25 calcined powders with various excess PbO are
shown in Fig. 2(a) and (b). The particle size of the samples without excess PbO (0 wt.%)
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Figure 2. SEM photomicrographs of the calcined powder with excess PbO (a) 0 wt.% (b) 10 wt.%,
as sintered surface of the ceramics with excess PbO (c) 0 wt.% (d) 10 wt.%, and fracture surface of
the ceramics with excess PbO (e) 0 wt.% (f) 10 wt.%.

exhibited an almost spherical morphology. When the excess PbO increased, the particle
size changed from a spherical morphology to nearly cubic shaped and agglomerated. The
average particle size increased from 0.62 um to 1.52 m when increasing excess PbO from
0 wt.% to 10 wt.% (Table 1). It is believed that at chosen calcinations temperatures the
sintering process starts and, as a consequence, the agglomerates are formed in the calcined
PST25 powders [18]. Figures 2(c) and (d) demonstrate SEM photographs of the sintered
surfaces of PST25 ceramics with different excess PbO. When the excess PbO increased, the
average grain sizes increased from 1.18 um to 1.34 um (Table 1). The addition of excess
PbO combined in the grain boundary and formed a grain boundary layer, which hindered
the grain growth [15]. Moreover, the porosity decreased with an increasing amount of
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PbO until 1 wt.%, then slightly increased in higher excess PbO samples. The cross-section
microstructures of the PST25 are displayed in Fig. 2(e) and (f). The samples without excess
PbO (0 wt.%) showed transgranular cracking and the fracture was nearly fully intergranular
cracking with excess PbO >3 wt.%. This indicated that in the higher excess PbO samples,
residual PbO being present at the grain boundaries caused a change in fracture mode. This
is attributed to the presence of PbO at the grain boundaries which makes the grain boundary
of the ceramic weaker [19].

The densities of the PST25 ceramics are listed in Table 1. The density slightly increased
with an increasing amount of PbO until 1 wt.%, then slightly decreased, for the higher excess
PbO. The increase and decrease of density in the PST25 ceramics with excess PbO can be
understood by considering the presence of the liquid phase formed due to the low melting
point of PbO (850°C). In the presence of excess PbO, the densification of the sample takes
place by a rapid rearrangement of the particles surrounded by the liquid PbO. This process
becomes more intense if a sufficient liquid phase is present to allow an easy rearrangement
of the grains. The proper amount of PbO (<1 wt.%) makes the ceramic dense. However, a
large amount of the PbO liquid phase can produce an initial rapid densification but a lower
final density as a result of void formation due to the PbO evaporation. As a consequence
the porosity of the pellet increases [14, 20]. In summary, the reduction in density for the 3,
5 and 10 wt.% samples is consistent with there being an excessive amount of PbO in these
samples.

Figure 3 demonstrates the dielectric constant and dielectric loss (measured at 1 kHz)
of PST25 ceramics with various excess PbO content. For the 0 wt.% sample, the maximum
value of the dielectric constant ~14600 occurred at ~311°C (Table 1) which corresponded
to the phase transition from FE to PE. For 1 wt.%, the peak occurred at ~ 315°C and was
broader than 0 wt.%. For 3, 5 and 10 wt.%, no dielectric anomaly corresponding to the
FE to PE transition was observed. When the PbO content was over the proper range, a
non-uniform distribution was obtained and caused inhomogeneous regions. These regions
had different Curie points, and the net effect resulted in the flattened characteristics [21].
Moreover, the dielectric curve showed a higher degree of broadening. This indicated that
the phase transition changed from a first-order to a second-order [22]. The dielectric loss
increased with the increase of excess PbO. The increase of dielectric loss demonstrated
the relationship of the observed mechanism to the increase of space charges due to the
movement of free charges in the samples bulk leading to higher conductivity [23].

The DSC thermographs of PST25 on heating cycles are shown in Fig. 4. The endother-
mic peaks related to the transition from a tetragonal ferroelectric phase to a cubic paraelectric
phase. The Curie temperature increased with the increase of excess PbO content and reached
a maximum at 3 wt.% and then dropped in value when the excess PbO content was higher
than 3 wt.%, as seen in Table 1. The results were similar to the (Pbg.g75Bag.025) TiO3 ceramics
[18]. It demonstrated that the temperature of the endothermic peaks were increased with
excess PbO <1 wt.% while for >3 wt.% samples there was a drop in value. The Curie peak
was obviously broader with a higher excess PbO from 0 wt.% to 10 wt.%. It also indicated
that the phase transition changed from a first-order to a second-order which corresponded
to the dielectric measurement. This is the first time it has been shown that the excess of PbO
caused by the phase transition changed from a first-order to a second-order. The transition
enthalpy decreased from 1.2660 J/g to 0.5301 J/g, when the excess PbO increased from 0 to
10 wt.%. It indicated that the samples with added excess PbO preferred the PE phase. This
result was different from excess PbO in PBT ceramics, which preferred the FE phase. The
structural reason for this is uncertain at this stage. Furthermore, the endothermic peak of
the 3, 5 and 10 wt.% excess PbO samples were observed in the DSC curve, but no anomaly
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Figure 3. Dielectric constant and dielectric loss versus temperature for PST25 sintered ceramics
with different amount of excess PbO: (a) 0 wt.% (b) 3 wt.% (c) 10 wt.%.

