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Abstract

Project Code: RSA5480021
Project Title: Low Temperature Fabrication of Ferroelectric Ceramics by Combustion Method
Investigator: Assistant Professor Dr. Theerachai Bongkarn

Department of Physics, Faculty of Science, Naresuan University

E-mail Address: researchcmu@yahoo.com, theerachaib@nu.ac.th
Project Period: 3 years (15 June 2011 — 14 June 2014)
Abstract

Characterization of lead-free ferroelectric 1-x(Big sNay ) TiOs-XATiO; [A = Ba”', Ca’" and
Sr2+] or BNTBT100x, BNTCT100x, BNTCT100x with x = 0-0.12, 0-0.08 and 0-0.12 ceramics
prepared via combustion method was studied. BNTBT100x ceramics showed mixed of
rhombohedral and tetragonal phase. The density, linear shrinkage and maximum dielectric
constant of BNTBT2 and BNTBT4 ceramics increased with increasing sintering temperatures up
to 1150 °C and then evaporations of Bi3+and Na+ occurred. While, the density, linear shrinkage
and maximum dielectric constant of BNTBT6 BNTBT8 BNTBT10 and BNTBT12 ceramics
increased with increasing sintering temperatures up to 1200 °C and then the impurity phases
were detected at higher sintering temperatures. Moreover, the BNTBT8 ceramics sintered at
1200 °C showed the highest dielectric constant at T, and highest density of 7400 and 5.80
g/cms. The P and E, (using electric flied at 40 kV) were 28.10 uC/cm3 and 21.02 kV/cm,
respectively. BNTCT100x ceramics exhibited the rhombohedral phase in all the samples. The
density of BNTCT100x ceramics increased with increasing sintering temperatures up to 1150 °c
and thereafter they decreased. The linear shrinkage of BNTCT100x ceramics increased with
increasing sintering temperatures. Moreover, the BNTCT2 ceramics sintered at 1150 °C showed
the highest dielectric constant at T, and highest density of 3208 and 5.57 g/cm3. The P.and E,
(using electric flied at 40 kV) were 17.4 uC/cm3 and 30.13 kV/cm, respectively. BNTST100x
ceramics exhibited the cubic phase in all the samples. The density and linear shrinkage of
BNTST100x ceramics increased with increasing sintering temperatures. Moreover, the BNTST20
ceramics sintered at 1200 °C showed the highest dielectric constant at T, and highest density of
4725 and 5.57 g/cms. The P.and E, (using electric flied at 40 kV) were 17.19 uC/cm3 and 29.61
kV/cm, respectively.
Key words: combustion method, ferroelectric, microstructure, dielectric properties, phase

formation
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SaRiand aziiinan
SQ=QT =d sin@ 9)
A 2 \ . g =2 M v
118 d A FLaTUNNTININNTULRIHAN Mauanngluulean
nA = 2d sin@ (10)

= Aif: o . dl = Ly o o
FUNANNNTNIT ANNTTVRNLUINT (Bragg's equation) Tedugzladiinin d1msu
= A v @ = ) Ao 1% @) = .

nnsAnEndlaseasaiussioy | ansnulageairuilunaniaan (single crystal) way
HANLEIERY (polycrystalline)  twsnzluansusiasainaziglutuniszeasiresaznany
o dl =) 1 dl a d” o al '8 dl o
AnwouzianTy e auivAyAnansaeuuliaesdendleruiuenantesans
AT NIIUieTTazeTEndeuiazarnantetan st o) Andluilsslaadadieninlu
NN93LATIE AT HALRY41S (qualitative analysis) muiﬂﬁqmuﬁﬁmqmﬂmwm@mwﬁu1
al v
anAng

NTANUINNANASTILARTNT ¢, a WATANERTIEIU c/a aIN1TNTLNN LA iAIanAE
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1 h> k> |I? (11)
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UANNSNIANINTIRINARIRANTTAUBLANATAULLLARINGIA [30]
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10° - 107 nef warigareunuEasiaudNazlsuatdanmsau (electro beam) 1iRuUNA
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q
1

ANBLANATAUNANNIZNURLIRY viTasaatinaazdauinludas 5 19 200 wiluwns Tnaiga
IAAIAAILANNIIABINGIA (scan coil) FBIANBLANATAUNIUENTLUNNTALANTANINAG

LARAUNTDIRIBLANATAULURIFRALNN T A 1N90n At ALt UNI9gAAILAN
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(control unit) UUENANBLANATAUNTLNURIFIBENIAZIAASUAIAZEN (interaction) TEUIN4
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aidnmreulgugiueznensg uinguzesistneuaziianisaa leunAs I unduANan
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ANNUEINTEAUFNG | I TRANTsUanlaesdtynydidnnsau (electron signal) 2iAsng

1 aanun dldUselamilunnsfnednsnisiavesdieduazdinssion i ludaetngls

q

%

pNANEUEATy NN A ndtyeyniBianasauTiagNg | MiisTu Ao

1. dryryrnuninainaianmsauyfani (Secondary Electron Image, SEI) %301y

o

BLANMIDUNAIIUAT 3-5 BLanmraulaad nanNuRaseauluan (v 10 wnTwums) Tns

1
a o

aa = A aw Aa o
WANLEANH LIS ALULENBLANATAUNELAN
2. AYUNUNINANNBLANATAUNTLIANNAL (Backscattered Electron Image, BEI)
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3. dyaynounnaniediand (X-Ray Image, XRI) aiafuiediandianiesiailu

A&I 1 [~3 dl a a @ [ :I/ 1 % .

PALULNIUAN AR Aa N BLANAsauluszFLTulAa s (K, L, M,...) gnN3chU (excited)
wra LA FUNAvIuNINNaaurgAeanaIneetaazaant N lieraanfAedineaNga1es
IAsagdremannneluernan lnanispaedianmsauainduiinasdnliidiuunuinazdesan
wasuduAueanun luglaauuman e s esindsnumniudulaasiunun
d@l dl 1 [~1 d”d dl 1 [ [ o ] 9./3://
TapRAuuNAN WA Hd AN ARWRaN L TULARZ 816 AN T AINAIUBSAA RN THT

NLTHULAT AN

o

Ayryrasnanaindidnmsewinaniargnidasusdudynyiunindsnguu

o o ] a
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Foucynnudianasaunfuni lddanssadngianaannisasuas (Plastic scintillation detector)

a

futnunawainadnasaunsziaenauas Msmnaadaniduansiedainaliinseadafidu

=

(PN junction detector) wirasiansadaatialsliudu (Robinson detector) uaz ludtyyninin

o al ¢

anFagandazldiadnsadainansnasatnlssinndamauaian (ithium drifted  silicon

, Si(Li) inanusaniugilnsnflunisiiasizindwnuaesisdiandiannzsinieinsniiase

v v
o o

HUuNTuULEeAen (Single Channel Analyzer, SCA) uazginsniiiasiziiuunaiedes

(Multi Channel Analyzer, MCA)
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N1FWIAMNUUILUY (Density) [32]
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ANVFLNNIMIANNMUNLUUANTNS (relative density © p, ) Wik @usnA U 16
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[(1- X)(Bi,;Na,,)TIO,xBaTiO, tagdl 0 < x = 0.3 feeRsUfFananiuzaesudalngin

wea lmiigaunni 800 evAmalTea uaziNN AL NgMAN 1200 asAgalEaa uinan

2 dnlug
1600
o °  BNBT-100x
g 12001 at 10 kHz
A | atR.T.
0 : . - - -

0 5 10 15 20 25 30
BaTiO3 [mol %]

MW 10 AnAsTiladlanyanaasasiin BNBT fAlwa (€',,) uazldlalna (€,) [10]

WU3N EaEndARuILulszinuFeaas 90 wazinuseasamaszuineseniudnsea

Aummszinues RATUA x = 0.06 - 0.07 TeFuuLes x TudtiazuansAAsnlnBianyian

o/ 1 dl a dl a a dl = o o 1 dl M o

4940 uazfetieninaaziarasiladidnvsnanasadanlsaumauiusaetiiladlalng fg
wans NI 10

oMU NINNTWEIIRN BNBT-5 (x = 0.05) aziinslasunlasinaann

'
a A

wSlsddnyeniduneuinSlsBidnniniigouugitlssuins 160 eALEaIdEa LazAIN

waumWslsaianyznidunisBidnvsnngungitlsranns 285 aaAamaiiad Asnanslunin

11 BIFUNUFTUNATRI9DLTANATTA ALAAIIUNIN 12 UANANNREINLINLTUIUDY X

[ % ]

wargnmlifduiladundrAyranialasunlaslaseairaa dauandlunn 13 uay

o
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Faeeing BNBT-6 (x = 0.06) HA1asnfiladLanvisngeqaviniu 125 pC/N Auils=@naidana

Wiy 55 uazgauuniATagNlszunns 288 avamaLTYE

[a—
o=

[—

Ln

o BNBT-5
i 8T at1MHz 12 %
g 6t S ‘g
g B 9 §
z - et
E 41 I: 16 §n
.E i L\ : i E
g 21 N Famleme g g
© :Antiferroelectricl E
: S e I

0 100 200 300 400

Temperature (°C)

n 11 Anasiiladianvsnuasnisgadeladianvidnaasasnin BNBT-5 (x = 0.05)
[10]

NN 12 WFAUTANDFTAUDNLTSINN BNBT-5 (a) Namuudinas (b) Namuunni160

RIANTALTF [10]
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Temperature (°C)

100

0 5 10 15 20 25 30

0 L

BNT BaTiO; [mol %]

w13 Anudnnuseaslsuna Bi Na, TiO, way BaTiO, luszuu (Bi,.Na,,), ,
. d a a i
Ba,TiO, lnah Fo Aaanslsdiannanniilassasuuusanludngas Fp
a a i a
Aaanslsaiannsnnilassgirauuunnszinuaa AF Aainduausins

Tsaanynsnnnlaseadanuusanludnsaa P Aatnanis1aannsn [10]

D. Lin et al. [35] wsesiasnindasimladaninniun-uuFasinniium

[(1- X)(BissNay,)TiO,-xBaTiO, il 0 < x = 0.12 foedsufsenaniuzaasudalnein

a

wea lmiingouuni 850 avAmaLTea uaziNTuARTNgMAN 1200 avAgalEaa Luian

a
¥ 1

2 97189 A1NN1TAATILALATIA TN HANAELNATANITIAY L WLLUTIALANT WUIN 7
x < 0.06 arilaras1amiau BNT farisinaziinsaiaiuluusaniugnses iwaiFunns

BT nludnarilianseadradlunuumnssinuasaunniu uasi x > 0.10 #Alaaadia

willaw BT dvmsinarilnseairadluniimnssinuea satuizinngassana (MPB) wuf

0.06 < x < 0.10 ANIN 14
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NN 14 gﬂLLuumsLEmLuumm%'ﬁmnsﬁmmmmﬁn (1- x)BNT-xBT [35]

RINNTIN 15 LL?Qﬂ\?ﬂquf]ﬁl@qﬂﬂéj@\?ﬂ@V]??ﬂﬂELﬁﬂm?'ﬂuLLUU@l'ﬂ\'jﬂ?qm (SEM) AN

a P | P Py PR
Lsﬁ?rﬁ\lﬂ(']- X)BNT-XBT WL ﬁ"]ﬂqf]ﬂﬁuqLLuu‘IJ@QLGﬁ?']NﬂVILm?ﬂNllmN >97% Wax =0
muqﬂLﬂ?uL’ﬂaﬂLVi’]ﬁU 4 -6 pm LL@::LfI@ x = 0.06 ﬂuqﬁLﬂ?uLﬂaﬁlLVif]fqﬁJ 2 pum ﬁ\?ﬁumuqﬁ

a

dl a dl QI 49( dl A a a dd‘
INTULRALATHANGARILNALTNIDL X LWNTU Lazh x = 0.06 wansaNiRNlmaLanysnaNgn N

q

b

A1 d,, = 155 pCN and k, = 36.7% luanuzl x = 0.08 HANAINIABIANYENGINGR &, =

1099 AININ 16

MW 15 WERININENEAINNABIANTTAUDLANATAULLLADINTIA (SEM) 2894157RN
(1- x)BNT-xBT #LW13ULADS7 1200 asALTaLdas Tag (a) x = 0 waz (b) x =
0.06 [35]
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NN 16 WARIAT d,,

B.H. Kim et al.

[(1- X)(Bi,;Na, ) TiO,-xBaTiO, taeidl 0 < x > 0.10 Foeid

[13]
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(o) pumi

k,, & WAZ tand UBATIINN(1- x)BNT-XBT [35]

= a a o a =
Ll?lﬁ‘ililLsﬁﬁﬁNﬂUﬁNWIsﬂLﬂﬂN1ﬂmﬁLum-LLULﬁHN1‘VW1’] b14p1

FANATI

o o

Tnennuaalmingnimgd

700 aeAmaLEes Wuaan 3 99T uaziindumeiguungi 1200 aspaaidaa uoan 3

dalug U3ausessang (MPB) wuil x W lna 0.06 @9asidnadniimn elninie dea1mai

TABLANYIEN & = 1840,ANPINRIABIANTISN d,, = 174 PpC/N 11 x = 0.08 AININ 17 Tuansy

7l x = 0.06 HAndntlsy@ns InlfiTenageqn k, = 0.28 Fsnw 18



28

MW 17 ArpsilABIENVSnuaEs RN (1-)BNT-XBT ALfFan0s x 69 [13]

' al a a a s a a a
NN 18 AAINNIEAL ANV NLAzAIANUSEANE NN L BINaUILEsIRN (1- x)BNT-XBT

s x BiNg ¢ [13]

Y. Hiruma et al. [36] wiranmaindadninnannniun-anseudsninniium
[(1- x)(Bi,;Na, ) TiO,-xSrTiO, Tnedl x = 0 - 0.4 AneRslrenaniuzaecuislneiiiuag
nffigoungi 800 evrnaaides uwnan 2 dalus wazwndunesfigaumgi 1100 - 1140
avANTalEea Wuaan 2 Falue UTnnsessema  (MPB) ssudna s Flsa&nvisnii

Taseafrdunuusaniudnsea waztWani1918ann3InNRIATIAF 1 LUUATNLNE N
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'
[~ a

(nn3£InNUBa) WUT X = 0.26 — 0.28 T9auAAENTTANS AR T AATiRlgaIEnyEn d,,
=127 pC/N Lfi’r] x=0.24

T. Takennaka et al. [37] wirgnmsinDamlnne lnnium InaReanslussuy
1- x(Bi,Na,,)TIO,~xATIO, [A = Ca’, S uay Ba’] ; BNBT100x, BNST100x W&z
BNCT100x Tatifl x = 0 - 0.08, x = 0.28 uax x = 0.20 ANAFL FreAaLlTrenan e
mmLLﬁqimﬂLMLLﬂ@iﬁﬁﬁﬁgmmﬁ 800 BYANLTALTEIA LL@mﬁuLm%ﬁ@mmﬁ 1100 - 1150
aeAgaLdea 1080 2 42109 Wudn AP RTTLAT AT LAATITLEAIA MLy
sanludnses (90° - o) Te4Lms1En BNCTI00X WaT BNST100x fitfunns x Fl197) WL
FAnAsTiaaTTasidanaqiiiotiunn Ca* Wit anaiilasunann ca® Sauniafiezaa
faaninaunaiafiazneuada1e Asite 1091m380 BNT & wisu S Saunsiadevnay
WNNINIUNAFATIDLARNIRALTY Asite 189L3NEN BNT FeuaedAuaniinfivauiile

13910 SN AN 19

3.91 0.6
o 105 =
oy [ ] 3
3.89 ]
< Wee® @ =
] ’ 1 04 o
é <> . Sr =
2 387F O @ 103 &
8 @) ® Ca &
3 & O {02 g
% 385 <> | e—— 8
k=
3.83 - —o—o-1 o -

0 10 20 30
x (at%)

2N 19 ANAINLAANTLAZATWARNTLARIANLTUsaNILEAsas (90° - o) 2B9

\51INBNCT100x WAz BNST100x #1/3anau x #ine ) [37]

AINNIN 20 WARNANAT LABLANYITNTR9LEIIHN BNST100x NfFnnas x 6147 (a)
x=0.04 (b) x=0.08, (c) x=0.14, (d) x=0.20 Wa (e) x=0.24 laedANANND 10 kHz WLiN
QNN T, wAY T, AzABUANALHELTNI0L x WK 415U BNST-24 qrunii T, = 42

= dd‘ a 2+ a dl .3 dll QI
AANTALTEA TUNTUNAN Ca AUUIN T, ACHADUFAITULNED X PN
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AN 20 AASTlAALANyInaaaLEsIan BNST100x AL3uNm x A9 % (a) x=0.04

(b) x=0.08, (c) x=0.14, (d) x=0.20 uaz (e) x=0.24 A ANANE 10 kHz [37]

A FUAN d,, 2999180 BNT agllAnvindu 71 pC/N nasanimingsiaansl a9

NN 21 wapsANPIANTERLANYISN, d,, 189 BNBT100x, BNST100x WAy BNCT100x Aifsans

X A9 WUIN WA d,, gegandRsndauAetl BNBT100x; x=0.07, d,, = 152 pCIN,
BNST100x; x=0.20, d,, = 133 pC/N waz BNCT100x; x=0.02, d,, = 75 pC/N @3tlensdau
naauaniRwNnzanlunisinlilszandldsialiaa BNCT-2, BNST-20 uaz BNBT-6~7

\asannilAmniginings
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arsiAnldlumsnagas

1. Innflenlaeanlad (TI0,) AnuLEgns 99%
wuFBNAFUBLUE (BaCO,) mmu?zgw%f 99%
ToiRauanfUaIUn (Na,CO,) ANNLEENE 99%
fisseanlad (8,0,) ANLEgNE 99%
LARLTENANS LA (CaCO,) mmu?zgm%f 99.9%
ANTaUTLNATUBUA (SrCO,) mmu?zgw%f 99.9%
LoTiauaANDaRFLEAME (Ethanol absolute) ANLEENE 99.7%

=l
&3¢

© ® N o o &> W DN

Tnadu

atlnsainlflumsipsanans
1. needlaswanannlduanans Msoswedimasiintaatin Insdidusingudnans
3ed704 10 cm ANgaLlsznne 19.5 cm
2. gnuemsananiiidusirgudnanaszunn 5 mm
. Magnetic stirrer bar
. Iininafauia 1000 cc
. NITANENRLR
. Fausnans

. FIZBNTIAA

o N o o A W

.88l Crucible

\AsaIHan g lun1snaaag
1. ATNFIAnsLLLATIBEA NARTAETEHN AND §W HM-330
2. aesdnlalnsdn Mdmivauglans dausesuléigeqn 1000 kglem’

3. LATBNEANANTUU LAt DS wugnuaa (ball milling)
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4. INLNNA1T Eurotherm @mmﬁzﬂﬁzﬁmﬁmmﬂm 1700 R4ANTALTEE

5. Lfﬁl@\‘i Hot plate

6. §auansiitia memmert D0B057 Model 100 gaumnfiiild lumeeLihzanns 200 ° C
7. WHANA (Punch and die) M lun1senans

8. ATNUAANTNNAYE Agate

LASRINAN LTI UNIFILATIZARANITNARD

1. Lﬂ?ifm"imm:ﬁmugmLuué’w%ﬁmﬂs{(X-ray diffractrometer; Philip
PW3040/60 X' Pert Pro)

2. NA8I9ANIIAURBLANATRULLLAEINIIA (Scanning Electron Microscopy; LEO
1455 VP)

3. Lﬁ?ifa\‘i LCR Meter (Agilent 4263B)

28N15NAADY
i o~ ~ a @ =~
AauN 1 NIstasaNNaNaniaNnlgaanlnnIun (BNT)
1. F9a19R9suAe Dasdvnaanlas laauua1suaus wazlnnifanlaaanlas anu
dns1daulneluanlsannnisAIung
° o Iy ° o + a Ao
2. Waandaléiludia 1) ninnisuaniulunszilesnaiafinlgnuansananawig
7 AALNAT 271491 200 1e TneAnuean uaalulzunn 200 Aaaang T9avdayliansiaaas
dniulsmau dacldatin wiaudainlinsuwesesundasuiugnusailunan 24 4olus
y . Y - LA e A s
3. Wensy 24 daliudamansasuunzunssaoaiawaguuiininas INedn9uanues
NANDENANIALA WAIR91N Magnetic stirrer ldaduiuauganslfidniunaasinnszaie
WaganiinisanzguntianauaziinlilfenAzas Hot plate IN@MINITUENIANIUBABAN
4. 1 HANINTULNANIURARANANNAITLAIAININTAUN 120 A9ALTALTA 1111
AN 6 TalHa
. 4 e s . Y v -
5. thansuisudonunagnenenulagldasnuen (Agate) AINUUNIEIAT9T
o ° o . . = o aa °
TennsArauna(Sieving) el ldawineynANEANANLaNS
o [ = Y o 1 ZJ/ o QII v o o
6. waNTNUaNANAUINaTY Tae ld9amandau 1:2 ANTUUN AN IANININTAR

A o A&
AUNABDNATINLN
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7. tansnualaldlu Crucible  iWadnldinuealmdluininguund 750
a & o o X A = : -
avraidea unan 2 49lu Inednsnisiuasaesgungiiilu 5 asaaalioasiound
o = a o al dl U v =3 b %
8. vnanandadnlaaannniunilelinsiasaninsaadranan wazlnseadig
AANA FIRNATANITALLILIENIAIENT LazndeasqanssAiBlanAauLLLARINIA
AAUN 2 NISLATENNANANLARLTEN IR (CT)
1. F9819595UAD LaaldaNATUaLun LAz innfianlaaanlas anudnsdoulne
TuanlfannnisAuang
° o Y ° o H a Ao
2. Waandsléludia 1) ninnisuaniulunszilesnaiafinilgnuansananauia
7 FAALNAT 271471 200 1e TnenAueaniuaalulfFunn 200 Aaaang Teazdasliansiaaas
dinfuldmaw dacldatin wiaudainlinsuwesesundasuiugnueailunan 24 49us
3. Wensy 24 doliaudamansasuunzunaaaaniioneguuiinnes ined1ausnaes
NANDENANIALA LA9R91N Magnetic stirrer ldasduiuaugnslfidniuuansinnszaie
WaganinsanzguntanauaziinlifeATes Hot plate IN@MN1SUENIANIUBABEAN
4. 1 HANINTULNANIURARANANNENTLAIAININTALN 120 A9ALTALTaA 1111
AN 6 TalHa
. 4 e s . Y ¥ o -
5. thansuisudonunaenanenuingldasnuen (Agate) AINUUNIEIAT9T
IennsAnaunA(Sieving) el ldawnaynAnEA AN LaNe
o [ = Y o 1 :l/ ] ndl v o o
6. wasNUaNaNUlnaTw Taeldamandau 1:2 AnTuunaeanIN IFaNININ196A R
= Y 4
YUIADNATINTI
7. Warsnualaldlu Crucible ol liiwnuaaladlumnngumgi 1000
= & o o X A = ) -
asAaaimeg s 2 dalus Tnadnsnistivasaesgmuuniiiu 5 asasta@adsaund
o =3 = d' = Ul v = %
8. unnananwAatdad nnueNmralflUnagetinsead19anan wazlasagdig
98N1A FaemATANTIALILLUINNAIENT wazndeaanssABIANATauLLUAININA
AAUN 3 NITLATENNINANENTAULTaN I NNILUA (ST)
1. F9819A9FAUAD aNTauidaNAITUaILn wasinnfanleaanlas AudnIdau
IaeluanliannnisAua
o dlul/ % ] o + a dlal
2. Waendaléludie 1) nvinnisuaniulunszileanaiafinilgnuansananauim
7 A8A1NAT 97171 200 1ie InenfueaniuaaluilFunn 200 Naaang T9avdaslEansiaaas

dniuldma Uacldatin wiaudainlianuwesesuntasuiugnueailunan 24 40lus
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3. Wensy 24 doliudamansastunzunaaaaniineguuiinnes ined1auenaes
NANBANANNLLALA LAMAIHN Magnetic stirrer ldasdnsumuanslfidniuudaninnszane
WaganinsanzguntanauaziinlifeAzTes Hot plate IN@NNNTUENIANIUBABEN

4. \HANINITUENLENIUBARDNAINANTHAIRININTAUN 120 B9ATALEeA 11
1981 6 Talug

N R . Y v .

5. thansuisudonunagnenenuinaldasnuen (Agate) AINUUNIEIAT9T
IennsAnaunA(Sieving) el ldawinaynianA Al aNe

6. WansunuaKaNiugEe Inalddnsdon 1:2 antuinueansnliuaionisdn

A o A
YUIABNASINTL

7. Wnarsiualaldlu Crucible ot liimnuaaladlumnngumgi 1000

~ = o o X - ~ : e
aspmaiiea unan 2 4alue Insdnsnisiuasaesgungiiilu 5 asamaiioasound

) = = aai = % % =®
8. UntananansautdaNinn uniarenldldnsiageuianseasianan way

Trsea¥1vqania faamatianiaagsuuesiadiend uazndesqanssAlaiannsauiuudes

n9M
AAUN 4 NSLATENNINANLLLEEN NN (BT)
o > v o - - ~ - o )
1. F9a1759FuAe wuFaNATUaLA walnnllanlaeenlds nudnsdanlae
TuanldannnisAIuang

) dlal/ 9 o o H a dld
2. mmﬁ“wmimm@ 1) MWWWﬂW?N@NﬂMIMﬂ?%ﬂ@QW@’mMﬂWNQﬂUQW?QﬂﬂNﬂuWQ

]
==

v
7 NaaNng A119K 200 W IngAneniuealulTuim 200 Hadans maazdanliansvivaed
diniulémau Uacldatin wiaudainlianuwasesundasuiugnuaailunan 24 40lus
o Lo 4 a4 o4
3. ey 24 Faluaudamansasuunzunssasanongeguuinnes neAauenees
< 9 =& o . . | ° o Y Y o v o
HANEANANLEALA UAIANYN Magnetic stirrer laasdmiuauanslidniuudatiinszame
Waagninsanzguntanauaztin lilsafiasas Hot plate ainsuenianIuaaaan
dll o Y =K o all = |
4. IHANINNTUENLANIUBABDNAINAITUAIAININITALN 120 asANTaLTaa 1T
19481 6 Falus
o dl L4 4 1 b3 Zj/ o dl
5. Wransnuieudanunadanenuiagldasnuan (Agate) AnTUEINIATh
o ° o L. = @ aa °
IHumnnsAnauIa(Sieving) el ldawneunAnEANaNLaNe
] o = Y o ! :// o dl 14 o [
6. Wansuuananiulnadu Inalddnsdon 1:2 anduiiuean s ldunianiedn

a4 o o4
WUIABDNATINLN
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7. taranunldlalu Crucible 1Wartinldimnuaalafluinifguugd 1200
~ o o o X A o = | ~
aspaaiieg Wunan 4 4alue Tnadnsnisauasaesgmuuniidu 5 esaad@aasawni
8. Wnnsnanuuran I ualmran i ldnsageuinseadranan uazlaseadng
4ANA FRRINATANTTALILINIENNIALENT LazNAaeqanssAiBlaNAaULLLARINIA
Aaun 5 ngipsgagaindsunldinaninniiun-uaaidaulnniium
(BNTCT)
o = a a a % al =
1. pnawsamsindndaimlnnes nnus-uaadasinniws (BNTCT) lag
o 4 dns - o o . . oo X
asneenanildanninmsanluneuin 1 uazRaun 2 NRaNiuANdadIuaNN1TIAN AL
1- X(Biy sNa, ) TIO,-XATIO, [A = Ca’ ] Iagl x = 0.0 — 0.08 uAatusHAnNaNT LN ldaslu
NIzTlaanAIARNNNGNUANIINANTIWIA 7 HARINAT 4119 200 LA UAIRINTUANLENIUEA
TuiBunou 200 AadART wazuaNans binder agldfeeas 2 Tnasinmin Unelldainiasaudn
. o . )
inliawuwAsasuadeanuugnueailunan 24 49lug
dl n‘, v :zll 1 = - a‘ll Y
2. Wansy 24 Falusudamnansasuuazunseatnosetuuinnes ivednausnaes
NANBANANNLNALA LAMAIHN Magnetic stirrer ldasdnsumuanslfidniuudaninnszanwe
WaganinsanzguntanauaziinlifeAzTes Hot plate IN@NNNSUENIANIUEABEAN
-zill o ¥ K o ¢=4I = [
3. IHANINITLENANIUBARENANNAITUAIAININITALN 120 B9ANLTALTEA LW
1481 6 Falug

4. drashuiaudaniunatrameuineldasnuen (Agate) antutnNean

¥ 3 o . . 2 dl a
1ANNNNTARLUNA(Sieving) AaulAENaNTNazIREA

b

o v

o o é’ U dl o a U 1a d‘d
5. WA NAnIuIALEaN1snaugLAdeATasdn lalasan uasldul AN Tan
k% ] Cs a k% =& a o a =
sunadusinuauinalszinm 1.5 uiwes e lduenaniadminnanlnniue-uaades
Tmus (BNTCT) 1.2 n3u slannsiugil 1 a3 dnsaausesuilszanns 80 MPa
6. UnTuIunIugLiaFauda (Green body) iBFenlFludanagiuinditlataasin
| | ?.’/ dl 1 :’/ 1 a o
nadneaiuii e luwsarduasldusagivg Auanslunn 22
7. MnsunTumasiguugi 1050 - 1200 eaAumades Wwoad 2 49lug tne
amsnsIuasesgunn iy 5 asrnmaLdaasaud
AAUN 6 n1stAsaNLEsINndaNnidAgNInnIua-ansautdaNinniun
(BNTST)
) = a a o = a
1. PN Neisandasnlaaan nniun-ansaudas nnius (BNTST) Ine

[ %

o = _ayy = I~ = o | o &
ﬂ’]ﬁ‘lﬁN\‘lN@ﬂ‘i’liﬂ“’i’?ﬂﬂ’]ﬂ[ﬂﬁ‘ﬁmium‘ﬂui’l1 LATABUN 3 NINANAUANNAARIUANNTAN AN
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1- x(Bi, .Na, ) TIO, XATIO, [A = S Intl x = 0.0 - 0.40 untimerAnNANT I ldaclu
mzﬂmwmmﬁﬂﬁﬁ@dﬂummmmmmm 7 fadng $1uau 200 Wln vdsanduRuenuen
lutsnns 200 $05509 wazHaNans binder adlu¥eaas 2 Tnardwin Tadhlalinadauda
ﬁﬂﬂmmum‘ﬁlmumﬂ@ﬂmegﬂmmﬂmm 24 daTug

2. iflamsy 24 %@‘EmLLfZﬂ’fJmmmquumnmmmmﬁ'mmguuﬁmnm‘ iednauanees
NANBANANNLNALA LAMAIt1 Magnetic stirrer ldasdnsumuanslfidniuudanuininszans
W@ﬂﬁﬁﬁﬁmﬂmzgmﬂmriﬂu%ﬁﬂﬂ[;T\iﬁ'Lﬂ?ﬁlm Hot plate e suenieniueasen

3. flannisugnienIueaeanaINaNsUAIAANNseLT 120 ssAnaaides u
1981 6 G

4. vharsfiudsudannumnethaenurlngldasnuen (Agate) antuiegnsh
1FuNNTARIUNA(Sieving) aulfanifiaziaen

5. ﬁwmiﬁﬁmmmLLCZz’qmﬁm%ugﬂé’wm’?mﬁmiaimﬁn wazgldulfnilansiisl
guraduRIugudnatstsznim 1.5 mudwng tneldnsnandaimiamnanlnniiue-
anzaudesnniium (BNTST) 1.2 n5u ﬁi@mﬁ‘%(ugﬂ 1 A%e EP&ntusasuLlszinns 80 MPa

6. tindusuiitugiaiauda (Green body) sndasiFludanegiiuitditalaein
mﬁmﬁfﬂuﬂu%uj deluurazduazldusagiun fuanslunin 22

7. Mnawndumesiiguundl 1050 - 1200 asrnaaidaa uiaan 2 §alus I
ﬁmm%ﬁummm@mmmﬂu 5 aATAITIAsDWNN

paud 7 mawrsaneisaniainldmaninmius-sudaninmius (BNTBT)

1. mmaeseneAndadynnasulnnuue-uuGagnniiue (BNTBT)Inan st
penAnilgannnsstenluneud 1 wazneud 4 unanfuAAnduannsAdiEil
1- x(Bi, Na, ) TIO,XATIO, [A = Ba>] Tag x = 0.0 — 0.12 udathrer@nuasildunldacly
mzﬂmwmzﬁﬁnﬁﬁgnmmqﬂ@mmm 7 fladng $1uau 200 ln vdwanTuRuenuea
uLsnns 200 $05503 wazuaNans binder adl¥enas 2 Tnardwin Tadhlalinasauda
inlinsuueiesuedetuuugnueailungn 24 4ol

2. \ilamsy 24 éﬁaiuqLLz’v’qmmimuumummmmﬁ'fmmg’uuﬁﬂm@% iednauanees
NANDENANLIALA LA9R91N Magnetic stirrer ldaaduiuaugnslfidniuudasinnszaie
W@ﬂﬁﬁﬁﬁmﬂmzgmﬂmﬁ@u%ﬂﬂﬂ%@1‘7{Lﬂ‘%‘:m Hot plate tieyNNNsuENIENTWEABEN

3. \ilennisugnienIueaeenaINaNsuAIANNNse LT 120 ssAnaaides 1y

A1 6 T lua
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4. danshuiaudaniunedraeuiagldasnuen (Agate) anuuTNgaIn
1AuNNNTARLUNA(Sieving) AaulAENaTNaTIREA
o nzll o v o é’ v dll o a k% 1a «aid
5. WA NAnauIaLdoN1dnaugfaeAsasdnlaladn uazldudAuwlans
9 1 s a £% =) a o al =
suaduEnuAuTnaalszunng 1.5 iuiwns g ldnsnandadminaaslnniuws-u Gas
Tmius (BNTBT) 1.2 nfu slansaiugl 1 A% dasnauseiulszunns 80 MPa
6. UnTuIuNIugLaFauda (Green body) uGFenlFludaaagiuindiitlalaasin
| | ?:/ d‘ ] Z/z 1 a o
nednFeaiuiug T luwiardussldusegivg fuanlunin 22
7. MNSENTURASNgUUNR 1050 - 1200 avAgai@aa Wuoan 2 49Tue Tne

dnsnsuasesgunniiu 5 esaaaldasany

FNBQH1N <

#19 BNTCT, BNTST %178

BNTBT faug1/udn

—>  (98QHUY

PN 22 WAASAUABUNITTULADS LIS NN IS NN NN DA NTdL AN NN UA-LARLT N
Innum BNTCT) s findasinldinaninniun-ansauidaninniiun

(BNTST) waztgsriniannlainanlnniua-wuisanlnniiusn (BNTBT)



o
s
=b.
N

NANTSIAE

NANISASIAADUANHUSLANIZUARININANTANNTDLALNINNLUR NINANLULTEN

l'L‘VI‘VI’] LG WINAN LLﬂﬂL%EINVL‘VWI'] bUR RSN Ngﬂﬂ‘ﬂ‘a"ﬂulﬁﬂ&l‘lﬂﬂﬁ LUR

1. HANNFAATITULASIETNNANAEINATANISIR B LUIRISIALand (X-ray
diffractometer: XRD)

NN3AIIABLATTITIATIAFINANAN8 I LLLNTAELULARITIA AN g 0uIHAN
dJadvnlmpaulnniuem (Bi, Na, . TiO,; BNT) minanuu@anlnniiuea (BaTio,; BT) WINan
wAaLTEN NI (CaTio,; CT) wavkdnAnansaudanInnium (SrTio,; ST) LARIAININ

) X = A el N = )
23 WUINFULLUNNIAUUINHNEAN BNT Aiiuaa laiingungil 650 asAmaidas 1y

nan 2 dalus Alassairaiunuuseniudnseauavasaiuuindayazes JCPDS uneLaY

1
= A

360340 unzlinufipfitiuenivansdetulan dauguunnindenuesendn BT 7
LmLm@VLSﬁﬁﬁ@qmmﬁ 1200 aernaaidug dunan 4 Fal Alassairadunuumssinuea
Lmzﬁﬂﬁ'ﬂmﬂgmqﬁuLLWN%’@HMN JCPDS nangia 03-0752 wazlinumaulanilaew
1998171301/ ln7 duiugduuunindsaiuusesendn CT fiunuealnignugil 1000
asnaaiTaa unan 1 dalug wuddtaseafuiuuealsseniaduiusiuuindeys
JCPDS wantiat 42-0423uaglinufiafitiuenisansdatular uazgul RIS E PRI
nan@n ST Ainuaalnifignugfl 1200 asAsaidea et 4 Salus wodfilassaaiu

wuuAndniusiuuindeys JCPDS nuneLas 05-0634  uazlinuwaulanilaanans

ansiaatule
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mw 23 sluuumsiaeaunaessIdianduasenantainiananlnniue
(Bi,sNa,, TiO,) MeNANWULFaNNNILUA(BaTIO,) NINANWAALTaN|NNILUA

(CaTiO,) WAZNINANANTAULTENINMIUR(SITIO,) NipFaNAeRBLHT L
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a a & 1 .
2. Nﬂﬂ'\‘i"lLﬂiﬁxﬁﬁ?ﬂﬂﬁﬂﬂ'ﬂ@ﬂ‘i‘iﬁﬁﬂLﬂﬂﬁl‘i’ﬂuLL‘Ll‘Ll'N'ENﬂi’}ﬂ (Scanning

Electron Microscope: SEM)

Anenlassa¥eaanianasusnandadimiamaninniiue (Bi, Na, TiO,; BNT)

= a . = = . 2
BN ANLLEEN NN (BaTiO,; BT) HaRAN AR N INN1LLA (CaTiO,; CT) WAYHIHAN
ansauidanlnniiug (SITio,; ST) uwamslunaw 24 wWudnueuan BNT, BT, CT uaz ST Ail&
AMNNITRILAR LN 650, 1200, 1000 Waz 1200 a4ANLTALTEA HIU1ABUNIALRAS
7z1nn 0.42, 0.80, 0.50 uaz 1.00 Tulaswums arua1aU Tnaayniadoulunjaeguenaniia

3 11in Hanwzadedunsananuazinisiniznguii

(n) (1)

NN 24 AMINANEUTIAURINUILDININAN A9 ) Taed (n)  wenAndadnidinan
nnum () NARANBULS AN TN UA (m) HANANLARLTLN NN UA LAz (9)
HeANANsaULTaN NI
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NANTSATIAFALANBUSIRNIEARL T NN DN R g Innum-uuisanlnniius
visnAnddunidifanlnniusn-uaaidaninniiun wazsidsinddasuinlginas
Tnmium-ansaudaalnnium

1. HAN1TATIRFBLANBHUIANIZARL I AnDan iR anInnua-uuSan

Tnnium (1-x)BNT-xBT; BNTBT100x
11 wamsanszilaseadananaemaianisidaaiuuaassefiiand
(X-ray diffractometer: XRD)
WNHaK@AN BNT waz BT wnwaniumndndiulnalualnalddnsdou x =
0.02, 0.04, 0.06, 0.08, 0.10 wax 0.12 (BNTBT2, BNTBT4, BNTBT6, BNTBT8, BNTBT10
WAz BNTBT12) Lﬁ@ﬁf]mﬁmﬁmLmzLm%um@%ﬁ@mmﬁ?wdw 1050-1200 B9ANLTALTaE
Taeialalisnfin BNT ﬁimm%’waﬁ@uiu%mm%qmmﬁuuﬁu%’fazgmm JCPDS vaNella
36-0340 Tnailifiaguas (003)/(021) o ﬁgmwdw 38-42 94A7 LALIIRAIRENT8Y (202)
Lﬁmﬁuﬁgm@zudﬁq 45-48 461 [8, 38] Tuauzfinsnfin BT flaseadramms=inueatensariv
windayares JCPDS uNeaY 03-0725 TnefifiaiAenaes (111) Lﬁmﬁuﬁgu?zudﬁq 38-42

aa

ANAN LL@zuwm@'mm (002)/(200) Lﬁmﬁuﬁ'gmwdw 45-48 a4AN [5] ann1sAnTAsagsg
NANTBILTTIRN BNTBT2, BNTBT4, BNTBT6, BNTBT8, BNTBT10 uaz BNTBT12 Ao
gﬂLLuumiLgmmumm?ﬁL@ﬂsﬁrTmmm%mmﬁqmmﬁiwdw 1050-1210 2AEALTEA
FauanslunTm 25, NN 26, W 27, AN 28, NN 29 UAZAN 30 AMNANAL WU LN ST
x = 0.02 4az 0.04 (BNTBT2 uaz BNTBT4) %umm‘ﬁ@mmﬁmnndq 1150 IANTALTEA
traninune 1 L’f‘immﬂﬁ@muﬁ%umﬁqqq NANIIIEUEDa B WAz Na' (NN 25 waz 26)

a

luatueh x > 0.04 (BNTBT6, BNTBT8, BNTBT10 waz BNTBT12) wWu4InNN99sineaad B

a

waz Na' i liinamaulantlaaues Bao,,,, Ti uaz Ba,BiO, Lﬁlﬂ%mmf%mmmﬁmdﬁ
1200 AILAASLUAIN 27 — 30

7ix < 0.04 199780 BNTBT2 waz BNTBT4 wudniilasearafluuiuses
TEnseatamiloudy BNT ieiBuns BT Wadu mwefindanuiflumnssinueadmuini
Tuanued x > 0.10 s7in BNTBT10 uaz BNTBT12 filassa¥rafluuuumnssinueais
wileuiu BT LL@m@mﬂé’mﬁumuﬁﬁﬂ%uj [12, 13, 35, 37] Fauanslunm 31 uagii x =
0.06 Waz 0.08 1B31An BNTBT6 uaz BNTBTS aziilasediresanseuinannszinueaunazsan
Tu%m@mﬁm%u TpedunnannNAaa (002)/(200) Az (003)/(021) Lﬁm%uﬁgmﬁzudﬁq 45-48

AYALAY 39-41 YA ATNANAL
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M 25 suluuumsiReaueessIdianduadsiin BNTBT2 Nanuniduinas

u

FINg %)



M 26 guuuuMsiReIUBaessIFianduaEsIin BNTBT4 Vo

BN %)

aa

I'4

NNAULART

u

44



aw 27 sluuunisiaaauurassidianduadidsniin BNTBT6 Nguugiiduinas

FINg %)

45



aw 28 gluuunisiaeauurassifianduadidsniin BNTBTS Nguuniiduinas

NS %)

46



M 29 suluuunsiReaunaassIdiandaaiasidin BNTBT10 Nguuniiduinas

NS %)

47



MW 30 sUuuuMsReLNaessIdanduaEsIin BNTBT12 guuuninduinas

BN 9)

48
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NN 31 gﬂu,uumil,gmLuumm%'\iﬁmnshfawnmﬁn BNTBT100x (a) x = 0.02
Fuinadnguuni 1150 asAndaidad (b) x = 0.04 FunAasnamugil 1150
RIALIALTEE (c) X = 0.06 %mm%ﬁqmugﬁ 1200 RaALEaLdad (d) x = 0.08
Fuipadnguuni 1200 asAndaidad (e) x = 0.10 FunAasNanugil 1200

IANTALTLR wag () x = 0.12 %mma%ﬁfqmugﬁ 1200 RIALIALTS
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AN9N 1 WAAIALAARGLEAIAMNLTUsaNTuTAsan AMAITILARNTLAZANIIEIU ¢/a
ARILEFIHN BNTBT100x

uARNENIIHLT M98
X Tagaadrg an a, c, c/a
(A) (A) (A)
0.02 sanludnsen 3.8853 - - -
0.04 sanludnsen 3.9033 - - -

0.06 sanTuEnTea+wnszinues 3.9054 3.9035 3.9205 1.0043
0.08 sanTuEnTRa+WnIinues 3.9067 3.8950 3.9412 1.0118
0.10 wnszlnuaa - 3.8967 3.9577 1.0156
0.12 wnszinuea - 3.8982 3.9666  1.0175

AuIIALaRTRTLansALlusanTUEATaR (a,) ANANNNT

a.=3\*(an) oy’

Taed a, PaALanREnITIdmes a raslassairwangeInuea uazc, AaAn
wanfian1adines ¢ reslasaiaianayinues LazATUIUMIANAIALARTT a LAT ¢ 189

Tassaframmsziuen (a, uaz c,) wazdnsidau c/a anaun1sn 12 wudn #10.02 < x <

'
a

0.08 AuanTtuansAadusanTudnTea a, AAWNTWHaTNIM BT lANTY Lazh 0.06
<x <012 AAsNUaniT a,, ¢, uardnsdiu c/a Auudliuiingy WatFunns BT iWaay
Wasannnisununaes BT lulaseafranasanalndaas BNT Ui A - site Tnafifallaau
289 Ba”" (161 pm) Na' (139 pm) uaz Bi®™ (140 pm) wudn Ba” Hawasad laaulunindn
o dl . =® G| 2K a a gl a QI d? dl
niAdleauadntes A — site alugvglipwanian s ieafHe AT
153704 BT 1ANTU Aduanalumnse 1 viailnanldaenndeaineauidqaaes LY. Yinong was

ALY [12]
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1.2 NamﬁLﬂﬂzﬁﬁfmnﬁ’mfgamsﬁﬁ%Lgnmﬂuuuuﬂ'mmm (Scanning
Electron Microscope: SEM)
ﬁm:rﬂmm%w@ﬂ’]mmLsﬁ?’lﬁﬂ BNTBT2, BNTBT4, BNTBT6, BNTBTS,

BNTBT10 uwax BNTBT12 #igruundduinefsnee Inatdianinusnuiautinsandes
AaNI9ANBLANATRULLILARINTIA AIUAAATUNIN 32, NN 33, NN 34, AN 35, NN 36
WATNIN 37 AMHAIAL WU UM RT WAL SIRNTUIWI ANTURALHANANTYE Auansly

AN919 2 LA AINAN WAL LI URIUTN189LEII RN BNTBT2 has BNTBT4 WUINTULIAa A

)

m‘wqﬁ[ﬁh (<1100 @amv’mﬁm) ﬁgwqwﬂwﬁwmumn AaLdea 1NN 32 (N) Baz(T) WA

AQUUNNTWADTIANNTWAUDY 1150  avAgatiaa insudsunlunauwarinng

@

u

Lﬂaﬂuuﬂmgﬂ‘hmqmmmzﬁwLﬂumﬁmaﬂwmm AILAAIIUAIN 32 (A) AAVTFLLTINNN
BNTBT6, BNTBTS, BNTBT10 uwaz BNTBT12 wudifigauungiiduinaianuanifndneiu
LE3INN BNTBT2 waz BNTBT4 lunusfiguu)igendn 1200 WUdnsuBinaaNazant

(AW 34, AN 35, AN 36 LATAN 37) danantiann SEM danndaatiunanleain XRD A

grUUYNTURaFIALAAW WUAHDUTNIM X INTY TuAT9NTURAT N LWL IHNAAAIAIN

33 pmAsiansluangg 3

—

.60
AN 38 uangzddnesesinaeqmsiin BNTBTS %umﬁ%muqﬁﬁmj
WU ﬁ@muqﬁﬁ@mdm‘?@wﬁﬁu 1100 aeAaaiiea usaeinailainaInnu uasnug
wiuuuLe iummzﬁ@mmﬁ%ummﬁgﬁu Lig1AnAazinuUURInIuLan lfiug i AN
wuUUNIN st lafimudanugnguuuuile rﬁw’qam&;ﬁﬁﬂﬁmmﬁﬂﬁ%umﬂfﬁqmmﬁqq
N1 1200 avAEALTIAR AN LR A
1.3 NANITATUIUIATAINUUILUULALNITUAAITILAY
ANAYINUBILULLAYANFREAZN1TUARITRLEINHN  BNTBT2, BNTBTA,

BNTBT6, BNTBT8, BNTBT10 Az BNTBT12 guu)NTunassne uanefiansng 2 wud

a

[ 1
a K A

\153N BNTBT2 Uaz BNTBT4 HA1ANMHILUNLAZNIUARAITLEA U991 AN INNTLHS
g RTumefiiutuaude 1150  ssrngaidas vasaniuldanansamAnld dawsy
w5 iin BNTBT6, BNTBTS, BNTBT10 uaz BNTBT12 nudn nasiumunuduiiisduiile
@mugﬁ%ummﬁﬁ'u%uwﬁa 1200 B9ANLTALTYE MﬁqmﬂﬁmmmmLﬁ@@mugﬁ%um@f

)
WNTU UATNIINARITAUAN TN UMY NTWRBSINNTY (LARIAIAITIN 2)
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ANAITNAUILULLAZNIINARTUAUGIGA0AE91AN  BNTBT100x 7

Yunn x 6197 anFneenedunesiguugil 1050 - 1200 avA@aliea WudAIAIIN

mwdureAniA A InaAeeiuegsz1ndng 5.70 - 5.78 g/cm’ @1uFUN1IuAR i u

a

a

1o HNHANagsydefanas 14.5 - 16.4 AIUAAIUANIIN 3 ANAINNLILUWEIAATIAY

NINNGAAD 5.78 g/cm’ NLtain BNTBTS

(n) ()

(A)

AN 32 AMTWONEUSLIURINUNILRILESINN BNTBT2 ﬁqmugﬁ%mm%ﬁhm (n) 1050
RIALIALTAE (2) 1100 a9 daLTded was () 1150 a9 IaLTad



(n)

(1)

(A)

53

MW 33 PMWENaUFIMRIRINTaUEsIAN BNTBT4 Nanuniiduinaseing s (n) 1050

AIALIALTAE (2) 1100 a9 daLTded was (A) 1150 a9ALIaLTad



(n)

(m)

()

()

(a)
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AN 34 MNWANEUFIURINUNITBLTSINN BNTBT6 NAuNTULARS619 %) (1) 1050

RIALIALTEE () 1100 a’sAdaLTdad () 1150 aaALEaLTed (1) 1200
IANTALTAR WAL (A) 1210 AIALIAL TS



(n)

(A)

()

()

(q)
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MW 35 AMWENaUFIMRININTaUEsIAN BNTBTS Namuniiduinaseing s (n) 1050

RIALIALTEE (2) 1100 a’sAdaLdad () 1150 aaALdaLged (1) 1200
IANTALTAF WAL (A) 1210 AIALIAL TS



(n)

()

()

(¥)

(x)
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AN 36 NMWANELSLIRINUILRILTESINN BNTBT10 ﬁqmﬁgﬁ%mm%ﬁhm (n) 1050

AIALIALTEE () 1100 a9 daLTdead (A) 1150 aaALdaLged (1) 1200
IANTRLTAN WAL (7) 1210 AvALIAL T



(n)

()

()

(¥)

(q)
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AW 37 MWAEUFIURINYNTBAESIRN BNTBT12 Nanuniauiaassing e (n) 1050

AIALTIALTaE () 1100 d9ANTRLEE (A) 1150 AvAEaLdad (1) 1200
AIANLIALTEE WAL (]) 1210 a9ALIALTad



(n)

(m)

MW 38 MWANELZIIUTRLWNUBULSINN BNTBTS Fuinasngmu

(1)

(¥)
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a o

NNRMI9 ) (N) 1050

u

AYALEALTEad () 1100 ReALEaLTdad (A) 1150 a9ATLTALEed Was (1) 1200

AIANTAL TR
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A1514 2 WAASAUIALATULAAEY ATHUUILUY LASNITUARAQLTILAUADILTSINN
BNTBT100x NQMuNTULARSHIN ]

\B37HN aunNTULIAT WAANTURAE AR msvadadady
(c) (um) (gfom’) (%)
1050 1.42 5.47 6.9
BNTBT2 1100 1.73 5.58 12.1
1150 2.05 5.71 15.8
1050 1.21 5.49 9.2
BNTBT4 1100 1.57 5.62 13.8
1150 1.75 5.73 16.4
1050 1.15 5.59 9.2
BNTBT6 1100 1.51 5.64 10.2
1150 1.63 5.74 14.8
1200 2.19 5.79 16.1
1210 - 5.10 17.1
1050 1.04 5.62 9.5
BNTBT8 1100 1.41 5.69 12.1
1150 1.60 5.78 16.1
1200 2.09 5.80 16.8
1210 - - -
1050 1.67 5.48 9.2
BNTBT10 1100 2.07 5.62 1.7
1150 2.33 5.72 14.8
1200 5.05 5.77 15.4




f1514 2 (Aa)
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\B37HN fnNTULAT WANTUBAE  ATHIUINL NIINARLTILEY
(C) (um) (g/om’) (%)
1050 1.66 5.47 9.0
BNTBT12 1100 2.09 5.59 12.2
1150 2.29 5.70 14.5
1200 3.99 5.75 16.1
1210 - - -

AN919 3 WAASTUIALNTULRRE AMNUUILUY LAZNITUARATILEUADILTSIRN

BNTBT100x dulmasnamunil 1150 asAitaLdea

Leﬁﬁ"]ﬁﬂ mmmm@umﬁ'ﬂ ATTNIAUILLULS mmmﬁquz’ﬁu

(jam) (g/om’) (%)
BNTBT2 2.05 5.71 15.8
BNTBT4 1.75 573 16.4
BNTBT6 1.63 5.74 14.8
BNTBTS8 1.60 5.78 15.1
BNTBT10 2.33 572 14.8
BNTBT12 2.29 5.70 14.5




61

1.4 uadlaannmisinAailadianninuazagadeladidnsn
AnnaainnisdnAasiladidnvisnuazAgoyide lagianvsnaaqinsin
BNTBT2, BNTBT4, BNTBT6, BNTBTS, BNTBT10 LAz BNTBT12 figrungiiduiaaisine Ine

IfAauD 1 kHz Aanaaslunin 39, AW 40, AW 41, AN 42, AN 43 LaL AW 44

Vv
=

o o 1 aa a é( = = a dl 1 a . .
ATHANAL WUAINHNALNAYU 2 WA Tmﬂwmwﬂmmuwmmﬁmuqu depolarization (Td)

a a A

dsznnn 110 - 224 asAgaiias arunsnunlfangungRniAnisgoydsladianvsni

u3n TaanAda Ul aTwWaaNNSIsaLanyan tU L uFIW S Isa LA NYaN LarNANZaY

[ 1
a K A

\ARTUNTNgUUYAAT (T,) Uszunn 260 - 288 avAmaITd @11190U IFAINGIUUN RN

I tﬂl a a =£I 4 o tﬂl a L% a a 3|
F"I’]ﬂﬂﬂ/ﬂﬁﬂL@ﬂVl?ﬂQ\‘i@ﬂ TaaanAaadiunIsidasuinaa nuausinslsatannsnitu

q

a o

WITBARNNIN NTAsUNASINANNENNTTeuIneaUATeuas T. Takenaka [10] Tunaaii
x =0.02 U8y 0.04 T, inauluanied 7, anadiilegmuu)idumnesiiuau dauanslumisg

1 dl a o a al a o a QI dp dl an ra‘ é’ =3
4 ﬂ’]ﬂ\ﬁ/]i@“ﬂL@ﬂ'Vlﬁ‘ﬂLL@ZﬂWﬁ‘Qﬂ&ILZQEIVLﬁﬂL@ﬂ‘Vlﬁ‘ﬂLWN“HHLN@‘QM‘MQN"]‘JuLm‘ﬂ‘j‘LWNﬂlu@uﬂﬂ 1150

a

asAngaLtaa uasantuldainisodnslaitiasainigsinssiaaunun linguug g

a

Do

AaLanaTUNIN 39, 40 LATANIIN 4 AUTUN x > 0.06 T, WAy T, AARLEAGUUNRTULAS

Q a

%
=]

NI Aauanalunise 4 Avpadiladianvisnuaznisgodslndidnyisniinadudaguimg

z2)

FUAAFIANAUAUDY 1200 a9ATALTag UdIa Ntz N1rndnA lATiasannmeRinilany

LATLANTNIGOINNAY AIUARSTUNN 41, 42, 43, 44 WAZANIN 4

a o

ANNAIN 45 LAAIANPNNIABLANYIFNUA9LEIIAN BNTBT100x TULADSN

1 4
a a K K

UUNRNHAIAINAUILUUGIAA WUFIAIAST LABLANVINANTULEDETNA X LANTUDS

0.08 MasANUUArdAIanadEalTaI x NTW 7 x < 0.06 T, FAanasudsaIniuaziiad

WNAWHe TN x N Tuaned T, JuunTiinasaadieiSunn x inay seuanslug

m

|
o

46 TunsdlifiT, ve9im1iin BNTBT6 fléingn enaazifaainiflednindiinn MPB finng
‘ﬁmﬁmmmoxygen octahedron [35]

AINNIN 46 WAANANANNUTURY T, Uay T, 18943700 BNTBT100X 7
TN x e %umafﬁqmuﬂﬁ 1150 arnaades wudnlunsdlii x = 0.02, 0.10 waz

0.12 {f1 T, uax T, Wnrlndiuunn dsnaliidunsladidnvisnaasesdnimanilueqii

1
o A

[ = = a o = dl 1 Y o o
HuiaReae1aasiinaInnissauiueesia 7, uas 7, Neglndiuuin (1w 45) 41150y x
= 0.04, 0.06 LAz 0.08 A T, uay T, vinerunn dwualdidunswladidnvisnaeaasi

. X & @ A = a = A o o o v & o o
A NN aGIAULTIUNARBINA ANaazNANA Td LN S Tm Wﬂgiﬂ@ﬂm\lm"] VIWIMN@QLWNWWVN
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ABIUENABNANNAUBENITALAU (AN 45) TANAT IHAAAARBIALNNIUAIRUBY C. XU LAZADLE

[35]

aoa

' d a a a §
AN 39 AAINlABLANVISNURLESIHN BNTBT2 FulnasNamuniisie e

u



MW 40 Arpsiladlany3nuaadsniin BNTBT4 Fuinaifiamu

' d a a a y
AN 41 ApIntaBLANVSNURLEsNHN BNTBTE FutnasNanu

f

u

n

u

anoa

99
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a g

' d a a a y
AN 42 AAINtABLANVSNURLES1HN BNTBTS FutnasNamuniisia e

u

asoa

MW 43 Apsitadlann3nuaadsniin BNTBT10 Zuinasianmgiisng g

u
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a

MW 44 Apsitadiann3nuaadsniin BNTBT12 Fuinasianmugisng g

u

a

N 45 Arpeitladldanyvnaaaiasniin BNTBT100x dulnasiguugil 1150 — 1200

u

RIATAL T



NN 46 T, WAz T, 184119130 BNTBT100x Futnasnamm

a

nd

LTl
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A1919 4 LAAIAUNA depolarization (T,) auuNAs (T,) AAINlAALANNEN (&) %
T, AgaAeladi@nnan (tan &) M T, vasmsiin BNTBT100x Nqauunpi
TULADSHNN )

LI3IHN AU NTURDT T, T, & tan &

c) (C) (C) AT T,
1050 162 287 1853 0.0292
BNTBT2 1100 168 286 3165 0.0607
1150 176 284 4747 0.0758
1050 125 275 2637 0.0255
BNTBT4 1100 125 271 3743 0.0215
1150 126 266 5574 0.0298
1050 145 272 2427 0.0451
BNTBT6 1100 131 270 3600 0.0252
1150 123 268 5530 0.0334
1200 110 288 5682 0.1762
1050 151 270 2730 0.3464
BNTBT8 1100 145 268 4721 0.0157
1150 132 265 6327 0.0120
1200 130 263 7400 0.0372
1050 192 282 1855 0.0291
BNTBT10 1100 184 225 3249 0.0389
1150 167 250 5440 0.0329
1200 103 260 6125 0.0453
1050 224 275 3350 0.0376
BNTBT12 1100 220 282 4747 0.0753
1150 185 270 5272 0.0504

1200 130 260 6692 0.0423
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NN 47 295auddiNasTduadtis1in BNTBTS NatduialWimie g

1.5 wan1ganA lwalsiddis (P, wAzANAIIRLEALANNSN (dy,)
nsAnEaNiEWSlsaIAnyiINIBamINEN BNTBTS ﬁﬁmﬂwmuﬂuqazﬂm
Inen13dnnasaudamesda (hysteresis loop) ﬁzﬁmﬂﬂﬁwmj LAAIAINTIN 47 WuInTwan
oL (P.) TwanlaimdumsAng (P) wazAraunlnfinaudng (E.) reimainduuali
Fisgudlaauafnfldurimnfindlanfindu uassdanea 5 laafldrgegaminiy 29.94
UC/em?, 2810 uC/em® uaw 21.02 kviem muandy e ldawaliin 40 kviem ann
sniAdeneuntinil naideans BT luimsndin BNT ﬁqaﬁﬂﬁﬁﬂwmimﬁumé’wgﬁu WAy
aun I L& aRandnLmsnan BNT [12, 13]
nsAnaniiiele8dnvsnaemsnin BNTBTS fiaAuuuuLiug e