Figure 4. DSC plots showing heating of PBT grounded pellet samples with different amounts of
starting excess PbO.
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was found in the dielectric constant plot or even in the dielectric loss curve. This suggested
that in the detection of a small anomaly of FE-PE in phase transition, the DSC method is
more effective than dielectric measurement.

Conclusions

The excess of PbO affected phase formation, microstructure, density, dielectric constant
and phase transition. The unreacted PbO and PbO; in the calcined powders were employed
to compensate lead loss in the sintering process. The tetragonality was decreased by the
introduction of excess PbO. The average particle size and average grain size tended to
increase with the increase of excess PbO. The densest ceramic was obtained by excess
1 wt.% of PbO. The grain boundary of the ceramics became weaker and the transition
changed from first-order to a second-order by additional excess PbO.
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The Effects of Firing Temperatures on Phase
Formation and Microstructure of Pbg g75Srg 025 T1O3
Ceramics Synthesized via the Combustion Technique

PANADDA SITTIKETKORN, SOMNUK RAMANEEPIKOOL,
AND THEERACHAI BONGKARN*

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

In this work, Pbg g75Sr0.025 TiO3 (PST) ceramics were prepared by the combustion tech-
nique. Calcination was performed between 700 and 900°C, for 2 h. (CO(NH,),) was
used as fuel to reduce the reaction temperature. The calcined powders were sintered
between 950°C and 1150°C, for 2 h. The samples were characterized using: thermo-
gravimetric analysis (TGA), differential thermal analysis (DTA), X-ray diffractometer
(XRD), scanning electron microscopy (SEM) and a differential scanning calorimeter
(DSC) A single tetragonal perovskite phase was found in the powders calcined above
850°C. The pure perovskite phase was found in all the sintered pellet samples. The
c/a ratio decreased with increasing sintering temperatures. The average particle size
and the average grain size tended to increase with increasing calcining and sintering
temperatures. The maximum density of 98.74% was obtained from the sample sinterd at
1100°C. The maximum shrinkage was observed in the sample sintered at 1150°C. The
Curie temperature and the enthalpy of the PT ceramics were also investigated by DSC
measurement.

Keywords Lead strontium titanate; phase formation; microstructure; combustion
technique

Introduction

Lead titanate (PbTiO3; PT) ceramic has a high Curie temperature (T;) of about 490°C. A
high pyroelectric coefficient and spontaneous polarization, make it useful for high frequency
and high temperature applications, such as non-volatile memories, infrared sensors and
capacitors [1]. It is difficult to prepare pure-phase PT ceramics with high density, because
of a high c/a ratio of about 1.06 which gives rise to stresses in these ceramics, so they can be
easily broken and are difficult to prepare in a shape and size suitable for device applications
[2, 3]. The most widely used approach is the formation of a solid solution by adding rare
earth elements and alkaline earth elements. This is a promising technique for producing
crack-free high-density materials [4]. For example, adding a small amount of Sr*+, Ba®*
and Ca®* to partially substitute Pb?* in the A-site is one of the commonly used methods.
Among these, Sr?* has been most widely used because it helps to obtain a higher phase
velocity and a high electromechanical coupling coefficient [5].
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There are a lot of processing techniques for preparing lead strontium titanate ceramics.
Pe-Jun Wang et al. fabricated lead strontium titanate ceramics via the coprecipitation
technique [6]. The nitrates of the raw materials were dissolved in a CH3COOH-C,H;0H-
H,O system and then coprecipitated by an oxalic acid dehydrate. The precipitate powders
were calcined at 700°C for 45 min. After that, Xianran Xing et al. prepared Pb; «SrcTiO3
(0 < x < 1) by the conventional mixed-oxide method [7]. The samples were calcined at
950°C and sintering temperatures were between 950 and 1250°C. It is well known that
ceramics which are synthesized by a solid state reaction method require high temperatures
and the resulting powders exhibit many undesirable characteristics: large particle size
and wide particle size distribution [8]. Wet chemical synthesis can provide homogenous
nanosized oxides of high purity at lower reaction temperatures but they have a high cost
for starting materials and they are intricate and complicated [9]. The combustion method is
interesting because it helps to decrease the temperature in the preparation and results in a
small particle size. The combustion reaction method also has interesting characteristics such
as: its simplicity, its relatively low cost, and the fact that it usually results in products with
the desired structure and composition [10, 11]. Thus, in this work, Pbg.g75Sr0.025 TiO3 (PST)
ceramics were prepared via the combustion method and the effect of firing temperatures on
its phase formation and microstructure were investigated.

Experimental Procedure

Pbo.g75Sr0.025 TiO3 (PST) was fabricated using an established combustion method. PbO,
SrCO3; and TiO, powders were used as starting materials. The powders were mixed by
ball milling for 24 h with ethanol as a solution media. The mixed powders were dried
at 120°C for 6 h. Prior to sieving, the powders and urea were mixed in an agate mortar,
then calcined between 700 and 900°C for 2 h. The calcined powders were reground by
wet ball milling with 2 wt% binder for 24 h. The obtained powders were pressed into
the pellets with a diameter of 15 mm prior to sintering between 950 and 1150°C for
2 h. X-ray diffraction (XRD) was performed to examine the phase constitution of the
specimens at room temperature. The microstructures of the PST samples were examined
using scanning electron microscopy (SEM). The densities of the sintered ceramics were
measured by the Archimedes’s method and the average grain size was determined by using
a mean linear intercept method. Dielectric measurements were performed using an LCR
meter (Agilent 4263B), and the measuring frequency was 1 kHz. The phase transition,
transformed from tetragonal ferroelectric to cubic paraelectric, was investigated by using a
differential scanning calorimeter (DSC).

Results and Discussion

Figure 1 shows the TGA and DTA curves of PST powders and urea prepared by the
combustion route. The PST powders demonstrated a three-stage weight loss: the first was
in the temperature range of 170 to 235°C, the second from 316 to 450°C and the last began
around 675°C. The first weight loss is believed to have been caused by the melting of the
urea [12]. It was related to the endothermic peaks in the DTA curves at 170 and 218°C.
The second weight loss was caused by the evaporation of water and gas [13]. This was
associated with endothermic peaks at 338, 388 and 414°C. The last curve corresponded
to an endothermic peak at 678°C, and a small endothermic peak at 770°C, which may
represent the reaction of PbO, SrCO3 and TiO,. Based on the results of DTA and TGA, a
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Figure 1. TGA-DTA curves of PST powders and urea.

series of calcinations for the PST powders were carried out from 700 to 900°C for 2 h, at a
heating/cooling rate of 5°C /min.

The XRD patterns of the PST powders and ceramics, formed with different calcination
and sintering temperatures, are given in Fig. 2. It was found that the PST powders and
ceramics indexed in a tetragonal structure which could be matched with JCPDS file number
06-0452. In the samples calcined below 850°C the precursor of the PbO, TiO, and SrCO3
phase were detected (Fig. 2a.). A high purity of the tetragonal perovskite phase was
discovered in powders calcined above 850°C. Figure 2b shows a single perovskite tetragonal
phase of PST in all sintered samples. The relative percentage in the perovskite and impurity
phases was determined by measuring the major XRD peak intensities of the perovskite
and impurity phases. The percentage of the perovskite phase is described by the following
equation:

|
% perovskite phase = ( perov > x 100 (1)
Iperov + lpbo + ITi0, + Isrco,

This equation is a well-known equation which is widely employed in the preparation
of complex perovskite structure materials [14]. Here lperov, Ipbo, ITio, and lsico, refer to
the intensity of the (101) perovskite peak, and the intensities of the highest PbO, TiO, and
SrCO;3; peaks. The percentage of the perovskite phase of PST compounds are calculated and
demonstrated in Fig. 3. The purity of the perovskite phase rose with increasing calcination
temperatures and 100% of the perovskite phase was found above 850°C.

The lattice parameter a and ¢ of the PST ceramics increased with increasing sintering
temperatures, up to 1000°C. The lattice parameter a and c tended to slightly decrease with
higher sintering temperatures (Table 1). The c/a ratio tended to decrease with increased
sintering temperatures as seen in Table 1. The changing of the sintering temperature affected
the lattice strain, which changed the d spacing and the lattice parameters of the samples
[15].
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Figure 2. XRD patterns of PST samples with various calcined and sintering temperature: (a) calcined
powders; (&) PbO, (¥) TiO, and (e) SrCO;3 and (b) sintered ceramics.