TaensdpAtasiiiala8ianyian d,, 1an13Twads (polling) nialsiauialufia 35 kviem lu

]
=

silicone oil NRUAR 80 aaA L IALTEHE 114987 15 WIT WINAL 169 pC/N LARIAIAIINN 5

q u

a o

uanaNBudAWIEBLaNVENIa9Esin BNTBT8 Nl6a1nanuidail daAngendianldann

NATERRLANIININY [37]
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A1919 5 uARIATAINRLTALANN3N (d,,) Twanlserdudusa (P,) Tnanlsiadunanng

(P,) uazdunlWWauans (E,) 1a9ids13n BNTBTS

LipaFuy d,  auwwlidn  adlawdu Twanlasdu awinlin
GRA0) PA ALAN
(CN)  (KV/cm) (uC/cm?) (uC/cm?) (kV/cm)
BNTBT8 169 10 4.01 2.21 2.89
20 12.65 9.62 6.10
30 23.57 22.82 19.05

40 29.94 28.10 21.02
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2. HANITASIARALANHUSLANIURIL IS NN TANN LG AN TN Un-
wAALEaNINnnILUm (1-x)BNT-xCT; BNTCT100x

2.1 nANFIATEAlATIERANAIINATANNSIR B LN TR R Iand

(X-ray diffractometer: XRD)

WRaNAn BNT waz CT wnnaniusmudadiulnalualaelddmnadou x =
0.02, 0.04, 0.06 LLaz 0.08 (BNTCT2, BNTCT4, BNTCT6 Llaz BNTCTS8) L‘ﬁﬂﬁ’]ﬂ’]ﬁﬁLﬁﬂLL@fé
sy iszudng 1050-1200 asAaaifaa Taaviallimsnfin BNT flasea¥ne
s@ﬂu‘ﬁmmﬁﬁlqmaﬁuuﬂm%@aﬂmm JCPDS ane1Laa 36-0340 [8, 35] luanusfiiianin CT
ﬁiﬂ?ﬂ@%’]x‘iLLUU@@Tﬁ?@Nﬁﬂ%Qmmﬁuuﬁwﬁlmﬂﬂﬂﬂd JCPDS waNeILae 42-0423  [6] ann
nsAnETAeAEIHANTB@NEN BNTCT2, BNTCT4, BNTCT6 uay BNTCT8 sngigiluiil
ﬂ’]ﬁ‘L%%EI’JL‘LIu‘IJ@\ﬁ‘/\ﬁL@ﬂ"fIﬂﬂLNW%uLm%§ﬁ@mMgﬁﬁ‘tﬁd’N 1050-1200 @4ANTALTEA FILAA
TUNIW 48, AN 49, AW 50 UWAZAIN 51 AINANAU nudasninilaseaFiauuy

sanluBnseadanilawiu BNT lnsdannainfiaguas (003)/(021) AT NyNIzudne 38-42

¥
a K A a o

BNA LATHAALALIUDY (202) LAATUANNIZTNING 45-48 B9AT WAZADAARDIALNIUASLN

q

L
a a K a

=2 1 dll = G| = é{
ANININAY [14, 15] LL@ZLN@@M‘V]JWNLWN‘]J‘L&LS]‘J?’]NHNWJ’]NLﬂu‘iﬂNIUElﬂﬁ‘@@N'm‘ﬂu

u

AuIIALaRRTLansAnNLlusanTUEATaR (a,) ANaNNg
1 2 2
a=3 3(an) +Cn

Taed a, AaALanRanITIdes a raslassairuangeInuea uazc, AaAn

uapidniaines ¢ raviaseairuantzinuea WUITATLARTITILA mapniflusanludnsea

1 | a

a, HANagITNdng 3.8664 — 3.8860 A LlaTuimasnguuniszndng 1060 — 1200

u u

%
a K A

= a & = A J a X
asANTaTaa Lazuanftuanspuiilusentudnsea a, AANNTwEeaFu0 CT NI
asannnisununaad CT lulasaadranasanalinsaas BNT 1300l A — site Tnefifad laay
2849 Ca’ (134 pm) Na~ (139 pm) waz Bi’" (140 pm) wua1 Ca” H1uunaad laauanndn

o A t:ll . X2 | V1 a a ol -dl
1niailaeuiedsues A — site auiluanugliduanianisdnasiAianadiiaFunn

CT NI uazNan lidanAdaiuanuiddaae L.V. Yinong uazAne [12] Adudndlunsnd 6
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w48 guluuumsiagauuasiidianduaadsiin  BNTCT2 fianuniduinas

BN 9)



A 49 gluuunisiaaauurassifianduadidsniin BNTCT4 Nguugiduinas

A9 €
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aw 50 gluuunisiaeauurassidianduadidsniin BNTCT6 Nguuniduinas

FINg %)
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A 51 gluuunisiaauurassifianduadidsniin BNTCTS Nguuniiduinas

A9 €

74



75

2.2 Nam'ﬁLﬂeﬁzﬁﬁwnﬁ’mfiamsﬁﬁﬁLgnmsﬂuuuua'mnifm (Scanning
Electron Microscope: SEM)
AnunTassa¥1eqanipaeitsn BNTCT2, BNTCT4, BNTCT6 WLay BNTCTS

FumeiNgungisiie lnadianmudnniouinfandesqanssalgiannseuuuudednsin

al

AOLARIIUNIN 52, AW 53, AW 54 Uaz N 55 wuangUiainsudaulvnjaemsning
AnwnuzAA e TuNIINANLATRUALNYNAIN 21NN 52 WLINEINEN BNTCT2 Fuinasi
fouNYNAINIT 1100 ANALIALTER Lsﬁﬁﬁﬂﬁgwquuﬂﬂ (NN 52 (N) WAz (1)) UAIRINIY

WLFNIWIUAAAILAZINTUTU AN T VLN A U RTWEDFIANTU Aauanalunin 52 (A) uay

o

(4) AnULEsNn BNTCT 4, BNTCT6 way BNTCTS 211aLnsutade luualiuinduie

'
& a

QUUYNTUAB TN AUAATUAIII9 6 UBNAMNTUNLITNNBLEFNI X NTL TUIANTY

ANRgiTEaNg 2.43 — 8.28 lulasiuns (,1974 6)

a

N 56 uansgldnesesvinaessin BNTCT2  Guinesngnangisng
Wud1 Ngaumgitiaandvidewiniu 1100 esAumaidas useainaiainauingu uaswug

winnuule lusnehguunidunesgaay wsdnaginuuudinsuuansliiuindaonu

a

WU usetinslefinudanugnguuuuila faamninnlimniniduinasngumngd

a Q Q a

1200 a9ANTALTLARN AN LN A
2.3 NANTATUITIIATAINUUILUBLALNITUARILTILHY
ANANVNUILUULAZANTRLAZN1IUARILR4IEINIHN  BNTCT2, BNTCT4,
BNTCT6 uaz BNTCT8 ﬁqmmﬁ%umﬁ&hm AaLanlun1979 6 WudaRnHAIANN

WU NI HD UMY RTWADSANTUAUDS 1150  BIANEALTEA NAIAINTUAIIN

b

o a o

WLNUUUN AN AARILHBY U RTULAA ST UAZNIINARTIAUIBILT TR NN TN G IY
an g QI d? dl QI é’ ' [ A dl !
NATWABFANTU (1379 5) WaLTund x WnTY AR RnwduiAanas luanieinAing

WARTAL HANBLIzndng 12.5 - 14.4 % Aauanslumeng 6
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(A)

(1)
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AN 52 AMTWONELSLIURINUIURILESINN BNTCT2 ﬁqmwgﬁ%uma%ﬁhm (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 RIALTALELR wWas (1) 1200

AIANTAL TR

(n)

(m)

(1)

Q)

AN 53 nMawaneiFiamianinwasasiin BNTCT4 igamaRduiaassne e (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 RIALTALELR was (1) 1200

RIANTALTIE



(n)

(A)

(1)

(q)

7

NN 54 AWBNELSLIMAIULNARILES NN BNTCT6 ﬁqmﬁgﬁ%uma%ﬁhm (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 RIALTALELR wWag (1) 1200

RIALEALT A

(n)

()

()

(q)

AN 55 AMMWANELFIURINUILRLTEFINA BNTCTS ﬁqmugﬁ%umaéﬁmq (n) 1050
RIALIALTAE () 1100 a9 daLdad (A) 1150 R9ALTALELR wWag (1) 1200

RIANLTA LT A



(n)

(m)

()

(q)
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AN 56 NMWONLLSLIUSRERNURILTESIAN BNTCT2 ﬁqmwgﬁ%uma%ﬁhm (n) 1050
RIALIALTAE (2) 1100 a9ALdaLTdad (A) 1150 RIALTALELR wWas (1) 1200

RIANTALTIE
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A1574 6 LAAITUIALNSULRARY ATNUUILUU NITUARAILTIRY WAL WAANT
WISABT a, WBULTINNBNTCT100x NYURDNTULADSEN )

LT3N NN vl AN NINAGIA waRY
TUADT INSURAE N G WI9NLPDS
(°C) (um) (g/cm”) (%) a, (A)
1050 2.43 519 12.7 3.8782
BNTCT2 1100 4.28 5.37 12.9 3.8746
1150 6.71 5.57 13.0 3.8776
1200 8.28 5.45 13.4 3.8765
1050 3.00 510 12.6 3.8758
BNTCT4 1100 3.71 5.24 12.9 3.8766
1150 4.85 5.55 13.6 3.8724
1200 8.14 5.41 13.5 3.8753
1050 3.85 4.99 12.5 3.8722
BNTCT6 1100 4.05 517 12.8 3.8757
1150 5.65 5.50 13.7 3.8719
1200 8.57 5.40 13.8 3.8707
1050 5.28 4.80 12.8 3.8709
BNTCT8 1100 5.85 5.09 13.1 3.8664
1150 5.71 5.30 13.8 3.8860

1200 6.42 5.40 14.4 3.8706
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a o = a & a ' = a a
2.4 uanlaanmsinArasnladianvsnuasAguidaladannsn
AnnaainnisdnAasiladidnvisnuazAgoyide lagianvsnaaqinsin

BNTCT2, BNTCT4, BNTCT6 way BNTCT8 fignuunidunassne lngldaoud 1 kHz a

a

LAAS AN 57, AN 58, NN 59 LAY NN 60 AMNANFL WLINHAALAATU 2 WA TpadAwLen
\AnTUNTgUUYA depolarization (T,) Uszdnnd 119 - 287 aaA@a@a TADAARDINL

1
a

nanlasnaanslsaidnvenliiluneunmflsdidanvsn uariangasuintuntaeumuni

a

'
a

(T,) Usennnu 369 - 494 esAgaliad aunsaunlfangmuunIndeiasiladidnyisn

>
ey

a

4940 TaanndastuNaasnaanuauinslsaianyEnilunisaanyisn nalasuina

a

pananalini931e9ulneeUAA e T. Takenaka [14] A1A7laBLANVENINNA LN UM

a
1 4

Tupo FINNTUAUTN 1150 a9AEALEEA NAsAINTuanaloguIRNIYL Aduanalunin
57, NN 58, NN 59 war NI 60 waznisgauidslaBianyaniinauiieguunaunes

WNTUAIULAAS LRI 7

dl an e o 1 a dl a QI 49( dl
NAUNDNTULADTLALINUNLAN T, HAranasluzen T HANWHIULND

q a

U0 x WNTL AR lUA1379 7 A1N911R4889 Yuan E.Z. WaTAUY [14] WU9IN1TLAM
CT lwimandin BNT M 1H 7, fA1aaas Heaga1n Ca® duuialanuazilan polarizability 1 A9
A slstianvanae $BNT anaailedn CT uanmgliiianisdaswmaann

ferroelectric macrodomins l1/iflu polar nanodomains & miunnsgoyidalagianvisnian

I
a

tal é’ -dl = g 1 -dl a a = £ dll AQI g 1 =
WWHTUHAUTIIL X PANNUU ﬁ’]ﬂ\‘i‘ﬂi@l‘ﬂL@ﬂVl?ﬂNLLu’JIuN@ﬂ@\?LN@ X BWHTU ATAIN

1
a

lpBidngeaavinty 3208 M x = 0.02 Tuwmasguugi 1500 e9ALIALTa TINaN 16

a

ARAAFBIAUNATAIATANHUUILUYL  WAZHARINNNTLATENLTIIRN BNTCT100x #neiAs

o al ol a - o | aa -
ﬂq?LNqVLMN@'—]N'—]?ﬂ Lm?F;INiﬁ%fqMMQN%HLMQ?MﬁﬂQﬁQﬁNaN‘ﬂ‘ﬂﬂi"ﬂmﬁ 5]



M 57 Arpsiiladlany3naasdsdin BNTCT2 duinasianm

M 58 Arpsiiladiany3naassdin BNTCT4 duinasianm

aloa

DHF9 )

u

a o

DR

u
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MW 59 Aasiiladiann3naasdsiin BNTCT6 Zuinasnamum

AN 60 ArAsTilaRiAnVEnaaEsIAn BNTCTS Zuinasiianm

n

u

n

u

a g

A9

a g

AL

82



83

A1979 7 WAASAMUNA depolarization (T,) anunaias (T,) AASNLARLANYIAN (g,) 0

T, ﬁhgcyl,%'ﬂ‘lmﬁlﬁnw?ﬂ (tan &) # T_ 8957380 BNTCT100x

LE3IHN o NTUAT T, T, & tan &
cc) (c) o, AT,
1050 287 389 1999 0.0367
BNTCT2 1100 280 478 2219 0.0450
1150 284 429 3208 0.0505
1200 286 369 2777 0.0625
1050 246 488 1370 0.0464
BNTCT4 1100 243 429 1743 0.0557
1150 247 430 2066 0.0604
1200 239 432 2664 0.0692
1050 189 488 1105 0.0491
BNTCT6 1100 184 474 1435 0.0595
1150 190 462 2191 0.0629
1200 181 474 1522 0.0753
1050 120 494 892 0.0506
BNTCT8 1100 115 485 1188 0.0553
1150 119 479 1801 0.0662

1200 119 473 1549 0.0723
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2.5 uamainalnanlsiadu (P) uazApsnnlaaLannan (d,,)
naAnEantRWSTsBIANYEIN89LE9HN BNTCT2 ANAMNAWILLLEIAN

Tnanisdnaesaudamesda (hysteresis loop) NauINIWAIse wanedianIn 61 wudn

|
a o

Twanlsdudnsa (P,) Inanlaumdunsdng (P) wazAraunndnaudns (E,) 1e9im9niing

v 1 1
=2 A IS ! o

v QI a6 v 1 a QI d? [ % a
LLu’JILLNLWN%HLN@@HWNiWW’miVLLﬂL“ﬁﬁ"]NﬂNﬂ’]LWN“ﬂu LAANANA9N 8 TralANgIg AN

a Q

v
o

10.27 uClom’, 17.4 pClem’ ua 30.13 Kviem anuandu e ldaunuuin 40 kviem fardu
n191aadns CT Tumandn BNT daevinliAraunuWdnaudnsanas (1m918n BNT, E_=73
kV/cm) AQLdmdlinngIa 8

nednanTRiRelsdiEnyinaagniin BNTCT2 fiflausunuiugega
TpennssnenAie g8 1anyian d,, 1N19Inads (polling) e ldawinlnia 35 kvem Tu

a

silicone oil NigauunH 80 avmaaea (waan 15 Wi Winriu 40 pC/ Avuanelumise 8

al

MW 61 29saudanastarasdsiin BNTCT2 Aarauinluisng g
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A1919 8 LAAIAASTAINLTALANYAN (d,;) Tnanlsrduansa (P,) Tnanlsiadunsmng
(P,) wazauNIWAaLa9 (E) amewdsin BNTCT2

LE3IRN d,, AU wanlamdy  Twanlawdu auwlnds
A GIR AIAN ALANY
(oC/N)  (KV/cm) (uC/cm?) (nC/cm?) (kV/cm)
BNTCT2 40 10 1.95 2.23 6.18
20 4.16 5.68 13.48
30 6.89 10.61 21.42

40 10.27 17.4 30.13
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3. NANITASIARALANHUSIANISURI IS NN TANN LA N TN Un-
ansauldanlnnum (1-x)BNT-xST; BNTST100x
3.1 NANISILATIZALATIRSNHNANAENATANITLALLLUUDISIALANT

(X-ray diffractometer: XRD)

UINIKAN BNT uaz ST suaniunindndoulnalualoelddnsdonx =
0.10, 0.20, 0.30 waz 0.40 (BNTST10, BNTST20, BNTST30 Loz BNTST40) Lﬁlﬂﬁ’m’]ﬁmﬁ@
LL@um%uwﬁﬁfqmmﬁﬁwdw 1050-1200 asAnaiGes Tansialiasiin BNT filassa¥is
mu‘llu%mm%'amqﬁuLL‘WN%HMN JCPDS 3118118 36-0340 [8, 38] luanusiiiaeniin ST
HlaseaFrsuuvAadnaseaiuuiindesyaes JOPDS wNNaaT 050634  [7] AINNI19AN®Y
Tnsea¥1ananaaeisndn BNTST10, BNTST20, BNTST30 uaz BNTST40 faagiluuunis
Lfgml,umm?“ﬁmﬂsfImmm%umm‘fﬁ@mmﬁ@wdw 1050-1200 a4ANTAITEA Anansli

o |

AN 62 NN B3 AW B4 WAZAN 65  AINANAU WudasAnATasaaFiesanszuang

a o

= v oa a dl ¥ o tﬂld '
sanluEnTaanUAILN TNARAARBIALNNUIRENAN NN [16, 36]

AUIIALARTRTLansANLlusanTUEATen (a,) ANGAT
_ 1 3( )2 2
aR—g aH +CH

Taed a, AaALanianITIdwes a raslassairaangeInuea uazc, AaAn

uapitniaiines ¢ rasiaseairuandzinuea WUITATLARTITILA mapniflusenlugnsea

1 J a

a, HARYITNING3.9601 - 3.8702 A \lefuimeiNguuniszngna 1050 — 1200

a a

4
=3 =

= a [« = a a QI 49(
avAIaLTad LazlantauansmuiilusanTudnsea a, dAWNTWEeTNIM ST INTY
Hasannnisununaas ST lulpseairanasanalnsaas BNT 1Fnn A — site Tnafifad laay
299 Sr™° (144 pm) Na' (139 pm) uaz Bi™ (140 pm) wudn S Huwadad laaulunindn

o t:ll . =X | Yo a a o tal é’ 4‘4'
1niAilaeueaeued A — site Agiuarme A wanfisnis dinasiAinauaFunn

ST NI uazNaN lFdanAdaIiLNUdEae L.V. Yinong uazAne [12] Adudadlumsng 9
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BN 9)
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Aw 63 gluuunisiaaauurassidianduadidsndin BNTST20 aauniduinas

BN 9)
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Aw 64 gluuunisiaaauurassidianduadidsndin BNTST30 nanungiduinas

BN 9)
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M 65 gUluuunsiReIuNaassIdanduactsIin BNTST40 Namuniiduinas

BN 9)
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3.2 HAMSALATIZRAILNADIANTTANDLANATAULLLARINGIA (Scanning

Electron Microscope: SEM)
Anmlasea¥ieaaninaeamsn BNTST10, BNTST20, BNTST30 uaw
BNTS40T8 %mm@ﬁl'@quﬁﬁiwj TngdannUTnMRaniAende9aanssAaLaNmIaL
WULAB9NIIA AALARS TN 66, NN 67, NN 68 LAy AN 69 WudngUivnsudaulug

28999 ANNAN WU AFELTUNTINANUATRINALNHURIN AINNIN 66 WUIILTIIHN

a

BNTBT10 %mmﬁ@mmﬁﬁmdﬁ 1100 a9ALEALTEA s NN (NN 66 (1) WAZ (1))

a u 9
4

WAIAINUUNWLINIUIINIUAAAUAZINIUTU AL NI LN A N HTUADFIANTY AILARS

a

1unn 66 (A) WA (9) AMUFULTsIHN BNTST 20, BNTST30 LAz BNTST40 HuaAd eiuLms

1
a a

1N BNTST10 WaZauIANIURAI AN UH U RTWAa SANTN AILanalumnge 9

%
=]

uenaNEuNLi el x LﬁmummmLmumﬁﬂﬁﬁmg’iwdw 0.85-10.12 lulnsinms
(M99 9)

AN 70 waneztanesesinyeamanin BNTST20 %umefﬁfqmmﬁﬁhm
WU ﬁ@muqﬁﬁ@mdm’?‘@mﬁu 1100 a9Agaiiea HusaeinalainaINngg uasnug
WU A ‘Lumm:ﬁ@mmﬁ%mm?@ﬁu LE3IRNALINUULNLNIBUAAS TLTIWINE AN
MR

3.3 HANITATUIUWIATAMINUUILUULALTALATAMNUAR

ANAMNUUILULLAZ AN TREATN1IUAFI Y84 TAN BNTST10, BNTST20,
BNTST30 uaz BNTST40 ﬁfﬂqmmﬁ%mmﬁ 119°] WAAIAIANIIN 9 WLLEIHNHAIAIIN
ﬂuﬂLLiiuLLZQZﬂ’lﬁ‘Vmﬁ']L%\‘IL’guﬂ]’a\‘iLsﬁ'ﬂﬁﬂLﬁN%HLﬁ@@MMQﬁ%HLM@ﬁﬁN% (1974 9) waziile
S x sy Apsavuiuiidnanas lwansisanswasadady HAagseudng

12.4 —14.7 % AIWAAI MM 9



(n)

(m)

()

(q)
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NN 66 NMWENEFIMRIMIYaLTsIRn BNTST10 fiquugiiduinassng (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 RIALTALELS was (1) 1200

RIATAL TS

(n)

()

(1)

(¥)

AN 67 AMWONELSLIURINUIVRILESINN BNTST20 ﬁqmugﬁ%uma%ﬁhm (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 RIALTALELR was (1) 1200

RIANTAL TS



(n)

()

()

()
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NN 68 NMWEnEFIMRImiaaLTsIRn BNTST30 fqruupiiduinassng (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 R9ALTALELR wag (1) 1200

AIANTAL TR

(n)

()

()

(¥)

AN 69 AMWONELSLIURINUIURILESINN BNTST40 ﬁqmugﬁ%uma%ﬁhm (n) 1050
RIALIALTAE (2) 1100 a9 daLdad (A) 1150 RIALTALELR wag (1) 1200

RIALIRLTR



(n)

(m)

(1)

Q)

94

AN 70 NMWONLLSLIUSRERNURILTESIAN BNTST20 ﬁqmugﬁ%uma%ﬁhm (n) 1050
RIALIALTEE () 1100 a9 daLdead (A) 1150 aALTALTd was (1) 1200

RIANTRLD
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A5 9 LAAITUIALNSULRARY ATNUUILUU NITUAAILTIFY LAZLAANT
WISLADBT a, VBADTINNBNTST100x NAMUUYNTULARSHI ]

B3NN RV EFY 1A AN NIUAGA waRY
Fumes  insuedd UL BN WIIHLRRT
(C) (um) (g/cm’) (%) ax (A)
1050 1.71 4.99 12.4 3.8858
BNTST10 1100 2.00 517 12.7 3.8702
1150 4.28 5.41 13.0 3.8891
1200 6.05 5.61 13.2 3.8865
1250 10.12 5.40 13.7 3.8940
1050 1.14 4.90 12.7 3.8941
BNTST20 1100 2.85 5.14 13.1 3.8971
1150 4.85 5.45 13.4 3.8959
1200 5.42 5.59 13.7 3.8944
1250 8.75 5.44 14.4 3.9011
1050 1.42 4.81 13.0 3.8957
BNTST30 1100 214 5.21 13.3 3.9025
1150 3.42 543 13.6 3.8961
1200 5.57 5.56 13.9 3.9008
1250 8.50 5.45 14.5 3.9088
1050 0.85 4.73 13.2 3.9601
BNTST40 1100 2.28 4.95 13.8 3.8994
1150 4.28 5.44 14.1 3.9001
1200 512 5.47 14.8 3.9079

1250 7.56 5.45 14.7 3.9090
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BNTST10, BNTST20, BNTST30 uaz BNTST40 Ngnuugiduiaessne Ingldaonud 1 kHz

ASUARSIUNIN 71, 72, 73 LAT NN 74 AINAIAL ANAST LABLANYISNTa9sEN BNTST10
waz BNTST20 Nignunnidume i) wudrinamnazy 2 fia Tnaiausniintuidaegmumugd

depolarization (T,) tszanns 119 - 287 asAmalTad Tsdanndasnunislasunaaning

adanyan ldlunauimslsdianyisn wasiANgadnATuNdeaunNas (T.) Useuins 369

9 a a m

= v Qd‘d 1 dl a a dl % o
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nlasaannuaudnflsalanyvanidunisaidanvan nnslasuimasanaiainissaeulag

WA T.  Takenaka [37] ANASNLABLANYENIANTULE QUMY T WA S IANTUAUTY

a

4
=3

1200 B4ANTAITEA MAIANTUAAALHEYMUYHINNTL AUAAILUAIN 71 WAz NN 72 uas

nnegoyide laBlanysninNaudaguuRTWwRa SINNTIUAILAATUAN9  Tunstisndn

BNTST30 uaz BNTST40 Mignuuqidunessine nudrdnannauiaines Tneifinaungo

=

3(T,) Usewnnu 369 - 494 avmadaa aruisnu liannanmnginiaAiag

=)

AUUNNH
q ]

k1l

b

4

1ABLANYIINA94A T9danAAaITUNA WA NLaURINFIsaENNINITUNTBLANYIIN

a q

1 '
o { =

Aslasumasananninissnaaulneanuidsaaea T.  Takenaka [37] ANA9# laBLANNEA
WWNTWNDYUMN NTULAD FANTUAUDN 1200 B4ANTALTEE MAIANNHUAARILNDGU)NINNUL

AILAAS NN 73 LAy NN 74



MW 71 Aasiladiann3naasdsiin BNTST10 Hauungiduinassng g

M 72 Apsiladiann3naasdsiin BNTST20 auungiduimnassng o
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MW 73 Apsiladiann3naasdsiin BNTST30 Hauugiduinassng g

M 74 Apsniladiann3naaadsiin BNTST40 Aquunduinasang

u
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3.5 uan1sanAtnanbsLadu (P,) wazAAIARIEALRNNSN (dy,)
AsAnEaNTANSsBIAnyEna09mfin BNTST20 uaz BNTST30 #ifl
ANNULNLLUANEA TAENT9TANNsaLEAasTA (hysteresis loop) ﬁmmﬂvxlﬁ’wmj LAANA
AN 75 uaz 76 wudninanlsimtuansa (P, Tnanlaurdunsdng (P) uazArawinlninay
A9 (E,) PN U AL e g AN AL ur i AT Afiady waaasaning
10 IneilAngeqgAd1miL BNTST20 winfiu 12.04 uC/cm?, 17.19 uC/em” uaz 29.61 kvicm
PNANAL uAz BNTST30 WAL 13.81uC/em?, 6.03uClem’ way 12.71kV/cm ileld
sl 40 kviem Fedunisidesns ST lwmsnin BNT daasinlfanaunsinfinaudng
anAY (198N BNT; E_ = 73 kV/cm) WARAIAIAITIN 11 LAZA X > 0.40 WLTIAZUAAIAINY

lunisaannan [15]

M 75 WsAUEAaITRIBIEsIRN BNTST20 AiRnaunlnise e
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M 76 WsALFALNEITRUBATSINN BNTST30 AAnaunlndse e

nsnauTAelg8@nyEnaesmin  BNTST20  fiRAdnamuiLLy
23\123mimﬂmﬁmﬁﬁﬂﬁlﬂﬂh%lﬁﬂﬁﬂ d,, "nslwads (polling) nalfaualvda 35
kv/em ‘lu silicone ol ﬁfqmmﬁ 80 avAadaa 1unan 15 W Wil 90 pC/N wandsa
A3 FansiAn ST Twasnin BNT daesinlfrnaciiiieledidnvisniistu (dy, = 71

pC/N)
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A1919 10 WAAIATASTINITALRNNSN (dsa)Twm”lsLsn“ﬁ’u’Suﬁ'fa (P.) TwanlstadunsAng
(P,) wazdunlWvauans (E,) 1aeids1d8n BNTST20 waz BNTST30

K131 8n d, Al wanlamdy  Twanlamdu  awwiniy
T ) AIANS ALA
(pC/N)  (KV/cm) (uClcm’) (nC/cm?) (kv/cm)
BNTST20 90 10 1.57 1.79 6.2
20 3.72 4.61 13.23
30 6.88 8.97 20.67
40 12.04 17.19 29.61
BNTST30 10 3.46 1.19 2.82
20 7.88 2.89 5.29
30 11.84 4.84 7.56

40 13.81 6.03 12.71
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NILUBR (BNT) HEANLLTE N NN LR (BT) HEANLAALT N NN (CT) uazHiNan

ansou@onmniue (ST) Taswnupalminguuugd 650, 1200, 1100 waz 1200 9967
= = o o o \ - 2 a o =

wad@ed Wwnan 2, 4, 2 a4 9184 ANNAAU WUINAINNTDLATHN N AND @ TR

=® =

e menanuuEenInnue wsnanuaa@an e wasnaanansaumaulnniiue
PHANLFgTEgauas linumanlanlasnaesannaatules
nan1sasaaatlnseaisaaninestes wanandadmlahanvniun  Wanan
= =X = =X = I ]
wuBsNlnnun wendnuaadaslnmiun uasnranansadon lnniuen wudnanyniagaw

Innjaednnaniia 3 aila Hanwazglinadeilunsanauuasinisiniznguiu

aginispsaasaura s dndannlananlnniue-uudanlniuue (1-x)BNT-xBT;
BNTBT100x

AINHANNTAILATEHENATAN TR LTRSS R nF 109N TN BNTBT2,
BNTBT4, BNTBT6, BNTBT8, BNTBT10 Lar BNTBT12 ﬁ x < 0.04 978N BNTBT2 wag
BNTBT4 nudniilassairafluuuyusenludnsaadamilondu BNT 1iletsunn BT (fisd
e finflaouiflumnssinueadaungy  lwaned x > 0.10 w3fin BNTBT10 uae
BNTBT12 filassairaflunuummnssinueatemiloudy BT Inefitsunns x feandn 0.06 14
U NTUMADT 1050 — 1150 waTILBH0L X 1NN 0.06 I%faqmmﬁ%ul,mfﬁ 1050-1210
B9ANLIALTA WU E91HN BNTBT100x Lﬁ@%umﬁﬁ@muqﬁzﬂqﬂdﬁ 1200 a4ANTAITEA WL
wantantaeuaes BY uay Na™ 1510990001992 1me189673898Y  HAAINNNIATIAGAL

1 o

Tasea¥1eqanianudngliransudoulng AN ARNENIINANLATAMALNYNAN INTUH
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1T [Ha U NTUIRaSEITN WANguUuRTwmafnaaiuielSum x NI

YUNALNTULRALUANT I RN LU THNAARY WazlEaIin BNTBT2 way BNTBT4 HAA1N
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a

WY ANANUARTLAL LarANAT laBIANYIEN (u auunAATaedn Telfansnetinad
NERARTIGUNYH 1150 aeptaidas Tuanieiiasin BNTBT6, BNTBTS, BNTBT10 uas
BNTBT1218ansna 197 unFulnafngnng s 1200 avALEadisd wanainiumsnin
BNTBT100x HA1AsNlABIANTISN494A (7400) ANAINULILLLANEA (5.80 g/cm’) ANAST
Wladianyisn (169 pC/N) uaz(ldauuluiniin 40 kv) Hartwanlsirduasinegegn (28.10
uC/em’) uazAraun i auds (21.02 kvicm) Nesniin BNTBTS Fumasianuni 1200

= a dl = Y Y ad val A 1 a n:ll
asATalEea wazainrraNlAfeasn s udAanTREn e liingend s ing

= v aa s
LFiTeINANEATNANAAN s

agUnispsiagaurandsiindadnidifaslnniiun-uasidaulnniiun
(1-x)BNT-xCT; BNTCT100x
ANNNANITILATI A A ATANITLALA LU YR TR LB NTua9LEsNRn BNTCT2,
BNTCT4, BNTCT6 waz BNTCT8 Tuiaasnanngil 1050 -1200 a4ANLIALTIEA AMNKANIS
AATIPNATANITLAEILLLNA LB NG UR9LEs1 RN BNTCT100x wuqnllasagdanuusan
Tugnsealunnaedng uaznaainnisnsageulnsaaieganianudnglsiensudouley
a a o % -QII -QII Aﬁl a Aal g tﬂl a
YRLTIIRNHAN UL AR LN NNANUASAARLNYNRN IHOGEUNYHNNTUTUIALNTILRALIHNAT
S X dod . 2 X d o v v 1 .
N2 Tuanied wWelFunn x iNuariansweas i ued lin ldaed ArAanuruwiy
NTBHDYUUNRTVADFIANTUAUDS 1150 BIANLTALTHE NAIAINTUANNUILLLEAN
dl aa '8 Aal é’ 4:4‘ o a ¥ a -QI é’ dll aa o
ANAILNEGUNNNT UL TN TUIUTANIINAANTUAUR ANLNN TR U HTUIRE S
NG HANASNLABIANYTNGIEA (3208) UATAIAMNUUILUNANER (557 g/cm’) ANAYT
Wlaaanvan (40 pC/N) waz(ldawnalWiniu 40 kv) derlnanlardunadnegegn (17.4

uC/em’) uazAraud Ifnauana (30.13 kvicm) Nkes1dn BNTCT2 Guinasngnmni 1150

AT AL A

agunismsiagavvasgsiindainiaifanlvniius-ansautdanlnniium
(1-x)BNT-xST; BNTST100x
ANNHANTALATILHEINATIANNT AU LT8939RIENFIa I mI TN BNTSTIO,
BNTST20, BNTST30 uaz BNTST40 Fuinasigamnil 1050 -1200 eAnitaiied anuanis
FirnesidiamalianisiagauiAiEndaeqraiin BNTST100x wudnillassaraunuaadn

lunnaaeeng uaznaainniInaaeulnNaiganIAnLdngLsvnsudanlunjaeamdn
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Abstract

This study investigated the influence of excess Bi,O; and Na,COs; on the crystal structure,
microstructure and dielectric properties of (BigsNags)TiOs (BNT) ceramics. The BNT ceramics
were synthesized using the solid-state reaction method with various excess Bi,Os; and Na,COs
levels (0, 1, 2, 3 and 4 mol%). The X-ray characterization revealed that all samples had a
rhombohedral structure. A pure perovskite phase was obtained in all samples. The lattice parameter
a tended to increase with increased excess Bi,O; and Na,CO; content in the calcined powders and
sintered ceramics. The average particle size increased while, the average grain size tended to
decreased with increased of excess Bi,03 and Na,CO; content.
The depolarization temperature (T4) and the Curie temperature (T.) were slightly decreased with the
increase of excess Bi,O; and Na,COs content. The dielectric properties were related to the density.