The SEM photomicrographs of PST calcined powders and sintered ceramics are illus-
trated in Fig. 4. These powders exhibited an almost spherical morphology and have a porous
agglomerated form as shown in Fig. 4a and b. The particle size, which is calculated from the
cutting lines in SEM, rose from 0.36 to 1.26 xm with the increased calcination temperature

Figure 3. The % perovskite phase of PST powders.



€L°65Y TvS¢e 118)% STT €8°. €T 09S0°'T L9TT¥ 0C06°€ 0GTT
(0] aracld L18¢C L€9 L 0T L8°L 00T 89G0°'T ¢¢lT'v 8006°¢€ 00TT
9629y 8¢0°¢ 69€ 9’6 69°.L 180 89G0°'T TECTY ¥I06°€ 0S0T
e VIV 18L°¢C €a¢ SL L9, LL0 ¢/S0'T ¢leT'v  LE06'E 0007
0T ¥91 T2e¢ TS 89 6¢'L 150 L[/S0°T  69¢T'v  LT06°€ 056
(Do) aumesadwar  (Byr) .52 18 (%) (swo/6) (w) azis onel (y) () (0.) aunmesadwsy
aun) Adjeyiua  uelsuod oosRId  ebeuuys  Alsua@g  uledb abeisny ejo eyl 2 e palajuis

uonisues} 3d-34

Jo1awreled aome

"SOIWRISD ] Sd 10 uonisues) 34-34 pue JueIsuod J11199aIp ‘afexunys ‘Alsusp ‘azis urelb abelane ‘oirel /o ‘0 ‘e Jajawreled some]

0T0Z

T3lqeL

laquaodag ¢z S¥ 60 W [A1euqgq A1isisaiun e esddn]

:Ag papeo jumog

162/[670]



09: 45 2 Decenber 2010

Downl oaded By: [Uppsala University Library] At:

PST Ceramic Synthesized Via the Combustion Technique [671]/163

Figure 4. SEM morphology of PST calcined powders and sintred ceramics at (a) 700°C, (b) 900°C,
(c) 1000°C and (d) 1150°C.

from 700 to 900°C. Figure 4c and d shows the microstructure and reveals that the grains
are nearly spherical in shape with different grain sizes. By using the intercept method, the
average grain sizes increased from 0.51 to 1.31 um (Table 1). The results indicated that
the average particle size and average grain size tended to increase with increase calcination
and sintering temperatures.

The variation of the measured density and shrinkage of PST ceramics with different
sintering temperatures are also shown in Table 1. The density increased with increased
sintering temperatures up to 1100°C and decreased with higher sintering temperatures. The
shrinkage increased with an increased sintering temperature.

The dielectric constant at room temperature as a function of the sintering temperatures is
listed in Table 1. The tendency of dielectric constant values with the sintering temperature is
similar to that of the density, while the average grain size also increases monotonically with
sintering temperature. This agrees with the report by R. Yimnirun et al. [16]. They reported
that the maximum dielectric constant of PZT ceramics increased with increasing grain size.
The increasing grain size results in a reduction in the volume fraction of grain boundaries,
which makes domain reorientation more difficult and severely constrains the domain wall
motion. This translates to an increase in the domain wall mobility corresponding to an
increase in the dielectric constant [16]. In this study, the increasing dielectric constant in
sintering temperatures up to 1100°C can be related to the increasing grain size as shown
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Figure 5. The DSC analysis of the PST ceramics with various the sintering temperature: (a) 950°C,
(b) 1000°C, (c) 1050°C, (d) 1100°C and (e) 1150°C.

in Table 1. However, the dielectric constant values of the sintered samples decreased from
637 to 491 as the sintering temperatures increased to 1150°C. This observation may be
attributed to a higher PbO deficiency and porosity in PST ceramics at higher sintering
temperatures. Thus, the higher sintering temperature can significantly reduce the values of
dielectric constant of PST ceramics.

Figure 5 demonstrates the DSC thermograms of sintered samples. The distinct en-
dothermic peak could be attributed to Curie temperature when it transformed from the
tetragonal ferroelectric to cubic paraelectric. The Curie temperature slightly increased with
an increase of sintering temperatures, up to 1000°C, after that the Curie temperature tended
to slightly decrease with higher sintering temperatures (Table 1). The enthalpy increased
with an increased sintering temperature, up to 1050°C, afterwards the enthalpy tended to
decrease with higher sintering temperatures as seen in Table 1. These results suggested that
the sintering temperatures directly affected the Curie temperature and the enthalpy of the
PST ceramics.