Introduction

Bismuth sodium titanate [(BigsNays)TiOs; BNT] is a type of perovskite-type ferroelectric, which
has been considered to be a good candidate for lead-free ceramics because of it’s relatively large
remanant polarization (P, = 38 uC/cmz) at room temperature and high Curie temperature (7, = 320
°C) [1,2]. Therefore, BNT ceramics have been applied for use in capacitor and actuator devices
[2,3]. However, in fabricated BNT ceramics, the Bi,O3 and Na,CO; are always evaporated during
the firing process at high temperatures. Evaporation of Bi,O; and Na,COs change the properties of
the ceramics due to the change of stoichiometry. Moreover, it is well known that the optimum
amount of excess Bi,O; and Na,COs lead to ceramics with a high density and good electrical
properties, which is important in device applications [4-6].

So, in this work, some excess BiO; and Na,CO; were added during the batch preparation to
compensate for the Bi,0O; and Na,COs; loss in the samples, which were prepared by the solid-state
reaction method. The effect of the amount of excess Bi,O; and Na,CO; on the phase formation,
microstructure and dielectric properties of BNT ceramics were also investigated.

Experimental
BijsNay sTiO; (BNT) was fabricated using an established mixed oxide method. An excess of Bi,O3
and Na,COs, equivalent to 0, 1, 2, 3 and 4 mol% were added. The raw materials Bi,03, Na,CO3 and

TiO, were weighed and mixed by ball milling in ethanol using zirconia balls for 24 h. The mixed
powders were dried at 120 °C for 6 h. After sieving, the mixing powders were calcined at 800 °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 pellets with a diameter of 15 mm prior to sintering at 1200 °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 BNT samples were examined using scanning
electron microscopy (SEM). The densities of the sintered ceramics were measured by 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 TTP,
www.ttp.net. (ID: 110.164.90.6-21/04/11,06:43:27)
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Archimedes’s method. Dielectric measurements were performed using a LCR meter (Agilent
4263B), and the measuring frequency was 1 kHz.
Results and discussion
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The XRD patterns of BNT calcined
powders and sintered ceramics at various
Bi1,0; and Na,CO; content are shown in
Fig. 1(a) and 1(b). The BNT powders and
ceramics index in the rhombohedral
! ! ! structure, could be matched with the
JCPDS file number 36-0340 [7]. The pure
perovskite phase of BNT calciened
powders and sintered ceramics were
obtained in all samples.

The lattice parameter a of the BNT
rhombohedral structure was calculated by
the following equation [8].

ay =%,/3ia,j )+ ¢? (1)

) ay and c are the lattice parameter of the
(a) (b) hexagonal structure, and ay is the lattice
parameter of the rhombohedral structure.
Fig. 1 XRD patterns of (a) calcined powders and (b)
sintered ceramics made from starting powders
containing different amounts of excess BiOs and
Na,COs.

Table 1 Lattice parameter a, average particle size and grain size, shrinkage and density of BNT
calcined powders and sintered ceramics

Excess Calcined powders Sintered ceramics
Bi,03; and Lattice Average Lattice Average  Shrinkage Density

NayCOs;  parameter a particle size parameter ¢ grain size

(mol%) (A) (nm) (A) (nm) (%) (g/em)
0 3.8797 0.20 3.8720 11.33 20.9 5.90
1 3.8798 0.24 3.8722 1.96 21.0 591
2 3.8801 0.32 3.8755 1.83 18.6 5.98
3 3.8824 0.27 3.8798 1.53 9.5 5.63
4 3.8844 1.89 3.8840 1.43 7.7 5.58
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(a) (b) (c) (d)
Fig. 2 SEM photomicrographs of the calcined
powders with excess Bi,03; and Na,COs; (a) 0
mol%, (b) 3 mol% and sintered ceramics with
excess Bi,O3 and Na,COs; (d) 0 mol%, (e) 2 mol%.

The lattice parameter a of the BNT calciened powders and sintered ceramics tended to increase with
the increase of excess Bi,03; and Na,COs3 content (Table 1).
The calcined powders exhibited an almost spherical morphology and have a porous agglomerated
form as shown in Fig. 2 (a), and (b). The average particle size increased from 0.20 to 1.89 um with
an increase excess of BiO; and Na,COs content. The grain sizes were nearly spherical in shape
(Fig. 2 (c¢) and (d)). When the excess Bi,O3; and Na,COs increased, the grain size changed from a
spherical morphology to a nearly cubic shape. The average grain sizes rose from 1.43 to 11.33 um.
The average particle size increased while, the average grain size tended to decrease with the
increase of excess Bi,O3 and Na,COj; content (Table 1).
The shrinkage and density of BNT sintered ceramics are listed in Table 1. The shrinkage increased
with an increase of excess Bi,O3; and Na,COs content. The density increased with the increase of
excess Bi,0; and Na,CO; content and reached a maximum at 2 mol% and then dropped in value
when the excess Bi,O3 and Na,CO; content was higher than 2 mol%, as seen in Table 1.
Fig. 3 exhibits the dielectric constant (g;) different excess Bi,O3; and Na,COs contents. The ¢, peak
exhibited two dielectric anomalies at T4 and T.. T4 which is the depolarization temperature, and
corresponds to the transition from the ferroelectric state to an anti-ferroelectric state, T, is Curie
temperature and relates the transition from an
| | anti-ferroelectric state to a paraelectric state
[8]. The exact transition temperatures were
derived from the dielectric loss. The T4 and T,
decreased from 217 to 181°C and from 376 to
317°C with the increase of excess Bi,Oz and
Na,COs; contents (Table 2). The g at T,
decreased with the increase of excess Bi,O3
and Na,COs contents as seen in Fig. 3. The
dielectric loss at T, tended to decreased with
1 | increased excess Bi,O; and Na,CO; contents
up to 2 mol% and increased after further
excess Bi,O; and Na,COj3 contents (Table 2).

Fig. 3 Dielectric constant of BNT ceramics at
various Bi,O3 and Na,COj; content, measured at
1 kHz.
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Table 2 The dielectric properties of BNT ceramics

Excess T4 T, Dielectric constant Loss tangent
Bi,O; and Na,COs at Te at T,
(mol%) (°O) (°C)
0 217 376 5301 0.252
1 203 325 3082 0.021
2 190 323 3062 0.013
3 186 317 2369 0.019
4 181 328 1993 0.02

Summary

The excess of Bi,O; and Na,CO; affected phase formation, microstructure, density, and dielectric
properties. The lattice parameter a tended to increase with an increased excess Bi,O; and Na,CO;
content in the calcined powders and sintered ceramics. The average particle size increased while,
the average grain size tended to decrease with increased excess Bi,Os and Na,CO; content At T, a
high density, dielectric constants and low dielectric loss were discovered in the sample with excess
2 mol% of Bi1,03; and Na,CO; content.
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Abstract.The effect of sintering temperatures (1050-1200 °C) on the phase formation,
microstructure and dielectric properties of a binary system lead-free ceramic bismuth sodium
titanate—bismuth potassium titanate were investigated. 0.8BisNaysTi03-0.2BiysKosTiO3; BNKT
ceramics were successfully fabricated using the combustion technique. XRD results showed the
rhombohedral-tetragonal morphotropic phase boundary (MPB). The SEM results showed the
average grain size (0.51-2.59 um) of the samples increased with the increase of sintering
temperatures. The sample sintered at the optimum temperature of 1150 °C exhibited the maximum
density, shrinkage, dielectric constant at Curie temperature and remanent polarization (P;) which
were around 5.65 g/em’, 17.75%, 5014 and 1.6 nC/cm? respectively. The dielectric constant was
related to the XRD results and density of the sintered ceramic.

Introduction

Recently, BigsNaysTiOs (BNT) and BiysKysTiOs (BKT) are two attractive lead-free materials,
which were considered to be the significant attention to replace the widely used lead-containing
perovskite materials because there are a relative large remanent polarization and high Curie
temperature [1-5]. Among the (1-x)BNT—xBKT system, it possesses a rhombohedral-tetragonal
morphotropic phase boundary (MPB) at x = 0.16—0.20 [2]. Furthermore, many previous researches
exhibited the outstanding electrical properties at x=0.20 [1-3].

Presently, the combustion technique is interesting because it can decrease the calcination and
sintered temperature [6,7], obtain a highly dense and the good electrical properties [6,8]. Besides, it
is well known that the optimal sintered condition lead to obtain the ceramics with high dielectric
constant and polarization. However, a detailed study of the fabrication and characterization of
0.8BigsNag sT103-0.2Bi¢ sK( sTiO3; BNKT ceramics via the combustion technique has not been
reported in the literature. Thus, the BNKT ceramics were prepared via the combustion technique in
this work. The effect of sintering temperatures on the phase formation, microstructure, dielectric
and ferroelectric properties of BNKT ceramics were also investigated

Experimental

Bismuth sodium potassium titanate [0.8BiysNaysTi03-0.2BigsKosTiO3; BNKT] powders were
synthesized by the combustion technique. For preparation (BigsNays)TiOs; BNT powder, the raw
materials of Bi,03; (99%), Na,CO;3 (99%) and TiO; (99%) were weighed. A thoroughly ground
mixture of raw materials were ground by a ball milling procedure (zirconia milling media under
ethanol for 24 h). Drying was carried out at 120 °C for 4 h. The raw powders were well-mixed with
fuel (glycine) in an agate mortar before the calcination step. Afterwards, the uncalcined powders of
BNT were calcined at 650 °C with a dwell time of 1 h and a heating/cooling rate of 5 °C/min. For
synthesis (Big 5K 5)TiO3; BKT powder, the raw materials of Bi,03 (99%), K,COs, (99%) and TiO,
(99%) were weighed in the required stoichiometric ratio and the raw materials were mixed by a ball
milling procedure. The processing of BKT powders is similar to BNT powders, but the uncalcined
powders of BKT were calcined at 850 °C for 2 h.

The calcined powders of BNT and BKT were weighed and mixed in the required stoichiometric
ratio with a 2 wt.% binder solution and reground by ball milling for 24 h. The mixed calcined
powders were then pressed into disks with a diameter of 15 mm at a pressure of 80 MPa. The pellets

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 TTP,
www.ttp.net. (ID: 61.19.231.6-19/04/11,16:46:57)
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were sintered between 1050 and 1200 °C for 2 h and cooled in a furnace. X-ray diffraction (XRD;
Philip PW3040/60 X’ Pert Pro) was employed to identify the phase formed and the optimum
temperature for the optimum formation of BNKT ceramics. The morphological features of the
product were imaged using scanning electron microscopy (SEM; LEO 1455 VP). The density of the
sintered ceramics was measured by the Archimedes method. The average grain sizes were
determined by using the mean linear intercept method. The raw data were obtained by measuring
the grain sizes over 300 grains. Silver paste was coated and fired at 600 °C for 5 min to form
electrodes. The dielectric property as a function of temperature was also observed using a LCR
impedance analyzer (Agilent 4263B). The polarization hysteresis (P-E) loops were measured by
using a ferroelectric test system (Radiant Technologies, Inc.).
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Results and discussion

The XRD diffraction patterns of sintered ceramics with various sintering temperatures are shown in
Fig. 1. BNKT ceramics are identified as a pure perovskite phase below 1175 °C. The peak of Bi,Os3
was detected at 1200 °C, which may be due to the vaporization of K" at high temperatures.
Generally, the rhombohedral symmetry is characterized by a (003)/(021) peak splitting between 38°
and 42° and a single (202) peak between 45° and 48° [1]. While, the tetragonal symmetry, it is
identified by a single (111) peak between 38° and 42° and a (002)/(200) peak splitting between 45°
and 48° [1]. In case of this work, the tetragonal and rhombohedral symmetry of BNKT at the
sintering temperature > 1125 °C are characterized by the (002)/(200) and (003)/(021) peaks splitting
in the 20 range of 45-48° and 38-42°, respectively. So, it can be inferred that this composition lies in
the MPB, where the thombohedral and tetragonal phases coexist, which could be matched with
JCPDS file number 36-0339 and 36-0340 and corresponded to previous work [1,3]. While, the peak
splitting of (003)/(021) between 38° and 42° and (002)/(200) between 45° and 48° were not
distinctively appeared at the sintering temperature < 1100 °C. This result may be due to the BNKT
ceramics were not fully crystallized at low sintered temperature (< 1100 °C).

Fig. 1 X-ray patterns of BNKT ceramic at various sintering temperatures in the 26 range of 10° to 60°.
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Fig. 2 illustrated the morphological changes in the BNKT surface of the sintered ceramics as a
function of sintered temperatures. The point touches between particles grew into necks which
exhibited the primary state of sintering at the sintering temperature < 1100 °C, as shown in
Fig. 3 (a). The increasing of sintered temperature up to 1100 °C caused still no evident change in the
microstructure except for a slight increase in the grain size. When the sintering temperature
increased higher than 1100 °C and reached its highest at 1150 °C, the grain growth became
increasingly active. At the same time, the pore structure was also decreased and led to an obvious
change in the feature of grain size. While, the porosity of samples sintered > 1150 °C increased as
shown in Fig. 3 (d). The grain growth exhibited an almost similarly rectangular morphology, as
shown in Fig. 3 (b)-(d). The average grain sizes increased from 0.51 to 2.59 um when the sintering
temperatures increased from 1050 to 1200 °C, as shown in Table 1.

Fig. 2 SEM photographs of BNKT ceramics sintered at; (a) 1075 °C, (b) 1125 °C, (¢) 1150 °C
and (d) 1200 °C

The measured density with a variation of the sintering temperatures is shown in Table 1. The
density first increased and reached its highest at 1150 °C and then dropped value when the sintering
temperature was higher than 1150 °C, as shown in Table 1. It was noticed that the density decreased
when the sintered temperature was higher than an optimal temperature in the sintering process. The
maximum density was around 5.65 g/cm® or ~94.5% of the theoretical density obtained from the
sample sintered at 1150 °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. 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 because of the grain growth [9]. The percent of shrinkage of the pellet samples
was listed in Table 1. The tendency of percent shrinkage was the same trend with the density as a
function of sintered temperatures. The percent shrinkage first increased and reached its highest at
1150 °C. Then, the percent shrinkage of ceramics decreased as the sintered temperature increased
above 1150 °C.
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Table 1 The average grain size, density and shrinkage of BNKT samples

Sintered temperature Average grain size Density  Relative density Shrinkage

(°C) (um) (g/em’) (%) (%)

1050 0.51£0.06 4.99 83.5 10.17
1075 0.66+0.09 5.17 86.5 12.53
1100 1.02+0.12 5.41 90.5 15.67
1125 1.13£0.16 5.61 93.8 17.10
1150 1.1840.18 5.65 94.5 17.75
1175 1.58+0.20 5.46 91.3 16.17
1200 2.59+0.37 5.02 84.0 10.81

Fig. 3 shows the temperature dependence of the dielectric constant (g,) and dielectric loss tangent of
BNKT ceramics which were measured at 10 kHz. The samples sintered at temperature < 1100 °C,
the dielectric constant showed a broadened peak around 260 °C, which was due to the phase
transition from an antiferroelectric to paraelectric state [1,10]. While, the samples sintered
> 1100 °C, the dielectric constant showed 2 broadened peaks. The first broadened peak of various
sintered samples showed an anomaly in the similar range of temperature as shown in Table 2, which
was due to the phase transition from the ferroelectric to antiferroelectric state [1,10]. The second
broadened peaks of each condition were above 265 °C, which was caused by an antiferroelectric-
paraelectric transformation process [1,10]. At Curie temperature, the maximum dielectric constant
was observed in the samples, which first increased and reached its highest at 1150 °C and then
dropped value when the sintering temperature was higher than 1150 °C. The dielectric loss at T,
was shown in Table 2. In case of the samples sintered at temperature < 1100 °C, showed only a
peak may be caused from the fully crystalline have not still formed. These results corresponded to
the XRD results and density.

Fig. 3 Temperature dependence of the dielectric constant and dielectric loss tangent of BNKT
ceramics measured at 10 kHz.
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The maximum density ceramic which obtained by sintered at 1150 °C, were used to investigate
ferroelectric properties. Fig. 4 showed the P-E hysteresis loop of BNKT sample with difference
electric fields strengths at room temperature. It is clearly seen that the shape of hysteresis different
greatly with the electric fields strength. A near-linear relationship of P-E is observed at 5 kV/em
electric fields strength. This result is due to the fact that the electric field is not large enough to
switch any domains. The polarization nonlinearity is improved in both regions of the positive and
negative fields at 10 kV/cm electric fields. These demonstrated that the electric field strength of
10 kV/cm is of enough energy to constrain realignment of some domains in the direction of the
applied fields. The largest of symmetric hysteresis loop is revealed at 35 kV/cm electric field
strength, which displays the remanent polarization (P;) of 1.6 uC/cm? and coercive field E. of
10.1 kV/cm. Due to the limiting of the based instrument, the saturated hysteresis loop has not been
still obtained at 35 kV/cm electric field strength when compared with previous works [1-2].

Fig. 4 P-E hysteresis loop of BNKT ceramic sintered at 1150 °C.

Table 2 Range of depolarization temperature (Tq), curie temperature (T.), dielectric constant (g, ),
and loss tangent (tan ) of BNKT ceramics at various sintering temperature.

Sintered temperature Range of Tq4 T. (°C) & (at T,) tan o (at T)

O O

1050 - 261 2508 0.0170
1075 - 263 3085 0.0153
1100 - 254 3859 0.0541
1125 110-180 269 4336 0.0675
1150 105-176 280 5014 0.0293
1175 104-175 274 4123 0.0575

1200 100-170 276 2840 0.1013
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Summary

High density and dielectric properties of BNKT ceramics can be obtained successfully by the
combustion method. The sintering temperatures directly affect crystal structure, microstructure,
density and dielectric properties of the sintered ceramics. The range of the average grain size
increased with the increase of sintering temperatures. The maximum densities ~95% of the
theoretical density, dielectric constant at T, and percent of shrinkage were received from the
ceramics sintered at the optimal temperature of 1150 °C for 2 h. The remanent polarization

(1.6 uC/cmz) and coercive field (10.1 kV/cm) were also obtained from the sample sintered at
1150 °C.
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ABSTRACT

This work concentrated on the phase formation, microstructure and dielectric properties of (Pbj.xBax)
TiO3; PBT ceramics with 0.2 < x < 0.8 prepared by the combustion technique under various calcination
(600—1200 °C) and sintering temperatures (1125—1275 °C) for 2 h. It was found that the PBT powders
indexed in a tetragonal structure. The impurity phases of lead oxide (Pb0O), lead dioxide (PbO3), titanium
dioxide (TiO;) and barium carbonate (BaCO3) were detected in the powders calcinated below 1000 °C,
1050 °C, 1100 °C and 1150 °C for x = 0.2, 0.4, 0.6 and 0.8, respectively. The XRD results corresponded to
the DTA-TGA investigations. The sintered pellets showed pure perovskite in all samples. The lattice
parameter a tended to decrease, while the lattice parameter ¢ tended to increase with increased firing
temperatures. The tetragonality, the average particles size, and the average grain size increased when the
firing temperatures increased. The dielectric constant was depended on the sintering temperature. The
Curie temperature decreased when x increased. The combustion fuel (urea) performed an important role
for reducing soak time and improved the density and dielectric properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lead titanate, PbTiOs3; PT is a perovskite-type ferroelectric material
with excellent dielectric, pyroelectric and piezoelectric properties. At
room temperature, PT exhibits a tetragonal perovskite structure. PT
has avery high Curie temperature of 490 °C[1,2]. The Curie point of PT
can be shifted to a lower temperature by substituting barium for lead
[3,4]. The lead barium titanate, (Pbj_xBax)TiO3; PBT is indexed with
a tetragonal structure at room temperature and a cubic structure
above its Curie temperatures [5]. The Curie temperature of PBT
materials drop monotonically with the Ba content, from 490 °C at
x = 0 to 120 °C at x = 1. PBT ceramics also exhibit a large positive
temperature coefficient of resistance (PTCR) near the Curie temper-
ature [4].

After a survey of the literature, the PBT ceramics were prepared
by the solid state reaction method [3] and the polymerized citrate
method [6]. For the solid state reaction method, the raw materials
were calcined above 500 °C for 24 h and at 950 °C for a further 24 h.
This procedure was repeated twice and then the samples were

* Corresponding author. Tel.:+66 869253326; fax:+66 55963528.
E-mail address: researchcmu@yahoo.com (T. Bongkarn).

1567-1739/$ — see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2011.03.041

sintered at specific temperatures (from 950 to 1250 °C) for 24 h [3].
PR. Arya et al. prepared PBT nano powder by the polymerized
citrate method. The precursor was obtained from a mixture of
a stoichiometric amount of barium carbonate, lead nitrate in
ethylene glycol-citric acid-Ti-isopropoxide solution. The polymer-
ization occurred by keeping the mixed solution in an oven at
135 + 5 °C for 20 h. The precursor was calcinated at 500 °C for 24 h
and at 800 °C for 8 h. The particle size of the calcined powders was
in the range of 40—60 nm. A large dielectric constant (60—80) and
low dielectric loss (0.005) were also obtained [6]. Chemical
synthesis can provide homogenous nanosized oxides of high purity
at lower reaction temperatures but they have a high material costs
and are intricate and complicated to prepare [4,6,7]. It is well-
known that the most fundamental, practical, routine technique
which provides more product is the solid state reaction method
[3,8]. However, PBT ceramics, which are synthesized by solid state
reaction, require complicated processes and use a long soak time
(>140 h). Thus, a technique which is simple and has low material
cost was required for PBT ceramics fabrication.

Recently, our previous work has successfully fabricated different
oxides ceramics such as: BaZrOs [9], SrZrOs [10], BaTiOs [11],
CaZrOs3 [12], Ba(Ti1xZrx)03 [13], (Bay.xSrx) (ZrxTi1x)O3 [14] by the
combustion technique. This technique involves a self-sustained
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Fig. 1. TGA-DTA curves for the mixture of raw materials and urea with; (a) PBT40 and (b) PBT60.

Fig. 2. (a) XRD patterns of PBT20 powders calcined at various temperatures for 2 h; (¢) PbO, (@) PbO,, (+) BaCO3 and (V) TiO2, (b) XRD patterns of PBT20 ceramics sintered at

various temperatures.

reaction between the reactive materials and the fuel (e.g., urea)
which supplies a liquid medium at the start of the reaction. The
reaction can react easily in a liquid system because the diffusion
coefficient is higher than in the solid medium [9,15]. The combus-
tion technique can reduce the soak time, obtain a high density and
has good electrical properties [9—16]. Furthermore, from a survey
of the literature, (Pbj.xBay)TiO3 ceramics, prepared by the
combustion method, have not been studied. Thus, in this work,
(Pbo.gBao_z)TiO3 [PBTZO], (Pbo.gBao_4)Ti03 [PBT40], (PbQ4B&o_5)TiO3
[PBT60], and (Pbg2Bagg)TiO3 [PBT80] ceramics were prepared via
the combustion method. The effects of firing temperatures and the
change of the x content on the phase formation, microstructure,
and dielectric properties of PBT were also investigated and
compared with previous work.

2. Experimental

Lead barium titanate ceramics were prepared via the combus-
tion technique. The appropriate amounts of PbO (99% purity),
BaCO3 (98.5% purity) and TiO, (99% purity) were mixed by ball
milling for 24 h with ethanol using zirconia balls. After drying at
120 °C and sieving, the mixture of raw materials and the fuel, urea,
in a ratio of 1:2 by weight, were well-mixed in an agate mortar
[9—14,17]. Then, the mixed powders were calcined using various
calcination temperatures ranging from 600 to 1200 °C for 2 h at
a heating/cooling rate of 5 °C/min. The reaction of the uncalcined
PBT powders and urea fuel taking place during the heat treatment,
were investigated by thermogravimetric analysis and differential
thermal analysis (TGA-DTA). The calcined powders were pressed
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Fig. 3. (a) XRD patterns of PBT powders; (I) PBT20 calcined at 1000 °C, (II) PBT40 calcined at 1050 °C, (II) PBT60 calcined at 1100 °C and (IV) PBT80 calcined at 1150 °C (b) XRD
patterns of PBT ceramics; (I) PBT20 sintered at 1200 °C, (II) PBT40 sintered at 1200 °C, (IIl) PBT60 sintered at 1225 °C and (IV) PBT80 sintered at 1250 °C.

into pellets with a diameter of 15 mm at a pressure of 60 MPa and
sintered for 2 h over a range of temperatures between 1125 and
1275 °C. The calcined powders and sintered ceramics were char-
acterized with respect to phase identification and lattice parame-
ters by using an X-ray diffractometer (XRD). The morphological
features of the product were imaged using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
The average particle size and average grain size were determined
by using a mean linear intercept method. The densities of the

Table 1

sintered pellets were measured via the Archimedes method. The
dielectric constant at 1 kHz was observed by an LCR meter.

3. Results and discussion

The TGA-DTA traces of urea and the uncalcined powders of
PBTA40 are illustrated in Fig. 1(a). It exhibited three distinct weight
losses. The first weight loss occurred between 122 and 223 °C and
was associated with endothermic peaks at 133.8 and 202.8 °C.

% perovskite phase, average particle size, average grain size, density, Curie temperature, and dielectric properties of PBT.

Calcined powders

Sintered ceramics

X Calcination % perovskite Average particle Sintering Average grain density T (°C) Dielectric Dielectric loss at T,
temperature (°C) phase size (um) temperature size (um) (g/cm?) constant at T,
)
0.2 600 44.0 0.37 1125 1.04 7.11 435 2036 15.54
700 82.5 0.38 1150 1.12 7.19 430 2613 12.72
800 93.5 0.53 1175 1.52 7.20 430 8131 31.93
900 94.2 0.60 1200 1.94 7.31 418 42,920 7.36
950 97.2 0.63 1225 231 7.11 415 20,910 9.19
1000 100.0 0.68
1050 100.0 0.97
04 600 393 0.42 1125 0.70 6.79 370 1150 0.56
700 60.8 0.45 1150 0.81 6.86 365 1830 0.55
800 88.5 0.52 1175 0.96 6.94 361 3673 0.54
900 97.3 0.74 1200 1.14 7.01 357 7852 1.43
950 97.4 0.78 1225 1.30 6.52 354 6252 1.20
1000 97.5 0.90
1050 100.0 0.94
1100 100.0 1.37
0.6 700 46.8 0.27 1175 1.15 6.04 292 1795 0.15
800 77.7 0.45 1200 1.35 6.17 290 2540 0.21
900 88.1 0.72 1225 1.74 6.58 290 3374 0.28
950 89.8 0.73 1250 3.91 6.49 286 3173 0.17
1000 90.2 0.80 1275 7.51 6.39 280 2650 0.16
1050 96.6 0.85
1100 100.0 0.86
1150 100.0 0.87
0.8 800 80.2 0.42 1175 1.12 5.94 223 887 0.02
900 80.4 0.45 1200 1.38 5.95 212 1062 0.02
950 86.0 0.52 1225 1.37 6.04 210 1317 0.02
1000 86.5 0.74 1250 235 6.20 208 1845 0.03
1050 88.5 0.78 1275 2.52 6.19 207 1732 0.04
1100 89.9 0.91
1150 100.0 0.94

1200 100.0 1.37
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Fig. 4. (a) Plot of the lattice parameter ¢ and a of PBT20 powders, (b) c/a ratio of PBT
powders at various calcined temperatures.

These DTA peaks can be attributed to the melting of the urea which
normally occurs at about 135 °C[15] as is shown in Formula (1). The
second weight loss was found at less than 497 °C, and related to
endothermic peaks at 353.0 °C and 483.4 °C in the DTA curve. This
weight loss was due to the rapid vaporization of water and gas
which was the result of the decomposition of ammonia as exhibited
in Formula (2)[10,15,18]. The combustion reaction process occurred
during these two steps. The molten urea and the decomposition of
the ammonia supplied 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 urea (as shown in
Formula (1)) and the oxidation—reduction reaction between
ammonia and NO (as shown in Formula (2)) was also released. The
combustion energy reduced the particle size of the powder. These
results affected the chemical reaction and accelerated the reaction
in the next step.

CO(NH3); + O — NH3 + COy + H0 + NO (1)
NH3 + NO — N3 + H,0 + O, (2)

The last weight loss was discovered above 550 °C, which
correlated with a small endotherm around 705.0 °C and the

endothermic peak at 1043.8 °C. These may be ascribed as the
beginning and completion points of the reaction of the raw mate-
rials. Fig. 1(b) shows the TGA-DTA simultaneous analysis of
a powder mixed in stoichiometric proportions of PBT60 and urea. It
was found that, the results of PBT60 were similar to PBT40 but the
reaction process of the PBT60 could be completed at around
1062.3 °C. These results were used to identify the range of different
calcination temperatures.

XRD patterns of PBT20 powder calcined at various temperatures
are plotted in Fig. 2(a). The X-ray analysis indicated that PBT20
calcinated from 600 to 1050 °C, has mainly a set peak with a major
peak at (101). The crystal structure belonged to a tetragonal phase,
which could be matched with JCPDS file number 74-2492 [19]. The
starting materials (PbO, BaCOs, TiOy) and the impurity phase
(PbO3), were found in the PBT20 powders calcined below 1000 °C.
Above 1000 °C the second phases disappeared and the sample
showed a pure perovskite phase. The results of PBT40, PBT60 and
PBT80 were similar to PBT20, but the purity phase of PBT40, PBT60
and PBT80 was obtained from powders calcined at higher
temperatures than 1050, 1100 and 1150 °C as shown in Fig. 3(a).

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

: I erov
% perovskite phase = ( P
Iperov +Ipbo + Ipbo, + IBaco, + Irio,

x 100
(3)

This equation is well-known and widely employed in connec-
tion with the preparation of complex perovskite structure materials
[17,20], where Iperov:IPbo,IPb02.IBacO3 and Itjp; refer to the intensity of
the (101) perovskite peak, and the intensities of the highest PbO,
Pb0O,, BaCO3 and TiOj, respectively. The percent of the perovskite
phase of PBT powders with various calcination temperatures was
computed and is listed in Table 1. The percentage of the perovskite
phase increased with an increase in the calcination temperatures
and the highest percentage was observed in powders calcined
above 1000, 1050, 1100 and 1150 °C for PBT20, PBT40, PBT60 and
PBT80, respectively. The XRD results of PBT corresponded to the
results of DTA-TGA. Xing et al. [3] prepared the pure PBT powders
via the solid state reaction method, by calcining at 500 °C and again
at 950 °C and using a soak time longer than 140 h. The calcination
temperatures in this work were between 1000 and 1150 °C, and the
soak time was only for 2 h. This indicated that the combustion
technique is an alternate way to save energy and time.

The lattice parameters (c and a) of PBT20 powders with different
calcined temperatures (600—1050 °C) were computed from the
(100), (001), (200) and (002) reflective peaks of XRD patterns and
are shown in Fig. 4(a). The lattice parameter c increased, while the
lattice parameter a decreased with an increase in the calcination
temperatures. The results were similar with PBT40, PBT60 and
PBT80. The tetragonality (c/a) of PBT powders with different
calcination temperatures is exhibited in Fig. 4(b). The tetragonality
of PBT powders increased with an increase in the calcination
temperatures. At the same calcination temperature, the tetragon-
ality decreased with the increase of the barium ion content
(Fig. 4(b)). This result was similar to previous work [21].

Fig. 5(a), (b) and (c) shows the SEM micrographs of PBT20
powders at different calcined temperatures. The synthesized PBT20
powders consisted of ultra-fine particulates. The particles were
highly agglomerated and basically irregular in shape with
a substantial variation in particle size. The obtained particle size of
PBT powders increased as the calcination temperatures increased
(Table 1). The results were similar to PBT40, PBT60, and PBT80.
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Fig. 5. SEM morphology of calcined powders; (a) PBT40 calcined at 700 °C, (b) PBT40 calcined at 900 °C, (c) PBT40 calcined at 1100 °C and sintered ceramics; (d) PBT80 sintered at

1175 °C, (e) PBT80 sintered at 1200 °C and (f) PBT80 sintered at 1250 °C.

At the same calcination temperature, the effect of the barium
content had no influence on particle sizes.

The pure phase of PBT20, PBT40, PBT60, and PBT80 powders
calcined at 1000, 1050, 1100, and 1150 °C was observed by TEM as
shown in Fig. 6. The details of the aggregated particles can be seen
in the high magnification images. The powders of PBT have irreg-
ular shaped particles and have a porous agglomerated form. The
agglomerated particles of PBT20, PBT40, PBT60, and PBT80
exhibited a diameter of around 450, 480, 600, and 625 nm. The

almost fine particles of PBT have a similar spherical shape. The size
of the fine primary particles is in the range of 25—85, 28—90,
32—98 nm and 36—103 nm with an average value size around 54,
60, 70, and 77 nm, obtained from PBT20, PBT40, PBT60, and PBT80,
respectively. These indicated that the combustion technique
produced nano-powders of PBT powders. However, TEM results
were different in their values when compared with the particle size
from the SEM image. This may have been caused by the agglom-
eration affects in the SEM results.

Fig. 6. TEM micrographs of (a) original magnification x 120,000 of PBT40 powder calcined at 1050 °C and (b) original magnification x 100,000 of PBT80 powder calcined at 1150 °C.
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Fig. 7. (a) Dielectric constant of PBT40 with different sintering temperature measured at various temperatures (b) Dielectric constant of PBT different x measured at with various
temperatures (I) PBT20 sintered at 1200 °C, (II) PBT40 sintered at 1200 °C, (III) PBT60 sintered at 1225 °C and (IV) PBT80 sintered at 1250 °C.

The powders calcined at 1000, 1050, 1100, and 1150 °C for
PBT20, PBT40, PBT60, and PBT80 were pressed into pellets.
Thereafter, the pellets were sintered between 1125 °C and 1275 °C
for 2 h. The XRD patterns of PBT20 sintered at various temperatures
are plotted in Fig. 2(b). They suggest that the PBT ceramics consist of
a pure tetragonal perovskite structure in all samples. The XRD
results of PBT40, PBT60, and PBT80 were similar to PBT20
(Fig. 3(b)). The tendency of lattice parameters c, a and ¢/a ratio was

similar to the calcination step but the c¢/a of sintered ceramics were
lower than the calcined powders.

The SEM photomicrographs of the PBT80 ceramics at various
sintered temperatures are shown in Fig. 5(d), (e) and (f). The grains
were similar in shape, with significant variations in size
(1.12—2.52 pm). Micrographs showed a few pores in pellets sintered
at 1175 and 1200 °C and then disappeared at 1250 °C. The micro-
structure becomes denser as the sintering temperatures increases
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as indicated by the grain packing and increases in grain boundary
thickness. The grain sizes increased with an increase in the sin-
tering temperatures (Table 1). The results were similar to PBT20,
PBT40, and PBT60. At the same sintering temperature, the Ba ion
content had no affect on the grain size.

The density of PBT ceramics at various temperatures
(1125—1275 °C) measured by the Archimedes method, is listed in
Table 1. The density increased with the increase of sintering
temperatures up to an optimal point at 1200, 1200, 1225, and
1250 °C for PBT20, PBT40, PBT60, and PBT80, respectively. At higher
than optimal temperatures, a decrease in the density of the PBT
ceramics occurred (Table 1). This may be due to PbO evaporation at
high temperature [21—23]. The maximum densities of samples
were above 96.5% of theoretical density. This proved that high-
density PBT ceramics could be produce by the combustion tech-
nique. At the same sintering temperature, the densities decreased
when the Ba content increased.

Fig. 7(a) shows the dielectric constant of PBT40 at various
temperatures. The dielectric constant curve has a peak at about
360 °C. This peak can be attributed to the Curie temperature (T;) -
the transition temperature from the ferroelectric (FE) to the para-
electric (PE) phase. T; tends to decrease with the increasing of
sintering temperature. This result was similar to PBT20, PBT60, and
PBT80 as is listed in Table 1. At T, the maximum dielectric constant
increased with the increasing of sintering temperatures up to 1200,
1200, 1225, and 1250 °C for PBT20, PBT40, PBT60, and PBTS80,
respectively. Above the proper sintering temperature, the dielectric
constant decreased as listed in Table 1. The dielectric constant
corresponded with the density results. The dielectric loss at T¢ is
also shown in Table 1. The dielectric constant at different Ba ion
contents is plotted in Fig. 7(b). When the Ba ion contents increased,
the T, monotonically shifted toward lower temperatures as shown
in Table 1. At T, the dielectric constant decreased from 42920 to
1845 and the dielectric loss decreased from 7.36 to 0.02 when the
Ba ion content increased from x = 0.2 to x = 0.8. These were due to
the natural dielectric properties of lead titanate (PT) and barium
titanate (BT). The PT ceramics have a higher dielectric constant and
dielectric loss, while the BT ceramics have lower values [24]. The
results agreed with previous work [6].

4. Conclusions

A high density, above 96.5% in PBT ceramics, can be prepared via
the combustion technique when calcined between 1000 and
1150 °C and sintered between 1200 and 1250 °C for only 2 h, which
is a much shorter time than is required by the solid state reaction
method. The firing temperatures and Ba ion content have a strong
influence on the phase formation, microstructure, tetragonality,
and dielectric properties of PBT ceramics. The pure tetragonal
perovskite phase appeared above 1000, 1050, 1100 and 1150 °C with
x = 0.2, 0.4, 0.6 and 0.8, respectively. The tetragonality of the PBT
powder and ceramics increased with an increase in the calcination
and sintering temperatures. The average particle and average grain
size tended to increase with increasing firing temperatures. The
density of the PBT pellets corresponded to the dielectric constant.
The T of PBT ceramics depended on the sintering temperature and
Barium ion content.
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Abstract Polycrystalline samples of (Pbg5Srg75)TiO3
(PST75) were prepared by the solid-state reaction method.
The effects of firing temperatures and excess PbO on
PST75 ceramics were investigated. The PST75 was cal-
cined between 600 and 1000 °C for 3 h and the sintering
temperature ranged between 1050 and 1250 °C for 2 h.
The optimized calcination and sintering conditions were
identified as 950 and 1250 °C, respectively. The lattice
parameter ¢ increased, while the lattice parameter
a decreased with increased firing temperatures. The average
particle size and average grain size increased with increased
firing temperatures. After the addition of PbO—excess 0, 1,
3, 5, and 10 wt%—in the PST75 samples, the lattice
parameter a decreased. The average particle size and the
average grain size increased with the increase of PbO. The
porous microstructure slightly decreased with an increasing
amount of PbO—up to 3 wt%—then slightly increased with
the higher excess PbO. The density was improved by adding
3 wt% of excess PbO. A low dielectric loss was observed
from the 3 wt% excess PbO sample.

Introduction

(Pb,Sr;_)TiO5 (PST) is a complete solid solution of
PbTiO5; (PT) and SrTiOs; (ST). Nomura and Sawada [1]
studied the PT:ST solid solution system and found an easy
formation for a good homogeneous composition. With the
addition of ST to PT, the Curie temperature decreases
linearly and the phase transition from tetragonal to cubic

R. Sumang - T. Bongkarn (D<)

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

e-mail: researchcmu@yahoo.com

occurs at x & 0.65 at room temperature. Somiya et al. [2]
studied the PST solid solution with 0.7 < x < 0.8. These
are the most suitable for microwave applications due to
their high dielectric constant and extremely high dielectric
tenability of 70% under 2 kV/cm at 1 kHz with a very low
dielectric loss value of less than 0.001 [3].

Various fabrication techniques such as sol-gel [3, 4],
coprecipitation [5], complex polymerization [6], and the pre-
cursor solution [7] have been used to study PST ceramics. All
these methods use high-purity inorganic or organic chemicals
with a homogeneity and precise composition as starting mate-
rials but the production costs are high with only small quantities
synthesized. The conventional solid-state reaction method is
more economical for large batch processing of these ferro-
electric materials [8, 9]. A previous work showed that PST
ceramics could be prepared by conventional methods using
high sintering temperatures above 1200 °C [4, 10, 11]. This
created problems with vaporization of PbO during sintering
because of the low melting point of PbO, which is about
850 °C. This can cause lead deficiency which may produce
large pores in the microstructure and have a subsequent effect
on densification. The addition of excess PbO is one of the
techniques developed to counteract this problem. For example,
the optimum density of Bi-doped PT [12], PBZ [13], PBT [14],
PZT [15] ceramics, can be improved by the addition of excess
PbO. Therefore, the effect of firing temperatures and excess
PbO on the crystal structure and microstructure of
(Pbg »5Sr1.75)TiO5 ceramics synthesized by a solid-state reac-
tion method were investigated in this study.

Experimental

Ceramic composition of (Pbg,5Srg75)TiO3; PST75 was
prepared by the solid-state reaction method. Lead oxide

@ Springer
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(99.9% PbO), strontium carbonate (99% SrCQOs), and tita-
nium oxide (99.5% TiO,) powders were used as starting
materials. The starting powders were weighed in the
required stoichiometric ratio and then ball-milled in etha-
nol for 24 h. After the drying process, the mixed powders
were calcined from 600 to 1000 °C with a 5 °C/min
heating/cooling rate for 3 h to discover the optimum cal-
cinations temperature. The calcined powders were mixed
with 4 wt% binder and then ball-milled again in ethanol for
24 h. Subsequently, the calcined powders were pressed into
disks with a diameter of 15 mm at a pressure of 80 MPa.
The disk samples were then sintered from 1050 to 1250 °C
for 2 h to discover the optimum sintering temperature. In
order to compensate for the PbO loss during the process of
calcination and sintering, excess PbO was added. The
excess PbO was subdivided into O, 1, 3, 5, and 10 wt% at
calcination and sintering temperatures of 950 and 1250 °C,
respectively.

The reactions of the uncalcined PST75 powders taking
place during heat treatment were investigated by differ-
ential thermal analysis (DTA) and thermo gravimetric
analysis (TGA). The structure phase of the calcined
powders and sintered ceramics was identified using an
X-ray diffractometer (XRD). The typical size of the
crystallites was determined from scanning electron
microscopy (SEM). The apparent density of the samples
was measured by the Archimedes method with distilled
water as the fluid medium. Silver electrodes were con-
structed on two major surfaces of the polished samples
and dielectric measurements were performed using a LCR
meter (Agilent 4263B).

=
=
b

~—TGA

100 |-

98 |-

330.65°C

96 |-

9

92k

90 -

Weight loss (%)

88 |-

86 |-

84k 984.62°C

N
'
S
i
=]

wopug =-—— (Do )L y — uwiojoxyg

T M T r L) v L) M 1 v L)
0 200 400 600 800 1000
Temperature (°C)

Fig. 1 The DTA-TGA curves for the mixture of PbO, SrCO3, and
TiO, powders
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Results and discussion

The DTA-TGA simultaneous analysis of the powders
mixed in stoichiometric proportions of PST75 is displayed
in Fig. 1. The sharp decrease curve of the TGA, between
250 and 320 °C, indicated a major weight loss due to the
process of getting rid of the left over burned plastic during
the ball milling and related to a small endothermic peak at
331 °C in the DTA curve. The second weight loss was
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Fig. 2 XRD pattern of PST75 a calcined powders and b sintered
ceramics with different firing temperatures (asterisk PbO), (inverted
triangle SrCOs3), (square TiO,), and (circle TiO)
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observed above 600 °C, which related to the endothermic
peak at 939 and 985 ° on the DTA curve. These tempera-
tures caused many chemical reactions between the PbO,
SrCO;, and TiO,. From previous works reported, synthe-
sizing pure PbTiO; based on the solid-state reaction
between PbO and TiO, typically occurs at temperatures
higher than 630 °C [16], while the pure perovskite phase of
SrTiO5 is produced by the solid-state reaction between
SrCOj; and TiO; at temperatures above 1300 °C [17]. Chen
et al. [18] prepared pure PST powders via the solid-state
reaction method by calcining at 900 °C for 2 h. Therefore,
the reaction between PbO, SrCO;, and TiO, of PST75
should begin at a temperature higher than 600 °C but not
greater than 1300 °C. These data were used to define the
range of calcination temperatures.

The XRD patterns of PST75 calcined powders and
sintered ceramics at various temperatures are shown in
Fig. 2a, b. The XRD pattern shows a major X-ray reflection
peak in the perovskite PST75 phase, indicating the poly-
crystalline nature of the powder with (110) as the major
peak. For the powders calcined at <950 °C, the index of
the tetragonal structure matched JCPDS file number
06-0452 [19] and an X-ray peak of precursors (PbO,
SrCO;3) and impurities (TiO,, TiO) appeared. The pure
cubic perovskite phase was discovered in powders calcined
>950 °C, which were matched with JCPDS file number
05-0634 [20] and earlier reports [9, 10]. Crystallinity of the
calcined powders was improved by increasing the calci-
nation temperature, as indicated by the increase in intensity
of the X-ray diffraction peak. The relative amounts of the
perovskite phase were calculated by measuring major peak
intensities of the perovskite phase. The percentage of
perovskite is described by the following equation:

% perovskite phase

_ ( rerov ) x100 (1)
Lperov + Ipvo + Isico, + ITio, + Itio

This well-known equation is widely employed in the
preparation of complex perovskite structure materials [9, 21].
Iperovs Ipbo, Isico,, ITio,, and ITio refer to the intensity of the
(101) perovskite peak and the intensities of the highest PbO,
SrCO;3, TiO,, and TiO peaks, respectively.

The percentage of the perovskite phase of the PST75
calcined powders was increased from 10 to 96 when the
calcination temperature increased from 600 to 900 °C.
When increasing the calcination temperature above
950 °C, the percent of the perovskite phase of the samples
reached a hundred percent, Table 1. The a-, c-axis lattice
constants of PST75 calcined powders at different temper-
atures were calculated from the (001)/(100) and (002)/
(200) XRD peaks and are shown in Fig. 3. When the cal-
cined temperatures increased, the a-axis parameter of the
tetragonal structure increased whereas the c-axis parameter

Table 1 % perovskite phase, lattice parameter, unit cell volume, average particle size, average grain size, density, shrinkage, and dielectric properties of the PST75 with different firing

temperatures
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Fig. 3 Lattice parameters of PST75 powders at different calcination
temperatures

decreased. The c/a ratio and unit cell volume of PST75
decreased with increasing calcined temperatures, as listed
in Table 1. In Fig. 2b, the sintered pellets show a pure
perovskite phase. The diffraction patterns of PST75 could
be indexed with respect to a cubic structure. The a-axis
lattice constantly decreased with increased sintering tem-
peratures, see Table 1. These indicate that the calcination
and sintering temperatures have a direct bearing on the
phase formation and lattice parameters.

Figure 4a, b shows SEM photomicrographs of PST75
calcined powders at different temperatures. In general, the
particles have a spherical morphology. The average particle
size increased from 0.12 to 0.38 pum, when the calcination
temperature was increased from 600 to 1000 °C, Table 1.
Figure 4c, d shows the microstructure of PST75 ceramics at
different sintering temperatures. It was found that increasing
sintering temperatures helped grain size growth, Table 1. A
similar result was found in Nb-doped PZT and
Pb(Zr 44Tig 56)O3 ceramics [22, 23]. A porous microstructure
with a small grain size was observed in the PST75 sintered at
1050 °C. When sintering temperatures increased from 1050 to
1250 °C, the porosity of the PST75 ceramics decreased.
However, when the sintering temperature was higher than
1250 °C, the PST75 ceramics became very fragile.

The densities and shrinkage of the PST75 ceramics are listed
in Table 1. The density and shrinkage increased with increased
sintering temperatures, and the maximum value was 5.99 g/
cm? and 13.3% obtained from ceramics sintered at 1250 °C.

The dielectric constant and dielectric loss of PST75 sin-
tered ceramics as a result of temperature are listed in Table 1.
The dielectric constant of the samples increased when sin-
tering temperatures increased from 1050 to 1250 °C. The
dielectric loss increased at first and then dropped as the
sintering temperature >1100 °C.

To compensate for PbO loss from evaporation during
calcination and sintering, some excess PbO is usually
added during the batch preparation. The batch is then

Fig. 4 SEM photomicrographs of PST75 at different firing temperatures: a 600 °C and b 950 °C of calcined powders, ¢ 1050 °C and d 1250 °C

of sintered ceramics
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Fig. 5 XRD pattern of PST75 a calcined powders and b sintered
ceramics with different amounts of excess PbO (asterisk PbO) and
(diamond PbO»,)

calcined and sintered at 950 and 1250 °C, respectively. The
X-ray diffraction patterns of PST75 calcined powders,
containing different amounts of PbO, are shown in Fig. 5a.
The crystal structure of the PST75 system was proposed as
a cubic phase. The impurity phase of PbO and PbO, was
found in the >3 wt% excess PbO sample. The impurity
phases occurred because of too much lead for the proper
reaction during calcinations [13, 14]. The percentage of the
perovskite phase decreased from 100 to 92 when excess
PbO was higher than 1 wt%, see Table 2. The impurity
phase was not obtained in any of the ceramics samples, see
Fig. 5b. This indicated that the excess PbO exceeded that
required to maintain compositional control (assumed) in
the PST75 powders and was eliminated from the sample by
volatilization during sintering at 1250 °C. The perovskite
phase in the ceramics reached a hundred percent in all
samples. The lattice parameter a of PST75 in the calcined
powders and sintered ceramics decreased from 3.9159 to
3.9127 A and 3.8960 to 3.8864 10%, when increasing excess
PbO from 0 to 10 wt%, as listed in Table 2. In the case of
the PbTiO;, the sample deficient in PbO exhibited an
increase of lattice parameter a [24]. The decrease of lattice
parameter «a in this study indicated that the excess PbO was
utilized to compensate for PbO-volatility.

The SEM photomicrographs of PST75 calcined powders
with various PbO excess are shown in Fig. 6a—c. These
powders exhibited an almost spherical morphology and
agglomeration. The average particles size increased from
0.24 to 0.59 um with increased PbO content from O to
10 wt%, see Table 2. Figure 7a—c reveals the SEM photo-
micrograph of PST75 sintered pellets. The grain growth of
the PST75 continuously increased with increased excess
PbO, changing from 0.59 to 0.76 pum, as listed in Table 2.
The PbO may be combined into the ceramics and therefore
less liquid phases exist in the grain boundaries. This would
hinder the grain growth [14]. A porous microstructure was
also found on the surface of the samples without (0 wt%)
and with 1 wt% PbO content. With the addition of 3 wt%
excess PbO, the porosity decreased, due to a liquid phase

Table 2 % perovskite phase, lattice parameter a, average particle size, average grain size, density, and dielectric properties of the PST75

samples with different excess PbO contents

Excess Calcined powder Sintered ceramic

PbO (wt%) - . . . . . . . -
Perovskite Lattice Average Lattice Average grain  Density Dielectric Dielectric
phase (%) parameter particle size parameter size (um) (g/cm3) constant at Troom  108s at Troom

a (A) (pm) a(A)

0 100 3.9159 0.24 3.8960 0.59 5.99 1930 0.39

1 100 3.9151 0.26 3.8919 0.61 6.01 1975 0.33

3 97 3.9143 0.38 3.8917 0.63 6.26 2325 0.08

5 93 3.9135 0.47 3.8903 0.64 5.78 2457 0.19

10 92 3.9127 0.59 3.8864 0.76 5.75 2242 0.20
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Fig. 6 SEM photomicrographs of PST75 made from starting with different excess PbOs: a 0 wt%, b 3 wt%, and ¢ 5 wt% of calcined powders

Fig. 7 SEM photomicrographs of PST75 made from starting with different excess PbOs: a 0 wt%, b 3 wt%, and ¢ 5 wt% of sintered ceramics

which formed between the perovskite grains. The porosity The densities of the PST75 ceramics are listed in Table 2.
increased with an increase of excess PbO. This could be The density increases with increased PbO, reaches a maxi-
caused by the loss of PbO from the compact pellet which ~ mum value at 3 wt% excess PbO, and slightly decreases
increased its porosity. above >3 wt% excess PbO. The density results can be
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correlated to the microstructure since the high density for
3 wt% excess PbO samples showed high degrees of close
grain packing, whereas the low density of the sample with
>3 wt% excess PbO contained many pores. Thus, the
porosity of the samples has a marked effect on density. The
increases and decreases in the densities of the PST75
ceramics are due to the degree of porosity. The density and
porosity depend on the amount of PbO in the liquid phase. In
the presence of excess PbO, the densification of the samples
takes place by a rapid rearrangement of the particles sur-
rounded by the liquid phase. This process becomes more
intense if a sufficient liquid phase is present to allow an easy
rearrangement of the grains. Consequently, the densification
should be proportional to the amount of liquid PbO. In this
study, the amount of liquid PbO was not enough to fill in the
pores of the sample without excess PbO (0 wt%) and with
excess PbO 1 wt% and appeared on the porous microstruc-
ture of the surface of these samples. When the excess PbO
was raised to 3 wt%, the effect of decreasing porosity con-
centration resulted in higher densification. However, a large
amount of the PbO liquid phase can produce an initial rapid
densification but a lower final density because of void for-
mation due to PbO evaporation. As a consequence the
porosity of the pellet increases [12, 25]. In this study, the
reduction in density for the 5 and 10 wt% samples is con-
sistent with an excessive amount of PbO in these samples. In
the previous study, excess PbO 1 wt% was added to the Pb-
based samples (PBZ, PBT, PCT) to obtain a higher densifi-
cation [13, 14, 26]. In this study, the calcination and sintering
were performed at a higher temperatures so a higher excess
PbO content (3 wt%) was added in the PST samples to
compensate for the vaporization of PbO.

The dielectric constant and dielectric loss of the PST75
ceramics with various excess PbO content are listed in
Table 2. The dielectric constant increased with an increased
PbO until 5 wt% and then decreased with higher excess PbO.
However, the lowest dielectric loss was observed from the
3 wt% excess PbO samples. The dielectric constant and
dielectric loss of the excess PbO samples (Table 2) were
higher and lower than the samples without excess PbO
(Table 1). This indicated that the electrical properties of
lead-containing ceramics produced by the solid-state reac-
tion method can be improved by the addition of excess PbO.

Conclusions

Firing temperatures and excess PbO have a strong influence
on the crystal structure, microstructure, and lattice
parameter of PST75 ceramics. The optimal calcination and
sintering conditions were found to be 950 and 1250 °C,
respectively. The PST75 powders calcined below <950 °C
were indexed with a tetragonal structure, while the pure

cubic perovskite phase was discovered in powders calcined
at >950 °C. For the ceramic samples, the lattice parameter
a decreased while grain size increased with increasing
sintering temperatures. The maximum density of the
ceramics was discovered in the pellets sintered at 1250 °C.
Furthermore, the particle size and average grain size
increased with an increase of excess PbO. Appropriate
amounts of the liquid phase can decrease porosity. The
density can be improved by adding 3 wt% of excess PbO.
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The Preparation of Lead Strontium Titanate
Ceramics by the Combustion M ethod

PANADDA SITTIKETKORN
AND THEERACHAI BONGKARN*

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

In this work, (Pby4Sr,)TiOs (PST) ceramics with 0.25 < x < 0.75 were successfully
prepared by the combustion method. The calcination and sintering temperatures were
800°C-1050°C and 1050°C-1250°C for 2 h, respectively. A single perovskite phase of
the PST powders was found with calcination temperatures above 1000°C. The samples
were indexed in a tetragonal system when x = 0.25. The lattice parameter ¢ and c/a ratio
increased while, the lattice parameter a decreased with increasing firing temperatures.
For x = 0.75, the samples were indexed in a cubic phase and the lattice parameter
a decreased with an increase in the firing temperatures. The samples were indexed in
a tetragonal and cubic phase coexist when x = 0.50. The pure perovskite phase was
found in all the sintered pellet samples. The average particle size and average grain size
tended to increase with increasing calcining and sintering temperatures. The maximum
density was 7.67, 6.52 and 5.59 g/cm® obtained from the samples sintered at 1150°C
with x = 0.25, 0.50 and 0.75, respectively.

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

I ntroduction

Lead strontium titanate (Pb;1.xSrx)TiO3z (PST) is a complete solid solution of PbTiO3 (PT)
and SrTiOs (ST). The Curie temperature of PST is composition-dependent because it could
be adjusted from —220 to 490°C by the ratio of ST and PT. At room temperature, the
PST solid solution is in a ferroelectric phase when the Sr content is less than 0.60, and
in paraelectric phase when the Sr content is in the range of 0.60-1.00. Due to its large
electric field-dependent dielectric constant at a temperature near the Curie temperature,
PST is highly suitable for electronic and microelectronic applications: such as microwave
devices, frequency tuning devices, capacitors, sensors, etc. [1-3].