Conclusions

The densest of the PST ceramics were successfully obtained via the combustion method. A
highest purity of the tetragonal perovskite phase was discovered in powders calcined above
850°C. The maximum density was 7.87 g/cm? or 98.7% obtained from the sample sintered at
1100°C. The c/a ratio decreased while average grain size increased with increased sintering
temperatures. The average grain size and density can influence dielectric properties. The
firing temperatures have directly affected the phase formation, microstructure, density,
dielectric constant and FE-PE transition of the PST ceramics.
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Abstract

Barium strontium zirconate titanate ((Ba;_xSrx) (Zryx Ti;_x)O3; BSZT, x = 0.25 and 0.75)
ceramics with a highly crystalline structure were successfully synthesized using the combustion
technique, in which urea performed an important role. The effect of calcination (1000-1300°C)
and sintering temperatures (1300-1550 °C) on the phase formation and microstructure of BSZT
ceramics were investigated. The pure perovskite phase of BSZT (x = 0.25 and 0.75) powders
with a uniform cubic morphology were detected at the calcination temperature of 1300 °C. At
the same calcination and sintering temperature, the lattice parameter a of BSZT powder and
ceramics with x = 0.75 is higher than x = 0.25. The microstructure of BSZT powders
exhibited an almost-spherical morphology and had a porous agglomerated form. The average
particle size and the average grain size of all ceramics increased with the increase of calcination
and sintering temperatures, but decreased when the content of x increased. The maximum
densities of x = 0.25 and 0.75 ceramics were around 5.85 and 5.62 g cm~2 obtained from the

samples sintered at 1500 and 1450 °C, respectively.

1. Introduction

Solid solutions of barium titanate and strontium zirconate;
(1 —x)BaTiO3—xSrZrOg3 exist in a single phase for wide range
of compositions. The paraelectric (1 — x)BaTiO3—xSrZrOg;
X > 0.2 ceramics are chemically more stable, and have
a lower transition temperature (T.) and a high dielectric
constant [1]. (1 — x)BaTiO3—xSrZrO3 compounds have
been applied in microwave dielectric resonators, which are
miniature resonating devices used in microwave integrated
circuits [2]. The tunability and figure of merit of (Bag 75Sro.25)
(Zrg.25Tig.75)O3 thin films are 53% and 38, respectively, and
are promising candidates for microwave tunable devices [1, 3].
A literature survey revealed that the sol-gel technique has
been used to prepare (1 — x)BaTiO3—xSrZrO3 powders [4-6].
It is well known that this process of sample preparation is
complex and expensive [7]. Our previous work prepared and
characterized (Ba;_xSrx)(Zrx Tiz_x)O3 ceramics by the solid
state reaction method [8, 9]. The pure phase was obtained at a

1 Author to whom any correspondence should be addressed.

0964-1726/10/124001+07$30.00

calcination temperature over 1350 °C and a maximum density
of around 5.42-5.64 gcm~2 was found from the sample
sintered at over 1500 °C. Recently, the combustion technique
has become an attractive technique for synthesizing different
oxides, such as BaTiO3 [10], BaZrO3; [11], SrZrOs; [12],
CaZrOg3 [13]. This technique involves a self-sustained reaction
between the reactive materials and the fuel (e.g. urea), which
provides a liquid medium at the start of the reaction. In a liquid
environment, the reaction can take place more easily because
the diffusion coefficient is higher than in the solid medium.
Furthermore, with the high surface energy and driving force
of the combustion technique, fine, highly crystalline powders
with the desired composition were also obtained [11, 14].

However, a detailed study of the synthesis and character-
ization of ((Ba;_xSry)(ZrxTiy_x)O3; BSZT) ceramics via the
combustion technique has not been reported in the literature.
So, in the this work, BSZT (x = 0.25 and 0.75) ceramics were
prepared via the combustion technique. The effects of calci-
nation, sintering temperatures and the replacement of ions at
the A and B sites on the phase formation and microstructure of
BSZT ceramics were also investigated.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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2. Experimental details