There are several processing techniques for preparing PST ceramics such as: the co-
precipitation technique [3], the sol-gel technique [4] and the conventional mixed-oxide
method [5]. F. Zhang et al. fabricated lead strontium titanate ceramics via the copre-
cipitation technique [3]. The nitrates of the raw materials were dissolved in ethanol and
then coprecipitated by an oxalic acid dehydrate. The precipitate powders were calcined at
600°C for 1 h. By this method, nanosized PST powders with an average size of 10 nm
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Figure1l. TGA-DTA curves of raw materials and urea: (a) x = 0.25 and (b) x = 0.75.

were obtained. Jiwei Zhai et al. synthesized (Pb1«Srx)TiO3 by the sol-gel technique [4].
Lead acetate tridydrate and strontium acetate were mixed in a ratio of predetermined num-
ber, and then dissolved into heated glacial acetic acid. This was followed by the addition
of titanium isopropoxide with constant stirring. The grain size of PST was systematically
reduced with the increase in strontium doping and the dielectric constant of PST decreased
with the increase in Sr content. (Pb;.4xSrx)TiO3 (x = 0.70, 0.75 and 0.80) were prepared
by the conventional mixed-oxide method using calcination temperatures at 1100°C for
3 h. [1]. Dielectric tenability of 3, 15, and 70% measured under 20 kV/cm bias field at
10 kHz were obtained from x =0.70, 0.75 and 0.80. It is well known that ceramics which are
synthesized by 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 [6]. The solid state reaction method requires high tem-
peratures and the resulting powders exhibit many undesirable characteristics: large particle
size and wide particle size distribution [7]. The combustion method is interesting because it
helps to decrease the temperature in the preparation and results in a small particle size. The
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Figure2. XRD patterns of PST powders (a) x = 0.25 at various calcination temperatures; (&) PbO,
(¥) TiO, and (#) SrCO; and (b) calcined at 1000°C with different Sr content.

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 [8]. Thus, in this work, (Pb1.xSryTiO3 (PST) ceramics with 0.25 < x <
0.75 were prepared via the combustion method and the effect of firing temperatures on its
phase formation and microstructure were investigated.

Experimental

(Pb1xSryTiO3z (PST) ceramics with 0.25 < x < 0.75 were fabricated using an established
combustion method. PbO, SrCO3; and TiO, powders were used as starting materials. The
raw materials were ball milled with stabilized zirconia balls and ethanol for 24 h. The
mixed powders were dried at 120°C for 6 h. Prior to sieving, the powders and urea were
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Figure3. The lattice parameter a and ¢ of PST powders x = 0.25 at various calcination temperatures.

mixed in an agate mortar, then calcined between 800 and 1050°C for 2 h. The calcined
powders were reground by wet ball milling with a 2 wt% binder for 24 h. The obtained
powders were pressed into the pellets with a diameter of 15 mm prior to sintering between
1050 and 1250°C for 2 h. X-ray diffraction (XRD) was performed to examine the phase
constitution of the specimens at room temperature. The microstructure 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.

Results and Discussion

Figure 1 shows the TGA and DTA curves of raw materials and urea: (a) x = 0.25 and
(b) x = 0.75. For x = 0.25, demonstrated a three-stage weight loss: the first was in the

Figure4. The c/aratio of PST powders x = 0.25 at various calcination temperatures.
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temperature range from room temperature to 250°C, the second occured from 300 to 500°C
and the third at around 900°C. The first weight loss was believed to have been caused by
the melting of the urea [9]. It was related to the endothermic peaks in the DTA curves
at 168, 193 and 235°C. The second weight loss was caused by the evaporation of water
and gas [10]. This was associated with endothermic peaks at 334 and 478°C. The third
corresponded to an endothermic peak at 996°C, which may represent the reaction of PbO,
SrCOgz and TiO,. For x = 0.75, demonstrated a three-stage weight loss: the first and second
one were similar with x = 0.25, the third one was around 800°C. The first weight loss was
related to the endothermic peaks in the DTA curves at 179 and 228°C. The second weight
loss was associated with endothermic peaks at 377 and 503°C. The third corresponded to
an endothermic reaction caused by the decomposition of intermediate carbonate leading
to the formation of single phase PST. The peak was related to a small endothermic peak
at 920°C, and the last one around 1019°C. Based on the results of the DTA and TGA, a
series of calcinations for the PST powders were carried out from 800 to 1050°C for 2 h, at
a heating/cooling rate of 5°C/min.

The XRD patterns of the PST powders, formed with different calcined temperatures
and Sr content are given in Fig. 2 (a) and (b). It was found that the PST powders with x =
0.25 indexed in a tetragonal structure, which matched with JCPDS file number 06-0452.
While, the PST powders with x = 0.75 indexed in a cubic structure, which matched with
JCPDS file number 39-1395 and corresponded with the previous works [11, 12]. The PST
powders with x = 0.50, indexed as a mixed phase between the tetragonal and the cubic phase
[13]. The XRD pattern of the tetragonal phase is known to contain the doublet reflections
of (001)(100), (101)(110), (002)(200), (201)(210) and (112)(211). The XRD pattern of
the cubic phase, these doublet reflections are merged and change to the singlet peak of
(100), (110), (200), (210) and (211). In this study, the doublet reflections of (101)(110),
(201)(210) and (112)(211) of the PST powders with x = 0.50 merged to the singlet peak.
While, (001)(100) and (002)(200) were still in the combine step, the doublet peaks of the
tetragonal phase were shifted toward each other and the intensity of the (001) and (002)
peaks were reduced to a background level. Unfortunately, they still did not absolutely
merge. These observations confirmed that the tetragonal and cubic phase coexist in PST
powders with x = 0.50. In previous work, the different crystal structures of PST ceramics
with x = 0.50 prepared by conventional mixed oxide method have been reported [11, 12].
X. Xing et al. [12] and M. Jain et al. [11] proposed that the crystal structures belonged to
tetragonal and cubic phase, respectively.

In the samples calcined below 1000°C, the precursors of the PbO, TiO, and SrCOj3
phase were detected (Fig. 2 (a)). A high purity of the tetragonal perovskite phase was
discovered in the powders calcined above 1000°C in all compositions and are illustrated
in Fig. 2 (b). This temperature was lower than the calcination temperature in the solid
state reaction method by around 100°C [5]. 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:

. 1
% perovskite phase = ( perov ) x 100 (1)
Iperov + Ipbo + Itio, + Isico,

This equation is a well-known equation which is widely employed in the preparation of
complex perovskite structure materials [14]. Here Iyerov, Ipo, ITio, and Isico,refer to the
intensity of the (101) perovskite peak and the intensities of the highest PbO, TiO, and
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Figure 5. XRD patterns of PST ceramics (a) x = 0.25 at various sintering temperatures and
(b) sintered at 1150°C with different Sr content.

SrCOg3 peaks. The percentage of the perovskite phase of PST compounds are calculated
and demonstrated in Table 1. The purity of the perovskite phase rose with increasing calci-
nation temperatures and 100% of the perovskite phase was found above 1000°C. Figure 3
shows that the lattice parameter a and ¢ of the PST powders x = 0.25 at various calcination
temperatures. The lattice parameter c increased correspondingly with increasing calcination
temperatures, while the lattice parameter a decreased with increasing calcination temper-
atures. Thus, the c/a ratio was increased with the increasing the calcination temperatures
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as seen in Fig 4. For x = 0.75, while the lattice parameter a decreased from 3.9145 to
3.9072 A with an increase in the calcining temperatures. Figure 5 (a) shows the XRD pat-
tern of the PST ceramics with 0.25 at different sintering temperatures. The pure perovskite
phase was found in all the sintered pellet samples. Figure 5 (b) shows the XRD patterns
of the PST ceramics with different Sr content using a sintering temperature of 1150°C.
For x = 0.25 the lattice parameter ¢ and c/a ratio increased, while the lattice parameter
a decreased with increasing sintering temperatures. For x = 0.75 the lattice parameter a
decreased with increasing sintering temperatures (Table 1).

The SEM photomicrographs of PST calcined powders and sintered ceramics are il-
lustrated in Fig. 6. These powders exhibited an almost spherical morphology and have a
porous agglomerated form as shown in Fig. 6 (a), (b) and (c). The particle size, which is
calculated from the cutting lines in SEM (Table 1). The average particle size tended to
increase with an increased calcination temperatures, while the average particle size tended
to increase with increased Sr content. Figure 6 (d), (e) and (f) show the microstructure of
PST ceramics with different Sr content at a sintering temperature of 1150°C. The grains are
nearly spherical in shape. At the same sintering temperature, the average grain size tended

Figure 6. SEM morphology of PST calcined powders with x = 0.25; (a) 800°C, (b) 900°C and
(c) 1050°C, and ceramics sintered at 1250°C; (d) x = 0.25, (e) x = 0.50 and (f) x = 0.75.
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to decrease with an increase of Sr content. The average grain size tended to increase with
an increase sintering temperatures (Table 1).

The variation of the measured shrinkage and density of PST ceramics with differ-
ent sintering temperatures and Sr content are shown in Table 1. The shrinkage increased
with increased sintering temperatures up to 1200°C and decreased with higher sintering
temperatures. The density increased with increased sintering temperatures up to 1150°C
and decreased with higher sintering temperatures. At the same sintering temperature,
the density tended to decrease with increased Sr content. In this study, for x = 0.50,
the maximum density (97%) were obtained from the samples sintered at 1150°C.
While, the maximum density (95%) of the PST ceramics with x = 0.50 prepared via
the mixed oxide method were obtained from the samples sintered at 1200°C [5]. The
combustion method, produced denser ceramics at lower sintering temperatures.

Conclusions

A high density of (Pb14Srx)TiO3 (PST) ceramics with 0.25 < x < 0.75 were successfully
obtained via the combustion method. The purest tetragonal perovskite phase was discovered
in powders calcined above 1000°C in all compositions. The structural phase of PST ceramics
were in a tetragonal phase for x = 0.25 and a cubic phase for x = 0.75. The samples were
in a mixed phase between—tetragonal and cubic phase—at x = 0.50. The average particle
size and average grain size tended to increase with increasing calcination and sintering
temperatures. The average particle size tended to increase, while average grain size tended
to decrease with an increased Sr content in all the samples. The maximum density of 97%
was obtained from the samples sintered at 1150°C, which is lower than the conventional
mixed oxide method by around 50°C. The firing temperatures and Sr content have directly
affected the phase formation, microstructure, density and shrinkage of the PST ceramics.
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Lead barium zirconate titanate [(PbggssBagg75)(Zri_,Ti,)O3] ceramics with
0<x<1 were prepared by the solid-state reaction method. The calcination
temperatures were between 800°C and 1000°C for 1h and the sintering
temperature was 1200°C for 3 h. It was found that the structure of the calcined
powders and sintered pellets was in an orthorhombic phase for x=0; a rhom-
bohedral phase for x=0.25 and a tetragonal phase for 0.5 <x < 1. The ¢/a ratio
increased with an increase in the x content. The average particle size and density
slightly decreased with an increase in the x content, while the average grain size,
linear shrinkage, and Curie temperature increased when the x content increased.

Keywords: lead barium zirconate titanate; microstructure; phase transition;
crystal structure; dielectric properties

1. Introduction

Lead barium zirconate (Pb;_,Ba,)ZrO; (PBZ) is one of the perovskite structure materials
discovered by Roberts [1,2] in 1950. The investigation of the structural phase at room
temperature indicated that: PBZ with 0 <x <0.175 has an orthorhombic anti-ferroelectric
phase; PBZ with 0.175 < x <0.35 has a rhombohedral ferroelectric phase; and PBZ with
0.35 < x <1 has a cubic paraelectric phase [3-6]. The Curie temperature of the PBZ
materials decreased with the increase of x, from 230°C for x=0 to 50°C for x=0.35 [7].
The maximum dielectric constant at Curie temperature was observed at x =0.25 and a
relaxor ferroelectric behavior was exhibited at x=0.30 [7]. For x <0.10, the electric field
induced an anti-ferroelectric-to-ferroelectric phase transition which gave a large increase in
volume [3,8,9]. Specifically, the anti-ferroelectric-to-ferroelectric phase transition of
(Pbg.g25Bag 975)Zr0O3 ceramics exhibited high expansion, which makes this ceramic an
interesting candidate for application in large-displacement actuator devices [3].

Lead barium titanate (Pb;_,Ba,)TiO; (PBT) with 0 < x <1 is a perovskite ferroelectric
material which has a tetragonal structure at room temperature [10—14]. It changes from a
ferroelectric to a paraelectric phase when it receives a certain Curie temperature. The Curie
temperature of PBT materials drops monotonically with an increase of x, from 490°C at
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x=0to 120°C at x=1 [15]. (Pbg.925Bag.975)TiO3 has a high Curie temperature (~457°C)
[13,14]. It has been considered for use in high-temperature electric and optical devices.

Lead barium zirconate titanate (PBZT) ceramic is a solid system composed of
orthorhombic anti-ferroelectric, rhombohedral ferroelectric, cubic paraelectric PBZ, and
ferroelectric PBT. Recently, Ujma et al. [16-18] studied the dielectric properties of
(Pbg.75Bag»5)(Zrg 70Tig30)O3 ceramic which is the solid solution of rhombohedral
ferroelectric PBZ and tetragonal ferroelectric PBT. They found typical relaxor behavior.
The magnitude of the dielectric constant decreased and the maximum shifted to higher
temperatures with increased frequency. After a survey of the literature, it was found that
the dielectric properties and phase transition of a solid solution of orthorhombic
anti-ferroelectric PBZ and tetragonal ferroelectric PBT have not been studied. Therefore,
in this study, the phase formation, microstructure, phase transition, and dielectric
properties of (Pbg 9y5Bag o75)(Zr;_Ti,)O3 (PBZT) ceramics with 0 <x <1 were investi-
gated. The PBZT ceramics were prepared by the solid-state reaction method. The
structural phase, microstructure, diclectric constant, and dielectric loss with a variation of
frequencies of the PBZT ceramics were characterized by a X-ray diffractometer (XRD),
scanning electron microscopy (SEM), and LCR meter.

2. Experimental

The (Pbg.925Bag g75)(Zr_, Ti, )O3 ceramics with 0 < x <1 were prepared by a conventional
solid-state reaction method. The raw materials of PbO, BaCOs, ZrO,, and TiO, were
weighed and mixed by ball milling in ethanol using zirconia balls for 24 h. After drying and
sieving, they were calcined between 800°C and 1000°C for 1 h. 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. The powders were isostatically pressed at 80 MPa into
I5mm diameter pellets. 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 character-
ized by an XRD and SEM, respectively. The average particle size and average grain size
were determined using a mean linear intercept method. The Archimedes displacement
method with distilled water was employed to evaluate the sample’s density. Silver paste
was coated and fired at 550°C for S5min to form electrodes. Dielectric constants with
various frequencies were also measured by an LCR meter.

3. Results and discussion

Figure 1 shows the XRD pattern of PBZT powders with 0 <x <1. The pure perovskite
phase was observed for all compositions. For x =0, the structural phase, indexed in an
orthorhombic phase, matched the JCPDS file number 35-0739 [19] and corresponded to
previous works [3,5,7,20]. For x =0.25, the structural phase belonged to the rhombohedral
phase which matched the JCPDS file number 29-0775 [21]. For 0.5 <x <1, the samples
indexed in the tetragonal phase matched JCPDS file number 06-0452 [22], as shown in
Figure 1(a). To investigate the range of the rhombohedral structure, the XRD patterns of
x=0.05, 0.1, 0.2, 0.3, 0.4, and 0.45 were also studied, as shown in Figure 1(b). The
structural phase changed from orthorhombic to rhombohedral and rhombohedral to
tetragonal when x=0.05 and 0.4, respectively. The XRD results from the sintered pellets
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Figure 1. (a) XRD pattern of PBZT powders with (I) x =0 calcined at 1000°C, (IT) x =0.25 calcined
at 950°C, (III) x=0.5 calcined at 900°C, (IV) x=0.75 calcined at 850°C, and (V) x=1 calcined at
800°C. (b) XRD pattern of PBZT powders with (I) x =0 calcined at 1000°C, (IT) x =0.05 calcined at
990°C, (IIT) x=0.1 calcined at 980°C, (IV) x =0.2 calcined at 960°C, (V) x = 0.25 calcined at 950°C,
(VI) x=0.3 calcined at 940°C, (VII) x = 0.4 calcined at 920°C, (VIII) x = 0.45 calcined at 910°C, and
(IX) x=0.5 calcined at 900°C.

were similar to the results from the XRD powders, as shown in Figure 2. The lattice
parameters a, b, and ¢ of the PBZT ceramics were calculated by the least square method
and are shown in Table 1. For 0.5 <x <1, the lattice parameters a and ¢ decreased with
increased x values. The c¢/a ratio increased while the unit cell volume decreased when the x
values increased, as given in Table 1.

The SEM morphology of the PBZT powders is shown in Figure 3(a)—(c). The particles
were agglomerated and were irregular in shape with a variation in particle size. The
average particle size of 0 <x <0.75 showed little difference in their values, while the value
in the size of the x =1 sample rapidly decreased. The average particle size of 0 <x <1 was
between 0.4 and 1.7 um. The change of the PBZT ceramic surface morphology was a
function of increasing x, as shown in Figure 3(d)—(f). The increase of the average grain
sizes was between 2.3 and 3.9 um when the x content was increased from 0 to 1, as given in
Table 1. The measured density and linear shrinkage with the variation of the x content are
shown in Table 1. The increase of the x content also affected density and linear shrinkage.
The density tended to decrease, while the linear shrinkage tended to increase with the
increase of x. The obtained density of all samples was around 96% of the theoretical
density.

Figure 4(a)—(c) illustrates the temperature dependence of the dielectric constant (g;) of
PBZT ceramics at various frequencies. For x=0, the dielectric constant showed two
peaks. The first peak showed an anomaly around 105°C, which was due to the phase
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Figure 2. XRD pattern of PBZT ceramics sintered at 1200°C with: (I) x=0, (II) x=0.25,
(1) x=0.5, (IV) x=0.75, and (V) x= 1.

transition from an antiferroelectric to a ferroelectric state. This phase transition was
explained and confirmed by previous works [3,6,7,9]. The second peak was at around
202°C, which was caused by a ferroelectric—paraelectric transformation process, as shown
in Figure 4(a). When the content of x increased, the anomalous peak vanished but the
ferroelectric—paraelectric phase transition still occurred and the Curie temperature moved
toward a higher temperature, as shown in Figure 4(a)-(d). At varied frequencies, the
samples with x =0 did not change the Curie temperature, as is demonstrated in Figure
4(a), while x > 0.25 effected the shift of Curie temperature, as shown in Figure 4(b) and (c)
and is listed in Table 2. The Curie temperature shifted to a higher temperature with
increased frequency. The dielectric constant at a Curie temperature of x > 0.25 decreased
when the frequency increased from 1 to 100 kHz, as shown in Figure 4(b) and (c). This is a
typical behavior of relaxor ferroelectrics with x > 0.25. For x > 0.25, the result is similar to
previous works describing (Pbg 75Bag»5)(Zrg 79Ti 30)O3 ceramics [16—18]. For the same
frequency at 1, 10, and 100 kHz, the dielectric constant at room temperature first increased
and reached its highest at x=0.75 and then the value dropped when x was higher than
0.75, as given in Table 2. The frequency and content of x affected the dielectric properties.
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Figure 3. SEM morphology of PBZT powders with: (a) x=0.5 calcined at 900°C, (b) x=0.75
calcined at 850°C, and (c¢) x =1 calcined at 800°C and PBZT ceramics with: (d) x=0.5, (¢) x=0.75,
and (f) x=1 sintered at 1200°C.

4. Conclusions

The results indicated that the concentration of Zr*" and Ti*" ions has a significant effect
on the phase formation, microstructure, and dielectric properties of PBZT ceramics. The
structure phase of (Pbggr5Bag.o75)(Zr;_Tiy )O3 (PBZT) samples is in an orthorhombic
phase for x =0; a rhombohedral phase for x=0.25 and a tetragonal phase for 0.5 <x<1.
The average particle is 0.4—1.7 pum and the average grain size is 2.3-3.9 um. The linear
shrinkage, average grain size, and Curie temperature of the PBZT increased, while the
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Figure 4. Functional temperature and frequency of the dielectric constant of PBZT ceramics with:
(a) x=0, (b) x=0.5, (¢c) x=1, and (d) PBZT ceramics with 0 <x <1 measured at 100 kHz.

Table 2. Curie temperature (7,), dielectric constant (¢,), and loss tangent (tan §) of PBZT ceramic
at room temperature.

1 kHz 10kHz 100kHz
X T. (°C) & tan§ T. (°C) & tan T. (°C) & tan§
0 202 128 0.008 202 126 0.006 202 124 0.005
0.25 272 253 0.032 274 251 0.006 274 250 0.002
0.5 337 878 0.002 338 875 0.002 344 873 0.002
0.75 405 920 0.003 407 917 0.002 410 915 0.002
1 450 268 0.084 452 216 0.051 458 204 0.016

average particle size and density decreased, when the x content increased. Typical relaxor
ferroelectrics were discovered in the PBZT sample with x> 0.25.
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Abstract

Lead-free piezoelectric 0.992(0.95K sNag sNbO3—0.05LiSbO5)-0.008BiScO5; KNN-LS-BS ceramics were successfully prepared using
the combustion method. The highest % perovskite phase was found in the sample calcined at 700 °C for 1 h. The structural phase of
orthorhombic structure was also detected in this sample. For the sintered ceramics, a pure tetragonal perovskite phase was observed in
the samples sintered between 1025 and 1100 °C. The microstructure of ceramics showed a square or rectangular shape and the average
grain size increased with increasing of sintering temperature. The density of the ceramics increased with increasing of sintered
temperature up to 1075 °C, were it reached 97.5% of theoretical density and then dropped in value when the sintered temperature
further increased. The excellent electrical properties of ¢, at T.=6600, tand at 7,=0.04, P, (at 40 kV/cm)=19.4 uC/cm® and E, (at
40 kV/cm)=24.1 kV/cm were obtained in the most dense ceramic. The results indicate that the KNN-LS-BS ceramics are promising
lead-free piezoelectric materials.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; C. Dielectric properties; D. Perovskites; KNN-LS-BS ceramics

1. Introduction

In recent years, the most widely used piezoelectric materi-
als are lead-base PZT ceramics due to their excellent electrical
properties [1-3]. The use of lead-base ceramics can cause a
serious threat to human health and create environmental
problems. As a consequence, much of the current research is
oriented toward more environmentally friendly lead-free
materials [4-6]. An alternative group of lead-free piezoelectric
materials are those based on a KNN solid solution which
have a high Curie temperature (7.~420 °C) and high piezo-
electric constant (d33~ 100 pC/N) [7-10]. Nevertheless, it is
extremely difficult for pure KNN to achieve high density by
using ordinary sintering methods because their phase stability
is limited to 1140 °C for potassium sodium niobate [9].
In order to solve the above problem, additives of LiAO;

*Corresponding author at: Department of Physics, Faculty of Science,
Naresuan University, Phitsanulok 65000, Thailand.
Tel.: +6655963528; fax: +6655963501.
E-mail address: researchcmu@yahoo.com (T. Bongkarn).

(A=Na. Ta, Sb) and BiBO; (B=Fe, Sc, Al) were added into
the KNN ceramics to form a new solid solution, which
enhanced the density, dielectric, and piezoelectric properties
[11-16]. Among these materials, 0.992(0.95K, sNag sNbO5—
0.05LiSb0O3)-0.008BiScO3; KNN-LS-BS has been considered
a good candidate for lead-free piezoelectric ceramics because
its high piezoelectric constant 53 of 305 pC/N, high dielectric
constant of ~ 6100, and favorable electromechanical planar
k, of 0.54. Minhong et al. [15] fabricated the KNN-LS-BS
via the solid state reaction method. The KNN-LS-BS were
calcined at 900 °C for 6 h and sintered at 1090 °C for 3 h.
The results suggested that LS-BS can be diffused into a KNN
lattice to form a new solid solution in which the KNN-LS-BS
ceramics exhibited a structural phase indexed in the tetra-
gonal perovskite ferroelectric phase and whose maximum
density was ~96%.

It is well known that the solid state reaction method is
relatively simple, yet it is time consuming, needing high
firing temperatures, is energy intensive, and the calcined
powders are often of a large particle size [17]. Recently,
interest has been shown in the combustion method as a

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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mean of preparing ferroelectric ceramics. It is not a
complicated method, which produces ultra-fine powders,
with a high density, and excellent electrical properties,
which use lower firing temperatures and have a lower soak
time compared to other methods [18-20]. This because the
combustion reaction provides heat that can be effectively
applied to the starting materials. This energy speeds up the
chemical reaction of the materials. In addition, from the
literature survey, the ferroelectric properties of KINN-LS-
BS ceramics have not been studied. Therefore, the pur-
poses of this paper are to synthesize of KNN-LS-BS
ceramics via the combustion method and to investigate
the effect of firing temperatures on phase structure,
microstructure, density and electrical properties of KNN-
LS-BS ceramics.

2. Experimental

The raw materials of 0.992(0.95K, sNag sNbO3;—0.05
LiSb0O;)-0.008BiScO; samples processed by the combus-
tion method were pure reagent K,CO3, Na,CO3, Nb,Os,
Li,03, Sb,03, Bi,O3 and Sc,03. They were weighed and
milled for 24 h using planetary milling with a zirconia ball
media and ethanol. They were then dried and sieved. The
powders were mixed with glycine in a ratio of 1:2. These
powders were calcined at 650-750 °C for 0.5-2h. The
calcined powders, milled with 3 wt% PVA aqueous, were
uniaxially pressed into discs with a diameter of 15 mm
under 80 mPa pressures and subsequently sintered between

1000 and 1100 °C for 3 h. The phase structure and micro-
structure were studied by the X-ray diffraction (XRD) and
scanning electron microscope (SEM). Bulk densities were
measured by Archimedes method using distilled water as a
medium. The dielectric properties (measured from 30 to
400 °C), and ferroelectric properties were determined by a
LCR meter and a ferroelectric test system, respectively.

3. Results and discussion

The XRD patterns of KNN-LS-BS powders calcined at
650-750 °C for 0.5-2h are displayed in Fig. 1(a). The
phase structure in all samples is an orthorhombic perovs-
kite structure. The impurity phases of NaSbO; and LiSbO;
were detected. At the calcination temperature of 650, 700
and 750 °C, using a dwell time of 1h, the %perovskite
phases were 91.4, 94.3 and 92.2%, respectively. To improve
the %perovskite phase, shorter and longer dwell times (0.5
and 2 h) were adopted using a calcination temperature of
700 °C. The sample exhibited a %perovskite of 93.2 and
93.0% when the dwell time was 0.5 and 2 h, which is lower
than the powders calcined at 700 °C for 1 h. Therefore, the
calcination temperature of 700 °C for 1 h was used for the
preparation of the KNN-LS-BS ceramics.

The XRD patterns of KNN-LS-BS ceramics sintered at
1000-1100 °C for 2 h is shown in Fig. 1(b). The structural
phase indexed in the tetragonal perovskite phase in all
samples. The impurity phase was found in the sample
sintered at 1000 °C. While, the pure perovskite structure

Fig. 1. XRD patterns of (a) KNN-LS-BS powders calcined at 650-750 °C and (b) KNN-LS-BS ceramics sintered at 10001100 °C for 2 h.
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Fig. 2. The natural surface SEM micrographs of KNN-LS-BS ceramics sintered at (a) 1000 °C, (b) 1050 °C, (c) 1075 °C and (d) 1100 °C [15].

Fig. 3. Temperature dependence of dielectric constant of KNN-LS-BS
ceramics sintered at 1000-1100 °C for 2 h.

was obtained in samples sintered at 1025-1100 °C. Moreover,
it can be seen that at sintering temperatures of 1050-1100 °C,
the obviously separated XRD peaks (such as 00 2 and 2 0 0)
were observed. These represent the higher crystallinity of
ceramics. The lattice parameter a, ¢ and c/a ratio were
calculated and are listed in Table 1. The lattice parameter «

Fig. 4. P-F hysteresis loops of KNN-LS-BS ceramics sintered at 1075 °C.

decreased, while the lattice parameter ¢ and c/a ratio
increased with increasing of sintered temperatures.

Fig. 2 shows the natural surface SEM micrograph of
KNN-LS-BS pellets sintered at 1000-1100 °C for 2 h.
A characteristic square or rectangular morphology of the
grain were obtained in all samples. At a low sintering
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temperature of 1000-1050 °C, in Fig. 2(a) and (b), many
distinct pores occurred. At a higher sintering temperature
of 1075 °C, in Fig. 2(c), the porosity decreased and the
average grain size extremes increased. When the sintering
temperature increased to 1100 °C, in Fig. 2(d), grain
boundaries began to melt and the small grains merge
together to produce a larger grain. The average value of
grain size, as measured by the linear intercept method,
increased from 0.32 to 1.32 um with increasing of sintering
temperature from 1000 to 1100 °C, as shown in Table 1.

The linear shrinkage, bulk density (p) and theoretical
density (%T.D.) of KNN-LS-BS ceramics sintered
between 1000 and 1100 °C for 2 h are shown in Table 1.
The linear shrinkage of ceramics increased from 4.0 to
15.9% when the sintered temperature increased. The
density of sintered pellets increased to a maximum of
1075 °C, with a value of 4.56 g/cm® or 97.5% of theoretical
density. A further increase in the sintering temperature
resulted in a drop in value. This may be due to distending
from the trapped gas in the pores. The gas-filled pores
combined and grew because the grains growth [15]. The
density corresponded to the microstructure results.
Moreover, the density in this study was higher than the
density of ceramics prepared via solid state reaction
method [15].

The temperature dependence of the dielectric constant of
KNN-LS-BS ceramics under 1 kHz is shown in Fig. 3. For
the pellets sintered at 1050-1100 °C, the result exhibited a
sharp phase transition peak at around 320 °C representing
the ferroelectric tetragonal phase to paraelectric cubic
phase transition. This agrees with previous work by
Minhong et al. [15]. At 1025 °C, a broad peak of dielectric
constant was found. The peak was not clearly observed in
the samples sintered at 1000 °C. The Curie temperatures
(T,) of ceramics are in a range of 293-320 °C, as seen in
Table 1. The dielectric constant at T, first increased and
reached its highest at 1075 °C, and then dropped as a
sintering temperature increased above 1075 °C. The high-
est dielectric constant (at 7,.) of 6600 and lowest dielectric
loss (at T,.) of 0.04 of the KNN-LS-BS ceramics were
obtained from the samples sintered at 1075 °C for 2 h, as
shown in Table 1. The dielectric properties were in a good
agreement with the phase structure, microstructure and
density results. This indicated that high quality KNN
ceramics could be prepared via the combustion method.
In addition, the dielectric constants observed in this study
were higher than the ceramics prepared by the solid state
reaction method [15].