Barium strontium zirconate titanate ((Baj_x Sry) (Zrx Ti1_x)O3;
BSZT, x = 0.25 and 0.75) powders were synthesized by
the combustion technique. The mixtures, in the required
stoichiometric ratio of BaCO3 (99%), SrCO3 (99%), ZrO,
(99%) and TiO, (99%), were ground by a ball milling
procedure (zirconia milling media under ethanol for 24 h).
They were then dried at 120°C for 4 h. The mixture of raw
materials and the fuel, urea in the ratio of 1:2 by weight,
was mixed well before the calcination step. The reaction
of the uncalcined powders with the urea taking place during
heat treatment was investigated by thermogravimetric and
differential thermal analysis (TGA-DTA) using a heating rate
of 10°C min~1, in air, from room temperature up to 1275 °C.
Afterwards, the mixed powders were calcined in temperatures
ranging from 1000 to 1300 °C, with a dwell time of 4 h and
a heating/cooling rate of 5°C min~t. The calcined powders
were then pressed into discs with a diameter of 15 mm at a
pressure of 80 MPa. The pellets were sintered from 1300 to
1550°C for 2 h and cooled in a furnace. X-ray diffraction
(XRD) was employed to identify the phase formed and the
optimum temperature for the formation of BSZT powders
and ceramics. The morphological features of the product
were imaged using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The density of the
sintered ceramics was measured by the Archimedes method.
The average particle size and the average grain size were
determined by using the mean linear intercept method. The
raw data were obtained by measuring the particle and grain
sizes over 300 particles and grains.

3. Results and discussion

The simultaneous TGA-DTA analyses of the powders mixed in
stoichiometric proportions of (Ba;_xSry)(Zrx Tiy;_x)O3; BSZT,
X = 0.25 and urea are exhibited in figure 1(a). In the
temperature range from room temperature to ~250 °C, the first
weight loss occurred around 130-280°C, and demonstrated
endothermic peaks at 142 and 201°C in the DTA curve.
These observations can be related to the melting of urea,
which normally occurs at about 135°C [14]. The second
weight loss occurred between 280 and 420°C, and is related
to the endothermic peak at 398°C in the DTA curve. These
observations may be correlated with the rapid vaporization of
water and gas caused by the decomposition of ammonia [18].
The third weight loss occurred between 450 and 600 °C, and
corresponds to the endothermic peak at 494 °C. This step may
be related to the vaporization of water and gas [18], but the
rate of vaporization was lower than in the second step. The
combustion reaction process occurred in these three steps. The
molten urea and the decomposition of the ammonia provided
a liquid environment in which the diffusion coefficient was
higher than in the solid medium. This caused the raw materials
to have a more uniform distribution. Furthermore, the energy
obtained from the combustion of the urea and the oxidation—
reduction reaction between the ammonia and NO was also
released. The combustion energy reduced the particle size

@

(b)

Figure 1. TGA-DTA curves for the mixture (x = 0.25) of (a) the
raw materials and urea, and (b) only the raw materials.

of the powders. This chemical reaction takes place easily
and accelerates the reaction in the next step. The fourth
weight loss occurred between 600 and 925 °C, which correlates
with small endothermic peaks at 920 °C. These observations
showed the chemical reactions of the raw materials. The last
weight loss occurred at higher than 930°C. It was almost
stable but an endothermic peak occurred at 1248 °C, indicating
that the solid state reaction of the raw materials continued.
These results were used to identify the range of different
calcination temperatures between 1000 and 1300 °C for XRD
investigation.

The simultaneous TGA-DTA analyses of composite
BSZT powders of x = 0.25 without urea are shown in
figure 1(b). The TGA curve showed two distinct weight losses.
The first weight loss started at around 595°C, which relates
to a small endothermic peak in the DTA pattern at around
820°C. The second weight loss occurred above 960 °C, which
correlates with a small endothermic peak around 968 °C. These
observations demonstrated the chemical reaction between
BaCOs, SrCO3, ZrO, and TiO,. Moreover, it was seen that the
chemical reaction still continued at temperatures over 1300 °C,
whereas the complete chemical reaction using the combustion
method should not be higher than 1300 °C.

The XRD patterns of BSZT powders with x = 0.25 at
different calcination temperatures are shown in figure 2(a). The
diffraction lines were indexed on the basis of a cubic structure
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Figure 2. XRD patterns of BSZT powders with (a) x = 0.25 and (b) x = 0.75, I-V mixed urea and VI-VI1I1 without urea, which were
calcined at various temperatures for 4 h: (¢) BaZrOs; (¢) BaO; (@) BaTiOs; (H) TiOy; (V) ZrO,; (*) SrTiOs.

Table 1. The percentage of perovskite phase, lattice parameter a and average particle size of BSZT powders.

x =0.25 x =0.75
Percentage Lattice Average Percentage Lattice Average

Calcined perovskite parameter a particle size perovskite parameter a particle size
temperature phase (%) (A) (nm) phase (%) (A) (nm)

1000 65.7 3.9636 210+ 32 66.5 4.0811 130+ 31
1100 65.5 3.9652 220 £ 37 72.9 4.0751 150 £+ 43
1200 68.2 3.9693 300 + 33 85.0 4.0725 160 + 34
1250 79.8 4.0202 320+ 54 95.3 4.0699 180 4+ 29
1300 100 4.0236 370+ 29 100 4.0682 220+ 32

matched with JCPDS file number 31-0174. Impurity phases
of BaO, BaZrOz and TiO, were discovered at calcination
temperatures below 1300 °C (figure 2(a) I-1V). The pure cubic
perovskite phase was found at a calcined temperature of
1300°C, as shown in figure 2(a) V. The relative amounts of
the perovskite phase were determined by measuring the major
XRD peak intensities of the perovskite phase. The percentage
of the perovskite phase can be calculated by the following

equation:
) x 100.

1)
This equation is well-known and widely employed in
the preparation of complex perovskite structure materi-
als [8, 9, 11]. Here lperov, lgao, lgazro, and lvio, refer to the
intensity of the (101) perovskite peak and the intensities of the
highest BaO, BaZrO3 and TiO, peaks, respectively. The per-
centage of perovskite phase of BSZT powders calcined for 4 h

I perov

% perovskite phase = (
|perov+ |BaO+ |BaZrO3+ ITioz

at temperatures ranging from 1000 to 1300 °C is shown in ta-
ble 1. The increase of phase purity with increasing calcination
temperatures is evident.

Figure 2(b) illustrates the diffraction line of BSZT
calcined powders with x 0.75, which can be indexed
on the basis of a cubic structure matched with JCPDS file
number 03-0632 and corresponds to previous works [8, 9].
Impurity phases of BaO, BaTiO3z, SrTiOz, ZrO, and TiO,
were discovered at calcination temperatures below 1300°C
(figure 2(b) 1-1V). The pure cubic perovskite phase was
found at a calcined temperature of 1300 °C, as illustrated in
figure 2(b) V. The percentage of the perovskite phase increased
when the calcined temperatures increased, as shown in table 1.

In the case without urea [8, 9], the impurity phases
of BaZrO3; and SrTiOsz were still detected at calcination
temperatures of 1350 and 1300°C for x = 0.25 and 0.75, as
shown in figure 2(a) VI-VII and figure 2(b) VI, respectively.
The pure cubic perovskite phase of BSZT powders of x = 0.25
and 0.75 was detected at calcination temperatures of 1400 and
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Figure 3. SEM photographs of BSZT powders with x = 0.25 calcined for 4 h at (a) 1000 °C, (b) 1200°C and (c) 1300°C, and x = 0.75

calcined for 4 h at (d) 1000°C, (e) 1200°C and (f) 1300 °C.

1350°C, as shown in figure 2(a) VIII and figure 2(b) VII. The
optimum calcination temperature of the combustion technique
was lower than that of the solid state reaction method [8, 9]
by around 50-100°C. This is because the interior reactant
of the combustion technique appears at an instantaneous high
local temperature, which is around 1500°C [14], with a
smaller particle size and a more uniform distribution. These
results corresponded to the TGA-DTA investigation. At
the same calcination temperature, the lattice parameter a of
the calcined powders with x = 0.75 in value was higher
than the lattice parameter a of x = 0.25. The changing
of firing temperatures and the ions in the A and B sites
affected the lattice strain, which determines the change in
the d spacing and the lattice parameters of the samples [15].
This indicated that the calcination temperatures and increasing
x content affected the crystal structure and the phase
formation.

Figures 3(a)-(f) show SEM photographs of BSZT
powders with x = 0.25 and 0.75 that were calcined at 1000 and
1300°C for 4 h. These powders exhibited an almost identical
spherical morphology with a variation in size and had a porous
agglomerated form. The average particle size of the BSZT
powders increased as the calcination temperatures increased.
The variation of x content also influences the particle size. The
average particle size for x = 0.25 is larger than for x = 0.75
at the same calcination temperature, as shown in table 1.

Figure 4 shows a typical TEM micrograph of the BSZT
powder with x = 0.75. The average agglomerate size of
the as-calcined powders was assessed as around 230 nm when
observed by TEM in a low magnification image, as shown in
figure 4(a). The details of the aggregated particles are seen
in the high magnification image in figure 4(b). It can be seen
that the powder particles have a similar spherical shape and
a porous agglomerated form. The size of the fine primary
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Figure 4. TEM micrograph of BSZT powder with x = 0.75 calcined at 1300 °C; (a) low magnification image and (b) high magnification

image.

particles is in the range of 89-167 nm. This result showed little
difference in its values when compared with the particle sizes
from the SEM image. It demonstrates that the TEM results are
related to the particle size seen in the SEM results.