In order to characterize the ferroelectric properties of
KNN-LS-BS ceramics, the room temperature P—FE hyster-
esis loops of the densest pellets were measured at different
electric field strengths as shown in Fig. 4. It can be seen
that the shape of the hysteresis loops differed greatly with
different electric field strengths. A loop pinching was
observed at lower electric fields (10-30 kV/cm), which is
linked to a preferred orientation of defect dipole in the
materials [15]. At electric fields higher than 30 kV/cm,

Table 1

Lattice parameters, c/a ratio, average grain size, linear shrinkage, density, Curie temperature and dielectric properties of KNN-LS-BS ceramics.

g at T, tand at T,

T.(C)

Density

Linear shrinkage (%)

Average grain size (um)

¢/a ratio

Lattice parameters (A)

Sintered temperature (°C)

%T.D.

p (g/em?)

89.7

4.20
4.22
4.25
4.56
4.50

4.0

0.32
0.44
0.50
1.11

1.32

1000
1025

0.

1550
4120
6600
5170

293
320
317
310

90.2

6.6
11.3

15.6

08
04
05

0.

90.5

1.01

4.0080
4.0151

3.9639
3.9622
3.9602

1050
1075
1100

0.

97.5

0.

96.2

15.9

1.06

4.0206
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pinching loops vanished and well formed symmetric loops
were observed.

At the maximum electric fields of 40 kV/cm, the coercive
field (E.) and remnant polarization (P,) of 24.1 kV/cm and
19.4 uC/cm? existed.

4. Conclusions

Lead-free KNN-LS-BS ceramics were successfully prepared
by the combustion method. The calcination and sintering
conditions influenced the phase structure, microstructure,
density and dielectric properties of KNN-LS-BS ceramics.
The highest % peroskite phase of the calcined powders was
detected in samples calcined at 700 °C for 1 h. The tetragon-
ality of the sintered pellets increased with increasing sintering
temperature from 1050 to 1100 °C. The microstructure of the
ceramics exhibited distinct porosity when the samples were
sintered at low temperatures (1000-1050 °C). The melting of
the grain boundary was observed in the pellets sintered higher
than the appropriate temperature of 1075 °C. The outstand-
ing density and electrical properties of %T.D.=97.5%, ¢, at
T.=6600, tand at T,=0.04, P, (at 40 kV/cm)=19.4 pC/cm>
and E. (at 40 kV/cm)=24.1 kV/cm were obtained from the
samples sintered at 1075 °C for 2 h. These had superior
density and better electrical properties than those obtained
by using the solid state reaction method.
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Abstract

(1 —x)(Big 4871 Nag 4571 Lag.0172Ti03) — x(BaZrg ¢5sTig 95s03) ceramics (abbreviated (1—x)BNLT—xBZT) where 0.1 <x<0.3 were
fabricated by the combustion technique using glycine as fuel. BNLT and BZT powders were calcined at temperatures of 825 °C for
4 h and 925 °C for 6 h, respectively. After that they were mixed with the different compositions. It was found that the optimum sintering
temperature of (1 —x)BNLT —xBZT ceramic was obtained at 1125 °C for 2 h. This ceramic had the highest density. The structure of the
(1—x)BNLT —xBZT ceramics exhibited the co-existence of tetragonal and rhombohedral phases with x <0.1. The tetragonality
increases with the increase of x content. The average grain size, the density and the Curie temperatures decrease with increasing x
content. The maximum dielectric constant and the highest P, were at about 4850 and 12.7 uC/cm?, respectively, and were obtained by

the 0.85BNLT —0.15BZT sample.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Sintering; Ferroelectric properties; Dielectric properties; Perovskites

1. Introduction

Bi0.487lNa0.4871LaO.0172TiO3 (abbreViated as BNLT) is a
kind of lead-free piezoelectric material which is a ferro-
electric with a rhombohedral perovskite structure at room
temperature [1]. BNLT ceramic exhibits a good dielectric
constant at room temperature (515) [1] and a high piezo-
electric coefficient ds3 (120 pC/N) [1]. Consequently, this
ceramic is appropriate for application as the sensors,
actuators and transducers [2]. Ba(Zrg 5T10g.95)O3 ceramic
(abbreviated as BZT) is one of the most studied piezo-
electric materials due to its great piezoelectric properties
(236 pC/N) with an orthorhombic perovskite structure
at room temperature. It also exhibits a high dielectric

*Corresponding author at: Department of Physics, Faculty of Science,
Naresuan University, Phitsanulok 65000, Thailand. Tel.: 466 5596 3528;
fax: +66 5596 3501.

E-mail address: researchcmu@yahoo.com (T. Bongkarn).

constant (14,000) and low loss characteristic (0.05) at Curie
temperature of 120 °C [3]. This ceramic has became widely
attractive for use as multilayer ceramics capacitors and
piezoelectric sensors/actuators [2].

To improve the electrical properties of lead-free piezo-
electric materials, a new system of (1—x)Big4s71Nag.g71
Lao,m72Ti03—xBaZr0,05Ti0_9503 ((1 —X)BNLT—XBZT) ata
composition of around 0 < x < 1 step 0.2 was proposed by
Kantha et al. [3]. The (I —x)BNLT —xBZT ceramics were
prepared by a two step mixed oxide method for synthe-
sized the BNLT and BZT powders then sintered at
temperatures between 1125 and 1400 °C for 2 h. The
structure of the (1—x)BNLT—xBZT ceramics changed
from a rhombohedral phase to a tetragonal phase
when > 0.2. For the (1 —x)BNLT-xBZT ceramic x <0.2,
the dielectric permittivity (¢;) curve exhibited two peaks.
The first curve was the phase transition temperature (77,),
corresponding to a ferroelectric rhombohrdral phase
which transformed into a ferroelectric tetragonal phase.

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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The second curve is Curie temperature (7,) and it is related
to the transition from a ferroelectric tetragonal phase to a
paraelectric cubic phase [3]. A broad dielectric peak was
observed to increase from the ¢ curves with x con-
tent > 0.4. The ¢, measured at room temperature increased
from 675 to 1575 with the increased of x content from 0 to
0.2. Upon further increasing x, the &. decreased. Appro-
priate ferroelectric properties is observed in the composi-
tion of x=0.2. Many changes in the phase formation,
phase transition and electrical properties of (I —x)BNLT—
xBZT ceramics were observed at around the composition
of x =0.2.

In recent years, our previous work has successfully
fabricated lead-free ferroelectric ceramics such as: (Bi
Na)TiO; [4], BaTiO; [5], BaZrO; [6], Ba(Ti Zr )O3 [7],
(Bi Na)TiOs—(Bi K)TiO; [4] via the combustion technique.
The technique is simple. It has a low cost and it produces
high quality ultra fine powders [8]. The ceramics fabricated
by this technique possesses a high density and has good
electrical properties [4—8]. Therefore, in the present work,
the fabrication of the (1 —x)BNLT-xBZT ceramics were
prepared by the combustion technique, where a range of x
values was chosen between 0.1 and 0.3 (mole step 0.05 was
performed). The effects of sintering temperature on phase
formation, microstructure of BNLT-BZT ceramics were
investigated. The influence of x content on the crystal
structure and the microstructure were studied. Special
emphasis was focused on phase formation and the elec-
trical properties of the composition between the BNLT
and BZT systems in order to enhance these ceramics.

2. Experimental

The sample, (1 —x)(Big.4s71Nag.4s71La.0172Ti03) —x
(BaZrg 05Tip9503), (abbreviated as (1 —x)BNLT—xBZT)
where 0.1 <x<0.3, was prepared by the combustion
technique using glycine as fuel. To synthesize Big4g7
Nag.4s71Lag 0172 TiO3 (BNLT) powder, reagent grade oxide
and carbonate powders of Bi,O3; (99%), Na,CO; (99%),
La,O5; (99%) and TiO, (99%) were used as starting
materials. The compositions of the raw materials were
weighed and mixed by a ball-milling method for 24 h in
absolute ethanol. The mixed powder was dried and ground
using an agate mortar and then sieved into a fine powders.
The mixed powder and glycine were mixed with a ratio of
1:2 in an agate mortar and calcined at 825 °C for 4 h. To
synthesize the BaZr0.05Ti0.95O3 (BZT) pOWder; BaCO3
(99%), ZrO;, (99%) and TiO, (99%) were used as raw
materials. The processing of the BZT was similar to that of
the BNLT powders but the uncalcined BZT powders were
calcined at the temperatures of 925 °C for 6 h. The two
calcined powders were a mixture of different compositions
(0.1 <x<0.3) and reground by the ball-milling method
for 24 h. The mixtures were dried and sieved and then were
made into pellets 15 mm in diameter using uniaxial press-
ing in a stainless steel mold. The pellets were sintered
between 1050 °C and 1200 °C in an electric furnace at air

atmosphere under controlled heating and a cooling rate of
5 °C/min with a soak time of 2 h. X-ray diffraction (XRD)
was employed to identify the phase formed and the
optimum temperature for (1—x)BNLT—xBZT ceramics.
The sintered ceramics morphologies were imaged using
scanning electron microscopy (SEM). The density of the
sintered ceramics was measured by the Archimedes
method. The average grain size was determined by a mean
linear intercept method. The dielectric constant was
observed by a LCR meter. The ferroelectric hysteresis
(P-E) loops were characterized by using a computer
controlled modified Sawyer—Tower circuit.

3. Results and discussion

The X-ray diffraction patterns of the 0.8BNLT—0.2BZT
ceramics sintered at 1050-1200 °C for 2 h are shown in
Fig. 1. All patterns of the sintered samples exhibited the
tetragonal perovskite phase which matched with JCPDS
file no. 03-0725 below 1200 °C. At the sintered temperature
of 1200 °C, the second phase of Bi,Ti,O; occurred. This
result may be caused by the evaporation of Na,O and
Bi,O;, which has a low melting point [9].

The SEM micrographs of the 0.8BNLT-0.2BZT ceramic
surface sintered between 1100 and 1200 °C are presented in
Fig. 2. The grain morphology exhibited an almost sphe-
rical morphology at low sintering temperature and changes
to a polygonal morphology when the sintering temperature
increased. At a low sintering temperature (below 1100 °C),
the ceramics contained small and loosely bonded grains
(Fig. 2(a)). The grain size increased and the porosity
decreased when the sample was sintered at temperatures
higher than 1100 °C (Fig. 2(b) and (c)). At a sintering
temperature of 1200 °C, the ceramic exhibited a rugged
surface and the a high porosity, as shown in Fig. 2(d). The

Fig. 1. XRD patterns of 0.8BNLT-0.2BZT ceramics sintered at various
temperatures; (@) Bi, Ti,O5.
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Fig. 2. The SEM micrographs of 0.8BNLT-0.2BZT surface pellet sintered at: (a) 1100, (b) 1125, (c) 1150 and (d) 1200 °C for 2 h.

Fig. 3. XRD patterns of (1 —x)BNLT-xBZT powders where 0.1 <x < 0.3 sintered at 1125 °C for 2 h: (a) at high scanning rate and (b) at very low

scanning rate.

occurrence of a rugged surface and a high porosity at high
sintering temperatures indicated that the grain began to
melt. This was caused by the evaporation of Na,O and
Bi,0O; at high sintering temperatures [9]. The microstruc-
ture is consistent with the XRD results. The average grain
size increased from 0.48 to 1.33 um when sintering tem-
perature increased from 1100 °C to 1200 °C. The density of
the 0.8 BNLT-0.2BZT ceramics was increased from 5.57 to
5.79 g/em® when the sintering temperatures increased up to
1125 °C, whereas the density decreased. The density results
were consistent with a microstructure investigation. The
optimum conditions for 0.8BNLT-0.2BZT was obtained
at a sintering temperature of 1125 °C for 2 h.

To study the effect of x content on phase formation,
microstructure and dielectric properties of (1 —x)(Big 457
Na0.4871La0.0172TiO3)—x(BaZr0_05Ti0.95O3) CeramiCS, the
two powders were mixed in ratios of 0.1 <x<0.3 and
then made into pellets and sintered at 1125 °C for 2 h. The
X-ray results of (1—x)BNLT—xBZT with 0.1 <x<0.3

are shown Fig. 3. All the samples exhibited the single
perovskite phase (Fig. 3(a)).

The X-ray diffraction patterns of these ceramics also
showed a phase change from rhombohedral to tetragonal,
with increasing x content. The difference between these
two structures can be seen clearly from Fig. 3(b) which
represents the X-ray peaks at 20 range between 43° and 48°
that measured using a low scanning rate. The peak of
(200) is observed in the diffraction pattern for pure
BNLT, indicating that this is rhombohedral structures.
When adding BZT of 0.1 < x < 0.3, the peak of (2 0 0) split
into two peaks of (002)/(200) and the peaks shifted
slightly toward low angles. The peak of ceramics for
x=0.1 is slightly asymmetrical, featured with inappreciable
split of the (200) and (002) peaks, indicating the co-
existence structures between rhombohedral and tetragonal
phases. Doping of x >0.15 leads to the apparent separa-
tion between (200) and (002) peaks, indicating an
increase in the tetragonality of the ceramics. In the district
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Fig. 4. The SEM micrographs of (1 —x)BNLT-xBZT ceramics where x=(a) 0.1 and (b) 0.3 sintered at 1125 °C for 2 h.

Fig. 5. Temperature dependence of dielectric constant and dielectric loss of (1 —x)BNLT—-xBZT sintered at 1125 °C for 2 h where x=(a) 0.1 (b) 0.15, (c)

0.2 and (d) 0.25.

of the tetragonal structure, the lattice parameters ¢ and ¢
of the (1 —x)BNLT —xBZT system are listed in Table 1.
The lattice parameters a and ¢ increased gradually with
increasing x content. The c¢/a ratio increased with increas-
ing x up to 0.2, and then it decreased (Table 1).

Fig. 4 illustrates the SEM photomicrograph of
(1—x)BNLT—xBZT ceramics with x=0.1 and 0.3
(Fig. 4(a) and (b)). It can be observed that the grain
morphology of the ceramics exhibited an almost spherical
morphology combined with a polygonal morphology. The
porosity was found on the surface of all the samples. The
porosity increased while the grain size decreased when the
content of x increased (Table 1). The reduction in grain

Fig. 6. P—E hysteresis loops of (1 —x)BNLT-xBZT ceramics measured at
electric field of 30 kV.
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Table 1
Lattice parameters, c/a, average grain size, density, T}, T¢, dielectric properties and ferroelectric properties of (1 —x)BNLT-xBZT ceramics.
x Lattice Parameters (A) cla Average grain  Density T, T, gat  tand g at  tano Y P, E.

size (um) (glem®) (°C) (°C) T, at T, T. at T, (uC/em?  (kV/cm)
a ¢

0.1 3.913 3.956 1.0109 1.67 5.82 124 250 3630 0.036 4425 0.0011 1.61 8.3 16.1
0.15 3917 3.965 1.0122  1.64 5.80 128 240 4450 0.047 4850 0.0067 195 12.7 18.6
0.2 3.919 3.984 1.0165 1.60 5.79 150 225 4260 0.021 4550 0.0072 1.98 8.6 14.7
025 3924 3.988 1.0163  1.55 5.78 - 190 - — 4125 0.0088 1.82 7.1 10.7
0.3 3.934 3.994 1.0152  1.53 577 - 175 - - 3775 0.0368 1.70 4.3 8.4

size may be due to the difference the ionic radius and
valency of A-site cations of Bi’" (131 pm) and Ba®™"
(156 pm) which plays an important role in the grain
growth mechanism. This is because beyond the solubility
limit of BZT it may accumulate at the grain boundary.
This would result in the inhibition of grain growth [10].
The density of the (1—x)BNLT—xBZT ceramics mea-
sured by the Archimedies method is listed in Table 1. The
density of the ceramics decreased when the content of x
increased.

The temperature dependence of dielectric permittivity
(e;) and dielectric loss of the (1 —x)BNLT —xBZT ceramics
as a function of x at 1 kHz are shown in Fig. 5(a)—(d). For
the 0.1 <x<2.0 samples, the ¢ peak exhibited two
dielectric anomalies at 7}, (low temperature) and 7. (high
temperature) (Fig. 5(a)—(c)). The T}, is the phase transition
temperature, corresponding to a ferroelectric rhombohr-
dral phase which transforms to a ferroelectric tetragonal
phase, while, T, is Curie temperature and relates the
transition from a ferroelectric tetragonal phase to a para-
electric cubic phase [3,10]. For x >0.25 (Fig. 5(d)), the
dielectric constant curves exhibited a broad dielectric peak.
The transition temperature at 7}, exhibited an unclear
phase transformation. The 7, increases and the T
decreases with increasing amount of x, as shown in
Table 1. The dielectric constant at 7}, and T, increased
when the content of x was increased up to 0.15 and then
dropped. The dielectric loss at T, and T, are illustrated in
Table 1. The maximum dielectric constant at 7T, was
observed from the sintered sample with x=0.15. For the
sample with the composition of x=0.2, the dielectric
properties of the sample prepared by the combustion
method was higher than that found using the solid-state
reaction method [3]. This indicated that the combustion
technique is a simple method to prepare high quality
(1=x)BNLT —xBZT ceramics. The diffuseness constant
(y) which is used for explaining the diffuseness of the
ferroelectric phase transition, follows a modified Curie—
Weiss law [11]. The parameter y indicates the character of
the phase transition: for y=1, a normal Curie-Weiss law
and for y=2, a complete diffuse phase transition [11]. The
values of 7y increased from 1.61 to 1.98 when x content
increased from 0.1 to 0.2. For the sample with x > 2.5, the
values of y decreased, as shown in Table 1. Generally, the
broadness or diffusiveness occurs mainly due to the change

in composition and the disordered structure in the arrange-
ment of cation in one or more crystallographic site of the
structure [11]. From the compositions studied the values of
y are found to be more than 1.6. This indicates that the
transitions are of a diffuse type and the materials are
highly disordered [11].

The polarization (P—E) hysteresis loops of the (1—x)
BNLT —xBZT ceramics with 0.1 < x < 0.3 were measured
at a maximum electric field of 30 kV/cm is illustrated in
Fig. 6. It is evident that the shape of the P—FE loops exibited
a slim loop for all compositions. The remnant polarization
(P;) and the coercive field (E.) of (1—x)BNLT—xBZT
increased with the increased of x content up to 0.15. Then,
they decreased with a higher content of x as shown in
Table 1.

4. Conclusions

A high quality (1—x)BNLT-xBZT ceramic in the
composition of 0.1 <x<0.3 is obtained successfully by
the combustion method. The sintering temperatures and x
content directly affect phase formation, microstructure and
the physical properties of the ceramics. The grain size
increases with increasing sintered temperatures. The high-
est density of ceramics was discovered in the sample
sintered at 1125 °C for 2 h. The ceramics exhibited both
the rhombohedral and tetragonal phases if x content < 0.1
and the tetragonality increases with the increased of x
content. The average gain size, the density and Curie
temperature of the ceramic decrease, as the x content
increasing. The phase transition from rhombohedral to
tetragonal appeared in the diclectric curve where
0.1 <x<0.2. The maximum dielectric constant at Curie
and the highest P, were obtained in sample with x=0.15.
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Abstract

High quality Ba(Zr,Ti; _ )O3 (BZT, 0.025 < x < 0.150, step=0.025) ceramic has been prepared by the combustion technique. The raw
materials were mixed with CH4N>O and calcined at 1000 °C and sintered at 1375 °C. For Ba(Zr,Ti; _,)O3 with x=0.025, the ceramics
exhibited orthorhombic structure at room temperature. The crystal structure was transformed to rhombohedral, tetragonal and cubic
phase, respectively with increasing zirconium content. The effect of x on dielectric properties has been studied intensively. It is found
that the phase formation, which was affected from zirconium substitution, strongly influences the dielectric behavior. The rhombohedral
phase decreases the maximum dielectric constant while the tetragonal phase enhances it. An extrapolation studied revealed the phase
transition peaks merged into one peak at x ~0.094. The highest diffuseness constant of 1.95 was observed in BZT with 0.075 mol%
zirconium. This was caused by the broadest dielectric peak of ferroelectric phase transition and the imminent diffusion between
ferroelectric phase transition peak and Curie phase transition peak. The ferroelectric properties were sensitive to the phase exhibited in
BZT system.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: C. Dielectric properties; C. Ferroelectric properties; Barium zirconate titanate; Perovskite structure

1. Introduction

Barium titanate (BT) ceramics have been used exten-
sively as electroceramics materials due to their high
dielectric constant and low dielectric loss. The phase
transformations of BT occur at 120 °C, 0 °C and —90 °C
from cubic to tetragonal, tetragonal to orthorhombic and
orthorhombic to rhombohedral, respectively [1]. The drop-
ping in maximum dielectric constant is accompanied with
the phase transformation at lower temperature.

Ba(Zr,Ti; _,)O3 (BZT) system, one of the first BaTiOs-
based solid solution, has been chosen in the fabrications of
ceramic capacitors because Zr** is chemically more stable
than Ti*"T. Moreover, Zr-substitution at Ti-site has been
found to be an effective way to decrease the Curie
temperature and exhibits several interesting features in

*Corresponding author at: Naresuan University, Department of Phy-
sics, Faculty of Science, Phitsanulok 65000, Thailand.
Tel.: +66 5596 3528; fax: +66 5596 3501.
E-mail address: reseachcmu@yahoo.com (T. Bongkarn).

the dielectric behavior and phase formation of BaTiO;
ceramics. The Zr-ion substitution affects an increase of
rhombohedral to orthorhombic (7,_,) and orthorhombic
to tetragonal (7,) phase transition temperature but
decreases the tetragonal to cubic (7.) phase transition
temperature. The pinch phase transitions between three
phase transitions merge into one peak where x < 0.15 [2,3].
Below 15mol% zirconium, there are several difference
reports about the effects of zirconium substituted on phase
formation and dielectric properties of BZT. In term of
structural phase, some researchers distinguished BZT
belonging to tetragonal structure [3—5] and the tetragon-
ality was decreased by increasing zirconium content [4,5]
while several literatures reported that the amount of
orthorhombic to rhombohedral phase transformation
was increased with increasing zirconium [3,6,7]. In term
of dielectric properties, Huang et al. [4] explained that
maximum dielectric constant was enhanced by increasing
the amount of zirconium. On the other hand, Chen et al.
[5] reported that the maximum dielectric constant was
depressed by the amount of zirconium substitution. Kuang

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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et al. [6] represented the highest maximum dielectric
exhibited in BZT with x=0.08. For BZT with x less than
0.08, maximum dielectric constant insignificantly relates to
the amount of zirconium and in BZT with x> 0.8, it is
observed that the maximum dielectric constant tended to
increase with increasing zirconium content.

Due to the variation in reports, an accurate investigation
of the zirconium content effects on phase formation and
dielectric properties in BZT is topical. In addition, our
previous work has demonstrated that high quality BZT
ceramics such as nano-particles and high density can be
produced via the combustion technique [8]. Therefore, this
study aims to synthesize Ba(Zr,Ti;_,)O5; (BZT, 0.025 <
x <0.150, step=0.025) ceramics by the combustion tech-
nique. The effect of composition on phase formation,
dielectric and ferroelectric properties of BZT was exten-
sively investigated.

2. Experimental procedure

Ba(Zr,Ti;_,)O5 or (BZT100x) ceramics were prepared via
the combustion technique using urea as fuel. The starting
materials barium carbonate (BaCQj;), zirconium dioxide
(ZrO,) and titanium dioxide (TiO,) were weighed based on
the stoichiometric compositions of Ba(Zr,Ti; _,) O3(BZT100x,
0.025 < x <0.150, step=0.025). The weighed raw materials
were mixed by ball milling with zirconia media in ethanol for
24 h, and then were dried and the powders were ground using
an agate mortar and sieved into a fine powder. The mixed
powders and urea (CH4N,O) were mixed with a ratio of 1:2 in
an agate mortar. All compositions were calcined at 1000 °C
for 5h [8]. The calcined ones were again ball-milled in the
mixture medium absolute ethanol for 24 h. Disc-shaped
specimens with 15 mm in diameter were fabricated using a
hydraulic pressing and then the green body were sintered at
1375 °C with soaking time at 2 h [8]. The phase formation
behavior and the lattice refinement of all compositions were
studied by XRD analytical technique. The bulk densities of
the sintered samples were measured by the Archimedes
method. The temperature dependence of relative permittivity
and dielectric loss of BZT specimens was investigated using
LCR meter. The measurement of ferroelectric hysteresis
loops was conducted at room temperature by using a
ferroelectric tester.

3. Results and discussion

The phase formation of BZT ceramics were studied
using XRD patterns as shown in Fig. 1 and the results
showed that pure perovskite phase was found in all
sintered samples (Fig. 1(a)). To determine the phase
formation behavior of BZT with the increasing zirconium
content, the XRD patterns which measured from 72 to 77°
at a very low scanning rate (step size 0.00116°, time/0
7.42 s, scan speed 0.05152°/s) were investigated (Fig. 1(b)).
It can be seen that the diffraction angle also decreases as
the zirconium content is raised. This can be explained by

the ionic radius of Zr** (0.072 nm) being larger than
Ti*(0.061 nm), so more substitution of Zr* ™ will increase
the d spacing of BZT and cause the diffraction peaks to
shift toward a lower angle [4]. At room temperature, the
splitting of (133) and (311) diffraction peaks of BZT2.5
ceramics confirms the orthorhombic phase (Refer to ICCD
No0.01-0812196). When zirconium content was increased to
5 mol%, the two diffraction peaks gradually merged into
one peak which was indicated by the rhombohedral phase
which was initially diffused and influenced the phase
system (Refer to ICCD no. 01-0850368). The diffraction
peak exhibited a sharper curve and a nearly symmetric
shape, lightly skewed to the left side in BZT7.5. This
implies that the tetragonal phase was occurred and slightly
diffused in rhombohedral phase of BZT system (Refer to
ICCD no. 00-0030725). When zirconium content was
increased to 10 mol%, the distinct non-symmetry (skewed
to the right side) of the diffraction peak can be explained
by the BZT showing a tetragonal phase. Moreover, when
zirconium content was higher than 10 mol%, the diffrac-
tion peak changed from non-symmetry to near symmetry
illustrated the cubic phase influence on BZT system (Refer
to ICCD no. 01-0741961). The XRD analysis indicates
that a slight change of zirconium content highly influences
on the crystal structure of BZT ceramics. The accurate
interpretation is derived from high quality samples which
were produced via the combustion technique.

The measured density with a variation in zirconium
content of BZT is listed in Table 1. The density of the
ceramics was in the range of 5.61-5.86 g/cm® and the
densities insignificantly changed with zirconium content
modification. The highest density exhibited in BZT12.5
was 97% of the theoretical density and was higher than the
samples which were prepared via the solid-state reaction
method [3] and the wet chemical reaction method [7].

The temperature dependence of the dielectric constant of
BZT ceramics with various stoichiometric percentage of
zirconium is shown in Fig. 2. It was found that as zirconium
increased from 2.5 to 5.0 mol%, maximum dielectric con-
stant tended to increase. The reduction of maximum dielec-
tric constant appeared in BZT with 7.5 mol% zirconium.
Thereafter, more zirconium doping induced the increasing of
maximum dielectric constant again. The increasing of max-
imum dielectric constant reached maximum value in
BZT12.5 thereafter, it decreased in BZT15. The maximum
dielectric constant and the loss tangent at Curie point were
listed in Table 1. The value of density and maximum
dielectric constant of BZT in all compositions in this study
were higher when compared to previous works [3,5,7,9]
which indicated that high quality BZT ceramics could be
prepared via the combustion technique.

The transition temperature from orthorhombic to tetrago-
nal structure (7,_,) is obviously observed in BZT2.5, BZTS5.0
and BZT7.5 ceramics. The dielectric peak at 7,_, appeared
broader with increasing zirconium content. From literature
surveyed, by increasing x, T,_, and 7,_ peaks were shifted to
higher temperatures. However, the shifted rate of 7,_,, peak is
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Fig. 1. XRD patterns of Ba(Zr,Ti,_,)O3 ceramics where 0.025 < x < 0.150.

Table 1
The density,T,_, T, maximum dielectric constant (¢;) and dielectric loss (tand) at T, 7, P, and E, of Ba(Zr,Ti;_,)O; ceramics.
x Density (g/cm?) To_ (°C) T. (°C) g at T, tand at T, y P, (uC/cm?) E. (kV/cm)

0.025 5.69 39 108 11,380 0.004 1.32 8.31 2.42

0.050 5.64 50 100 13,770 0.006 1.85 8.36 4.51

0.075 5.61 71 94 9930 0.009 1.95 3.61 2.17

0.100 5.78 - 84 16,540 0.013 1.72 7.27 2.34

0.125 5.86 - 73 19,600 0.015 1.76 6.33 2.11

0.150 5.75 - 66 16,600 0.017 1.90 3.12 1.79

Fig. 2. Temperature dependences of dielectric constant of BZT100x
ceramics where 0.025 < x <0.150.

higher than that of T,_; peak and two peaks were nearly
merged at around x of 0.08 [3]. Therefore, the broadening of
dielectric curve at T,_, is caused from higher diffusive 7,_,
peak by increased amount of zirconium.

The phase transition temperature 7,_, (exhibited at
lower temperature) and 7, (exhibited at higher tempera-
ture) were observed from dielectric loss peak and are listed
in Table 1. To investigate the pinch phase transition
characteristic, the phase transition temperature 7,_, and

Fig. 3. Phase transition temperature 7 and 7, _ as function of zirconium
content x for Ba(Zr,Ti; _ )O3 ceramics.

T, as function of zirconium doping content were plotted
(Fig. 3). It is found that the increase of 7,_ and decrease
of T, showed nonlinear function with increasing zirconium
content. The intersection of T,_, and T, phase transitions
temperature was observed at around 9.4 mol% of zirco-
nium which displays the two phase transition is pinched
into one dielectric peak due to the increased Zr content.
Moreover, the function plotted revealed that the interval
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between T,_; and T, tended to decrease by increasing
zirconium content.