Calcined powders of all compositions obtained at 1300°C
were pressed into pellets and sintered from 1300 to 1550°C
for 2 h. Figure 5 shows the XRD patterns of BSZT sintered
ceramics with x = 0.25 and 0.75. The BSZT ceramics with
x = 0.25 were identified as a single phase of a perovskite
structure that has a cubic symmetry in samples sintered below
1550°C. The peaks of BaTiOz and SrTiO; were detected at
1550°C, which may be due to the vaporization of Zr*+ at
high temperatures. The BSZT ceramics with x = 0.75 were
identified as a single phase of a perovskite cubic structure in
the samples sintered below 1500 °C. The peak of SrTiO; was
detected at over 1500 °C, which may be due to the vaporization
of Ba?* and Zr** at high temperatures.

The lattice parameter a, as a function of sintering
temperatures, is shown in table 2. At the same sintering
condition, the lattice parameter a of BSZT ceramics was higher
for x = 0.75 than for x = 0.25. The increase in the lattice
parameter a may be caused by the change of lattice strain,
which was similar to the calcined powders. The reflection
peaks were sharper with higher sintering temperatures, which
was indicated by the larger crystallization when the sintering
temperatures increased.

SEM photographs of the BSZT surface of the sintered
ceramics with x = 0.25 and 0.75 are shown in figure 6. It was
obvious that the porosity decreased, while the average grain
sizes increased from 0.91 to 10.57 um for x = 0.25, and from
0.81 to 8.67 um for x = 0.75 with an increase in sintering
temperature from 1300 to 1550 °C, as shown in table 2.

The percentage shrinkage of the pellet samples increased
with the increase of sintering temperatures, as shown in table 2.
The density measured with varying x contents and sintering
temperature is shown in table 2. The density increased at
first with sintering temperature, reaching peaks at 1500 and

Figure 5. XRD patterns of BSZT ceramics with x = 0.25 sintered
for 2 hat (a) 1350°C, (b) 1450°C, (c) 1550°C, and x = 0.75
sintered for 2 h at (d) 1450°C, (e) 1500°C: (¢) BaTiOs; (®) SrTiOs.

1450°C for x = 0.25 and 0.75 respectively, then decreased
for sintering temperatures beyond these values, as shown in
table 2. It was observed that the density decreased when
the firing temperature was higher than an optimal temperature
for the sintering process. The grain growth correlated with
the densification mechanisms during treatment, particularly
during the final stage of sintering. The expansion of trapped
gases in the pores assembled and grew because of grain
growth [16, 17]. Using the optimal heat sintering treatment,
5.85 and 5.62 gcm~3, for x = 0.25 and 0.75 respectively,
was obtained as the most dense BSZT samples. Although
the maximum density of samples prepared by the combustion
technique was similar to that of the samples synthesized by
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Figure 6. SEM photographs of the pellet surface with x = 0.25 sintered for 2 h at (a) 1400 °C, (b) 1450°C and (c) 1500°C, and x = 0.75
sintered for 2 h at (d) 1400°C, (e) 1500°C and (f) 1550 °C.

Table 2. The lattice parameter a, density, shrinkage and average grain size of BSZT ceramics.

X =0.25 x =0.75
Lattice Average Lattice Average
Sintering parametera  grain size Density  Shrinkage parametera  grain size Density  Shrinkage
temperature  (A) (nm) (@em=) (%) (A) (nm) (@em=) (%)
1300 4.0010 09+0.10 5.01 14.0 4.0886 0.5+£0.056 532 3.8
1350 4.0076 1.2+0.32 525 141 4.0781 0.8+£0.07 5.39 6.0
1400 4.0090 2.24+043 5.36 14.2 4.0763 1.1+0.12 548 10.0
1450 4.0150 56+0.71 5.38 15.0 4.0711 26+0.20 5.62 16.6
1500 4.0167 8.7+130 5.85 155 4.0677 58+£0.35 558 17.3
1550 4.0193 10.6 +1.34 561 16.5 4.0590 8.6 £0.68 556 18.6

the solid state reaction method, the combustion technique 4. Conclusions

used lower calcination and sintering temperatures [8, 9]. This

demonstrates the efficiency of the combustion technique inthe  BSZT powders can be obtained by the combustion technique.
preparation of highly pure and dense BSZT ceramics. The pure cubic perovskite phase was obtained with a
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calcination temperature of 1300°C for both powders. The
resulting BSZT powders became more agglomerated as the
calcination temperature increased. The maximum densities of
5.85 and 5.62 g cm~2 were achieved for ceramics sintered at
1500 and 1450°C for 2 h. The molten urea and combustion
of urea plays an important role in the complete process. The
calcination and sintering temperatures, and the replacement of
ions at the A and B sites have a strong influence on the crystal
structure, lattice parameter and homogeneity of the calcined
powders and the sintered ceramics.
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