The study of phase transition characteristic exposed the
increase and decrease of maximum dielectric constant and
broadening of dielectric curve in dielectric result. In this
study, BZT with zirconium 0.025 < x < 0.075 showed lower
maximum dielectric constant compared with BZT with
zirconium 0.1 < x <0.15. This can be related to the orthor-
hombic phase influences on dielectric constant. In case of
BZT with 7.5 mol% zirconium, the lowest of maximum
dielectric constant with broadest dielectric curve was exhib-
ited. This may be attributed to the rhombohedral phase being
the highest diffused as exhibited in the XRD result. Max-
imum dielectric constant was enhanced immediately again in
the BZT sample with zirconium content 10 mol% and
reached the highest in BZT with 12.5 mol% zirconium. This
demonstrated that tetragonal phase induces increasing dielec-
tric constant. The reduction of BZT with 15 mol% zirconium
could be speculated by the cubic phase affected.

A diffuse phase transition is generally characterized by the
diffuseness of phase transition (y) which was calculated from
a modified Curie-Weiss law [8]. The y values of the BZT
prepared via the combustion technique are in the range of
1.32 to 1.95 up on zirconium content as listed in Table 1. The
diffuseness was increased when zirconium content increased
and reached its highest diffuseness of 1.95 on BZT7.5. This
result was supported by two reasons. The first one is the
diffusion between T,_, and T,_. arouse diclectric curve to
broader. Another one reason is the reducing of the interval
between T,_, and T, which indicated the phase transition at
T,_. and T, more easily diffused. After reaching the highest
value, the diffuseness decreased in BZT10 and increased
again in BZT12.5 and BZT15. The increment of the y with
increasing zirconium content can be explained by the
diffusive phase transition between ferroelectric to paraelectric
phase. This result is consistent with the XRD result and the
report in literature [5,10,11].

Fig. 4 shows the polarization-electric field characteristics of
BZT ceramics at room temperature. It is found that well-
behaved hysteresis loops can be observed in all compositions
of BZT. The hysteresis loop increasingly swelled with
increasing amount of zirconium from BZT2.5 to BZTS. In
BZT7.5, the altitude of P-E loop was decreased and appears
slimmer as shown in Fig. 4(a). The loop altitude was raised
again in BZT10, and thereafter the altitude and the slope
were decreased with increasing zirconium content (Fig. 4(b)).
The remanant polarization (P;) and the coercive field (E.) of
BZT for all compositions were listed in Table 1. The value of
P, tended to increase as the amount of zirconium then
depreciated for BZT7.5. The remanant polarization was
raised again in BZTI0 thereafter the P, was found to
decrease with increasing zirconium content. The reduction
of P. in BZT7.5 may be due to the diminution of domain
wall mobility caused from the mixing phase of rhombohedral
and orthorhombic phase. In the case of BZTS, although the
diffusion of rhombedral phase did not cause P, to reduce, it
affected the value of E. which showed the highest. For BZT

Fig. 4. P—F hysteresis loop of BZT100x ceramics (a) 0.025 < x <0.075
and (b) 0.10 < x <0.150.

with x > 10, remanent polarization tended to decrease with
increasing zirconium content. This can be explained by the
difference of the radius of Zr*™ and Ti*™ [5]. Moreover, the
procrastination of Curie temperature approaching to room
temperature may cause the decrease of the ferroelectric
characteristic [3].

4. Conclusions

The phase formation, dielectric behavior and ferroelectric
properties of Ba(Zr,Ti;_,)O3; ceramics with 0.025<
x<0.150 prepared via the combustion technique were
investigated. The X-ray diffraction patterns clearly indicated
that the transformation from orthorhombic to rhombohe-
dral, tetragonal or cubic phase is dependent on zirconium
content. The dielectric measurement indicated that, by
increasing the amount of zirconium substituted, 7, _,, T,_¢
and T, phase transition peaks were shifted and the pinched
phase transition occurred in BZT with zirconium content
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~9.4 mol%. The lowest and the highest maximum dielectric
constant were 9930 and 19,600 which were exhibited in BZT
with x=0.075 and 0.125, respectively. The diffusion of
rhombohedral and tetragonal phase influenced on the
decrease and increase of maximum dielectric constant,
respectively. In addition, the diffusion of 7T,_, to T,_;
dielectric peak and T,_, to T. diclectric peak also caused
the reduction in maximum dielectric constant of BZT7.5.
Ferroelectric properties were decreased by the diffusion of
rhombohedral into orthorhombic phase. The result from
XRD investigation, the dielectric behavior analysis and the
ferroelectric results were consistent with each other, and
hence this work demonstrates the potential for the combus-
tion technique in preparing BZT ceramics.
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Effects of sintering temperatures on phase formation, microstructure and the dielectric
properties of near MPB (1-x)BNT-xBT ceramics (x = 0.06 and 0.08) were investigated.
The (1-x)BNT-xBT ceramics were prepared using a combustion technique. The phase
purity, crystal structure and microstructure of the samples were examined using X-ray
diffraction (XRD) and scanning electron microscopy (SEM). Pure perovskite, which
consists of rhombohedral and tetragonal phases, was found in the samples sintered
below 1200°C. The average grain size tended to increase with increased sintering
temperature. The density and the dielectric constant at room temperature increased
with increasing sintered temperature up to 1200°C, thereafter they decreased. The
ceramic composition with x = 0.08 exhibited the highest density (~ 5.80 g/cm?®) and
dielectric constant (~ 2829).

Keywords Phase formation; microstructure; dielectric properties; BNT-BT

1. Introduction

Bismuth sodium titanate [(BiosNag5)TiO3; BNT] is a kind of perovskite-type ferroelectric,
that has been considered to be a good candidate for lead-free ceramics because of their
relatively large remnant polarization (P, = 38 1£C/cm?) at room temperature, high Curie
temperature (T, = 320°C) and high coercive field (E. = 7.3 kV/mm) [1-3]. It has been
reported that BNT experiences two phases transition: from a ferroelectric rhombohedral
phase to an antiferroelectric tetragonal phase and from an antiferroelectric tetragonal phase
to a paraelectric cubic phase, resulting in a maximum dielectric constant [2, 4]. To im-
prove its properties, several solid solutions of BNT with BaTiO3 (BT), SrTiO3 (ST), and
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CaTiO3 (CT) etc, have been investigated [4-9]. The addition of BT to BNT improves the
piezoelectric and dielectrics properties. Furthermore, the ceramics exhibit a lower coercive
field (Ec) and larger remnant polarization (P;) [5-12]. Chenggang Xu et al. prepared (1-
X)(BipsNag5) TiO3-xBaTiO3; (1-x)BNT-xBT (0 < x < 0.12) ceramics by a conventional
solid reaction method. A morphotropic phase boundary (MPB) existed at 0.06 < x <
0.10. The ceramics with x = 0.06 exhibited optimum piezoelectric properties: d33 = 155
pC/N and k, = 36.7%. The dielectric constant at room temperatures gave a maximum
value of 1099 at x = 0.08 [12]. (1-X)BNT-xBT (x = 0-0.10) powders were synthesized by
the emulsion method. The prepared emulsion was sprayed into kerosene heated at 170°C.
Powder was derived from the emulsion after filtering and drying at 120°C in an oven. The
emulsion-derived powder was calcined in the temperature range of 400-800°C for 2-4 h.
and sintered at 1150-1200°C for 2-4 h. The powders, consisting of uniform and fine pre-
liminary particles of about 50 nm, were obtained. The dielectric constant at 1 kHz and the
piezoelectric constant ds3 attained maximum values of 1840 and 174 pC/N, respectively,
when x = 0.08, while the electromechanical coupling factor k, exhibited the maximum
value of 0.28 when x = 0.06 [11]. It is well known that ceramics which are synthesized by
wet chemical synthesis can provide homogenous nano-sized oxides of high purity at lower
reaction temperatures but they require high cost starting materials and they are intricate
and complicated [2, 11]. The solid state reaction method requires high temperatures and
the resulting powders exhibit many undesirable characteristics such as: large particle size
and wide particle size distribution [5, 12].

Recently, interest has been shown in the combustion method because it helps to decrease
the temperature in the preparation and results in an ultra-fine 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 [13-16]. Thus, in this work, (1-x)(BigsNags)TiO3-xBaTiOs. (1-X)BNT-xBT
where x = 0.06 and 0.08 ceramics were prepared via the combustion method. The phase
formation, microstructure and dielectric properties of the resulting ceramics were also
investigated.

2. Experimental

(1-xX)BNT-xBT where x = 0.06 and 0.08 ceramics were synthesized by the combustion
method. Reagent-grade oxide and carbonate powders of Bi, O3, Na,CO3, BaCOj3 and TiO,
were used as starting materials. The (1-x)BNT-xBT powders were prepared separately
and then blended together. To prepared the BNT powders [15], Bi»O3, Na,COg, and TiO,
were weighed and mixed by ball-milling in ethanol for 24 h. After drying, the powders
were mixed with glycine as a fuel, and then calcind at 650°C for 2 h. BT powders were
also prepared from raw materials of BaCO3; and TiO, under the same condition then
mixed with urea as a fuel. The mixed powders were calcined at 1200°C for 4 h [16].
The (1-x)BNT-xBT powders were then weighed and blended according to the formula
(1-x)BNT-xBT where x = 0.06 and 0.08. After ball-milling in ethanol for 24 h and drying,
the blended powders were die-pressed into discs of 10 mm in diameter and 1-2 mm in
thickness. The small disc samples were sintered at 1050-1200°C for 2 h. The crystalline
phase of the calcined and sintered samples was identified by X-ray diffractometer (XRD).
The microstructure evolution was observed using a scanning electron microscope (SEM).
Density was measured by the Archimedes method with distilled water. Dielectric properties
were investigated using an LCR meter.
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3. Results and Discussion

The structural phase of the pure BNT calcined powder indexed in a rhombohedral phase,
while the pure BT calcined powder indexed in a tetragonal phase. This matched with JCPDS
file number 36—0340 and 03-0725, respectively and are shown in Fig. 1(1) and (11) [17, 18].
The structural phase of (1-x)BNT-xBT ceramics with x = 0.06, indexed as the mixed phase

Figure 1. XRD patterns of (I) BNT powder, (1) BT powder and (1-xX)BNT-xBT ceramics with (I11)
x = 0.06 sintered at 1050°C, (V) x = 0.06 sintered at 1100°C, (V) x = 0.06 sintered at 1150°C, (V1)
x = 0.06 sintered at 1200°C, (V1I) x = 0.06 sintered at 1210°C, (VI1II) x = 0.08 sintered at 1200°C
and (IX) x = 0.08 sintered at 1210°C; (4#)Ba,BiO4 and (®) BaO4g77Ti.
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between the rhombohedral phase and the tetragonal phase and the purity of the perovskite
phase was found in the samples sintered below 1200°C as seen in Fig. 1(111), (IV), (V) and
(VI). The peaks of Ba,BiO, and BaO4 977 Ti were detected in the sample sintered at 1210°C
(Fig. 1(V11)), which may be due to vaporization of Bi?* and Na?* at high temperature [2,
3]. For x = 0.08, the results were similar with x = 0.06. However, the tetragonality of x =
0.08 (Fig. 1(VIII) was higher than x = 0.06 and only the impurity phase of Ba,BiO, was
detected when sintering temperature was higher than 1200°C as shown in Fig. 1(1X).
Figure 2 shows the SEM micrographs of (1-x)BNT-xBT ceramics with x = 0.08 at
various sintered temperatures. These ceramics exhibited a square or rectangular shape
which was similar to previous works [9, 11]. At low sintering temperature, many distinct

Figure2. The SEM micrographs of (1-x)BNT-xBT ceramics with x = 0.08: (a) sintered at 1050°C,
(b) sintered at 1100°C, (c) sintered at 1150°C, (d) sintered at 1200°C and (e) sintered at 1210°C.
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Table 1
Average grain size, density, linear shrinkage, and dielectric properties at room temperature
of (1-x)BNT-xBT ceramics with x = 0.06 and x = 0.08

Sintering Average Linear Dielectric Loss
temperature grain size Density shrinkage constant factor
X (°C) (um) (g/cm3) (%) at Tr at Tr
0.06 1050 1.15 5.46 5.50 1401 4.80
1100 1.51 5.57 10.2 1574 1.60
1150 1.63 5.74 14.8 1768 0.60
1200 2.78 5.79 15.8 2383 0.12
1210 6.09 — — — —
0.08 1050 1.04 5.58 6.2 1526 7.20
1100 1.41 5.68 12.1 2049 1.20
1150 1.60 5.78 15.1 2307 0.10
1200 2.90 5.80 16.1 2829 0.08
1210 5.10 — — — —

pores occurred in the samples (Fig. 2(a) and (b)). When the sintering temperature increase
up to 1200°C (Fig. 2(c) and (d)), the porosity markedly decreased and the average grain size
slightly increased. The increase of sintering temperature significantly promoted the grain
growth and microstructure densification [3]. However, at a sintering temperature above
1200°C, the grain uniformity decreased and began to melt (Fig. 2(e)) which supported the
XRD result. These results were similar to the (1-x)BNT-xBT ceramics with x = 0.06. The
average grain size determined with the linear intercept method is summarized in Table 1.
The average grain size increased with an increase sintering temperature. At the same
sintering temperature, the average grain size of (1-x)BNT-xBT ceramics when x = 0.08
was smaller than x = 0.06.

The density and linear shrinkage of all the ceramics increased with an increase in
sintering temperatures, up to 1200°C and then decreased with higher sintering temperatures
(Table 1). The density attained a maximum value of 5.79 and 5.80 g/cm® when x = 0.06
and 0.08, respectively. This was observed from the sample sintered at 1200°C. However,
the density of the pellet sintered at 1210°C could not be reported due to its fragility which
corresponded to the SEM result.

Figure 3(a) shows the dielectric constant of (1-x)BNT-xBT ceramics with 0.08 at
various sintered temperatures, measured at 1 kHz. At 1200°C of sintering temperature, the
ceramics exhibited two dielectric anomalies: the lower dielectric peaks Ty (150°C) and the
higher dielectric peaks Ty, (270°C). Ty is the depolarization temperature which corresponds
to the transition from a ferroelectric state to a so-called “anti-ferroelectric” state, while
Tm is the maximum temperature at which ¢, reaches a maximum value and corresponds
to a transition from an “anti-ferroelectric state” to a paraelectric state [9, 11]. At a lower
sintering temperature, the dielectric curves broadened even more and the T4 peaks gradually
disappeared. These linked to the lower crystallinity existed at lower sintering temperatures.
At room temperature (TR), the dielectric constant and loss factor of the ceramics with x =
0.08 increased and decreased with increased sintering temperature (Table 1). The pellets
sintered at 1210°C could not have its dielectric properties measured due to its fragility. The
dielectric properties of the ceramics with x = 0.06 were similar to x = 0.08. At the same
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Figure 3. (a) Dielectric constant of (1-x)BNT-xBT ceramics with x = 0.08 at various sintering
temperatures, measured at 1 kHz and (b) dielectric properties of (1-x)BNT-xBT ceramics with x =
0.06 and x = 0.08 sintered at 1200°C, measured at 1 kHz.

sintering temperature, the dielectric constant at T, and Tr of the ceramics with x = 0.08
was higher than x = 0.06 as seen in Fig 3(b) and Table 1. The dielectric properties results
corresponded with the density and SEM results. The highest dielectric constant and the
lowest loss factor of the (1-x)BNT-xBT ceramics were obtained from the sample sintered
at 1200°C, which should be the proper condition when using the combustion technique. It
should be noted that the dielectric constant at Tg of the ceramics with x = 0.08 obtained
by using the combustion technique (~2829) was higher than the conventional mixed oxide
method (~1099) [12] or the emulsion method (~1840) [11]. These results confirmed that
the combustion technique is a simple method for fabricating high quality (1-x)BNT-xBT
ceramics.
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4. Conclusions

Dense near-MPB (1-xX)BNT-xBT ceramic compositions (x = 0.06 and 0.08) were success-
fully prepared by the combustion technique. The sintering temperature directly affected
the phase formation, microstructure, density and dielectric properties. The optimum mor-
phology, highest density (~5.80 g/cm®), highest dielectric constant (~2829), and lowest
dielectric loss (~0.08) were obtained from the (1-x)BNT-xBT ceramics with x = 0.08
sintered at 1200°C. At higher sintering temperature, the ceramics began to melt and very
fragile ceramics were obtained.
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The 0.996(0.95K.5Nag sNbO5-0.05Li S05)-0.004BiFeO5; (KNN-LS-BF) ceramics were
prepared by the combustion method using glycine as a fuel. The raw materials were
mixed and calcined at various calcination temperatures (650-750°C) with different
dwell time (0.5-3 h). Then, the calcined powders were pressed and sintered at vari-
ous temperatures (1000-1100°C) with 0.5-4 h dwell time. The highest % perovskite
orthorhombic phase was found in powder calcined at 700°C for 1 h. For the sintered
pellets, the orthorhombic structure was found in ceramic sintered at 1075°C for 2 h
using heating and cooling rate of 10°C/min. The SEM photographs showed square or
rectangular morphology. The average grain size increased with the increasing of soak
time. The highest densisty (4.47 g/cn®), maximum dielectric constant (e, = 6180) and
lowest dielectric loss (tans = 0.1) at T, were obtained in the sample sintered at 1075°C
for 3 h. The densest sample showed the P, = 14.3 ;. C/cm® and E. = 20.68 kV/cm at
40 kv/em.

Keywords KNN-LS-BF ceramics; dielectric constant; combustion method

Introduction

Lead-based piezoceramics are widely used because they have excellent piezoelectric prop-
erties. However, because of environmental issues associated with lead, the development
of lead-free piezoceramics has recently attracted much attention. Recently, solid solutions
based on Kys5NagsNbO3 (abbreviation KNN) have increasingly been studied. Because of
its relatively strong piezoelectric properties (d33~100 pC/N) and high Curie temperature
(T¢ ~ 420°C), KNN-based ceramic systems were considered as one of the most promising
candidates for lead-free piezoelectric application [1-4]. The major disadvantage of pure
KNN was the difficulty in obtaining ceramics with good density [5]. The reason is the
evaporation of Na,O and K,O found at high temperature. To obtain satisfactory density
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Figurel. The XRD pattern of KNN-LS-BF powders calcined at various temperatures (650-750°C)
with 0.5-2 h dwell time and heating/cooling rate of 5°C/min.
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Table 1
The % perovskite phase of KNN-LS-BF powders calcined at various conditions

Calcination temperatures (°C) Dwell time (h) % perovskite phase (%)

0.5 80.5

650 1 92.8

2 92.6

0.5 95.8

700 1 90.2

2 84.2

0.5 82.7

750 1 78.1

and electrical properties, number of solid solutions of KNN with ABOj3-type ferroelectrics
perovskite materials such as KNN-LiSbO3; [6] and KNN-LiSbO3-BiFeO3 [7] have been
studied. The solid solution 0.996(0.95KNN-0.05LiSh0O3)-0.004BiFeO3 having good den-
sity and electrical properties has been obtained. Minhong et al. [7] prepared the high
density (>96 %) 0.996(0.95KNN-0.05LiSh03)-0.004BiFeO3 ceramics by solid state reac-
tion. They found that the dielectric constant at Curie temperature, piezoelectric constant ds3
and planar coupling factor k, of the sample sintered at 1100°C for 3 h were 5600, 260 pC/N
and 0.52, respectively. However, the solid state reaction method required high temperature,
the evaporation of Nat, K*, Bi®* and Ni>* was present and a large particle size distribution
was observed.

The combustion route is a simple preparation process of relatively low cost. Obtained
nano-powders can be used for sintering ceramics having high density and excellent electrical
properties. The combustion route also reduces the firing temperatures. That saves energy
and decreases the ion evaporation [8-9]. Thus, the aim of this work was to investigate the
optimum conditions for preparing 0.996(0.95K( 5Nag5NbO3-0.05LiSh03)-0.004BiFeOs;
KNN-LS-BF ceramics by the combustion method using glycine as a fuel. The phase
formation, microstructure, dielectric and ferroelectric properties of the ceramic systems
have also been studied.

Experimental Procedure

The 0.996(0.95K(5NagsNbO3-0.05LiSh0O3)-0.004BiFeO3; KNN-LS-BF ceramics were
prepared by the combustion method using glycine as a fuel. The mixtures of K,COs,
NaCOj3, Nb,Os, LiCO3, Sh,03, Bi,O3 and Fe,O3 powders were ball milled. Zirconia
milling media under ethanol for 24 h was used. Drying was carried out at 120°C. After
sieving, the powders and glycine were mixed in the agate mortar. Then the mixture was
calcined at various temperatures ranging from 650 to 750°C, with the dwell time of 0.5-2 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 80 MPa. The pellets were sintered at vari-
ous temperatures from 1000 to 1100°C for 0.5-4 h. The calcined powders were examined
by room temperature X-ray diffraction (XRD) to identify the phase and find the opti-
mum calcination temperature. The sintered ceramics morphology was imaged by scanning
electron microscopy (SEM). Density of sintered ceramics was measured by Archimedes
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Figure 2. The XRD pattern of KNN-LS-BF ceramics sintered at various temperatures
(1000-1100°C) with 2 h dwell time and heating/cooling rate of 5°C/min.

method. The average grain size was determined by the mean linear intercept method. The
capacitance was measured with a LCR meter. The dielectric constant (¢,;) was calculated
using the geometric area and thickness of the discs. The ferroelectric properties were also
studied.
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Figure 3. The XRD pattern of KNN-LS-BF ceramics sintered at 1075°C with heating/cooling rate
of 10°C/min, for 0.5-4 h.
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Table 2
The % perovskite phase of KNN-LS-BF ceramics sintered at various conditions

Sintering temperature Heating/cooling rate Dwell time % perovskite phase
) 9] (h) (%)
1000 5 2 90.4
1025 5 2 91.6
1050 5 2 92.6
1075 5 2 95.8
1100 5 2 98.0
1075 10 0.5 90.7
1075 10 1 92.2
1075 10 2 100.0
1075 10 3 100.0
1075 10 4 100.0

Results and Discussion

XRD patterns of KNN-LS-BF powders calcined at various temperatures (650-750°C) with
0.5-2 h soak time and heating/cooling rate of 5°C/min are shown in Fig. 1. The second
phase such as NaShOg3, LiSbO3; and K3NbO,4 was found in all samples. The % perovskite
phase was found between 80.5% and 95.8% (Table 1). The highest percent perovskite phase
of KNN-LS-BF powder was 95.8% obtained from powder calcined at 700°C for 0.5 h.
The KNN-LS-BF powder calcined at 700°C for 0.5 h were pressed and sintered at
various temperatures (1000-1100°C) for 2 h with heating/cooling rate 5°C/min. The XRD
patterns of KNN-LS-BF ceramics are shown in Fig. 2. The minor phase of K3sNbO, and
NaSbO3; was obtained for all samples. The percentage of perovskite phase increased with
the increasing of the sintering temperatures (Table 2). The maximum % perovskite phase
of 98.0% was found in the sample sintered at 1100°C, but the pellet showed the irregular
shape due to the high sintering temperature. The sintering temperature of 1075°C was then
chosen for more study. Fig. 3 showed the XRD pattern of KNN-LS-BF ceramics sintered
at 1075°C with heating/cooling rate of 10°C/min, for 0.5-4 h. At the dwell time below 2 h

Table 3
Average grain size, linear shrinkage, density, T, and dielectric properties of KNN-LS-BF
ceramics sintered at 1075°C for various dwell times

Dielectric
properties
atT. (°C)
Sintering Dwell Average grain Linear Density -
temperature(°C) time(h) size (um)  shrinkage(%) (%) T.(°C) & tansd

1075 2 0.68 15.8 96.6 332 3465 0.11
3 1.12 16.5 98.4 325 6180 0.11
4 1.23 17.5 97.7 341 5639 0.20
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Figure4. SEM photographs of KNN-LS-BF ceramics sintered at 1075°C with heating/cooling rate
of 10°C/min for (a) 2 h, (b) 3 h and (c) 4 h.

the minor phase of K3NbO,4 and NaShO3; was detected. However, the samples sintered for
2-4 h were free from the minor phase. The pure orthorhombic phase was obtained. This
indicates that the combustion technique can reduce the sintering temperature and dwell
time compared with the conventional method [7].
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Figureb. (a)the dielectric constant and (b) dielectric loss at 1 kHz for KNN-LS-BF ceramics sintered
at 1075°C. (Color figure available online.)
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Figure 6. The ferroelectric polarization-electric field (P-E) loop of KNN-LS-BF densest ceramic.

SEM photographs of KNN-LS-BF ceramics sintered at 1075°C with heating/cooling
rate of 10°C/min, for 2—4 h are shown in Fig. 4. The grains have mostly rectangle morphol-
ogy. This result was similar to that of the previous work [10]. The grain size increased with
the increasing of dwell time (Table 3). At the 4 h of dwell time, the grain melted together
and large amount of the liquid phase produced a larger grains.

The % of linear shrinkage and % of theoretical density of KNN-LS-BF samples sintered
at 1075°C for 0.5-4 h are presented in Table 3. The % linear shrinkage increased between
15.8% and 17.5 % as the dwell time increased. The theoretical density increased up to
98.4% for the sample sintered for 3 h and then decreased with the rising of dwell time
(Table 3). This may happen due to the expanding of gas in pores and the evaporation of
Na,O and K,O due to the large dwell time. The density was in agreement with the SEM
micrograph result.

The temperature dependence of the dielectric properties at 1 kHz for KNN-LS-BF
ceramics sintered at 1075°C for different dwell times is shown in Fig. 5. The dielectric
constant peak was found at temperature approximately 330°C. This peak can be attributed
to the phase transition from ferroelectric tetragonal to paraelectric cubic. The Curie tem-
perature (T.) was between 325 and 341°C (Table 3). The largest dielectric constant and
smallest dielectric loss at T, were 6180 and 0.11, respectively, obtained for the sample
sintered at 1075°C for 3 h (Table 3). These results are in accordance with the density and
microstructure results. The dielectric properties of KNN-LS-BF ceramic prepared by com-
bustion technique were higher than those produced by conventional method [7]. The results
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prove that the good quality KNN-LS-BF ceramics can be fabricated by the combustion
method.

The ferroelectric polarization-electric field (P-E) loop of the KNN-LS-BF densest
ceramic is shown in Fig. 6. It was found that the shape of the hysteresis loops differed
for the different electric field strengths. At the lower electric fields (10-20 kV/cm), a loop
pinching was observed, which is linked to a preferred orientation of defect dipole in the
materials [4]. At the electric fields higher 30 kV/cm, a well formed symmetric loops were
observed. At the maximum electric fields of 40 kV/cm, the coercive field (E;) and remnant
polarization (P,) of 20.68 kV/cm and 14.30 ,.C/cm? were obtained

Conclusions

The firing conditions for (KNN-LS-BF) ceramics have a strong influence on phase for-
mation, microstructure, density and electrical properties. The pure perovskite phase was
obtained from the sample sintered at 1075°C for 2-4 h. As the dwell time increased, the
grain size became larger. The largest dielectric constant of 6180, the smallest dielectric
loss of 0.1 at T¢, the coercive field (E;) 20.68 kV/cm of and remnant polarization (P;)
14.30 pC/cm? were found for the densest sample (98.4% TD) sintered at 1075°C for
3 h. These evidenced that high-density KNN-LS-BF ceramics could be produce via the
combustion method.
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The 0.998[ 0.95(Ko.5Nag s NbO3—0.05Li ShO3)]-0.002BiNi O3; KNN-LS-BN ceramicshas
been prepared by the combustion technique using glycineasa fuel. A pure orthorhombic
phase was obtained in the powder calcined at 750°C for 0.5 h. For the sintered pellets,
a puretetragonal structure was found in the ceramic sintered at 1100°C for 1-3 h using
heating and cooling rate of 15°C/min. The average grain sizeand linear shrinkage were
increased with the increasing of dwell time. The highest density, maximum dielectric
constant and lowest dielectric loss at T, with a value of 98.4%, 4872 and 0.1 were found
in the sample sintered at 1100°C for 2 h using heating and cooling rate of 15°C/min.

Keywords KNN-LS-BN ceramics; dielectric constant; combustion method;
ferroelectric

Introduction

Due to their excellent piezoelectric properties, lead titanate zirconate (PZT) ceramics have
been widely used in resonators, actuators, transducers and filters and so on, since 1950s
[1-3]. However, the high toxicity of the lead raises environmental concerns. Therefore, it
is necessary to rapidly develop lead-free piezoelectric ceramics with excellent electrical
properties for replacing the lead-based ceramics. Over the past few years, considerable
attentions for lead-free piezoelectric ceramics have been given to the sodium potassium
niobate (KNN) ceramics for their good properties, such as high Curie temperature (T, =
420°C), and good ferroelectric properties (P,=33 nC/cm?) [2, 4]. However, the major
drawback for pure KNN ceramic is the difficulty of obtaining high density. Therefore,
in order to solve the above problems, many recent researches have shown that different
additives in KNN materials, such as LiBO3 (B=Nb, Ta, Sh), ATiO3 (A=Ba, Sr, Ca,
BipsNags), BiMeO3; (Me=Fe, Sc, Al) and Ag(Ta, Sb)Os, prepared by the conventional
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Figurel. The XRD patterns of KNN-LS-BN powders calcined at various temperatures (650-750°C)
with 0.5-2 h of dwell time and heating/cooling rate of 5°C/min.

solid-state reaction, can improve the sintering behavior of KNN, which enhance the piezo-
electric and dielectric properties comparing with the pure KNN [2, 5-8]. Liu et al. [9],
fabricated the (0.94—x)KqsNag sNbO3—0.06LiSbO3—-xBiNiO3 ceramics by the mixed oxide
method using the calcination temperature of 850°C for 6 h. The morphotropic phase
boundary (MPB) was found at x = 0.002 which exhibits the highest piezoelectric properties
(dss = 240 pCIN, k, = 0.42). However, the conventional solid-state route which involves
prolonged firing at high temperatures with intermediate grindings, yielding large coarse
grained micron sized powders and the evaporation of Na*, K+, Bi®+ and Ni?* are obtained.

Recently, the combustion technique has successfully prepared lead-free ferroelectric
ceramics such as, BaTiO3, BaZrOsz, Kgs5Nag5NbO; and KNN-LiShO3-BiScO3 ceramics
[10-12]. It has an uncomplicated, very cheap and it produces a high ultra-fine powder. It
can also fabricate good ceramics with a high density and excellent electrical properties,
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Figure 2. The XRD patterns of KNN-LS-BN ceramics sintered at various temperatures
(1000-1100°C) with 2 h of dwell time and heating/cooling rate of 5°C/min.

Table 1

The % perovskite phase of KNN-LS-BN powders calcined at
various temperatures and dwell time

Calcination
temperature (°C) Dwell time (h) % perovskite phase
0.5 87.6
650 1 88.3
0.5 91.2
700 1 90.1
2 90.1
0.5 100.0
750 1 92.3
2 91.5
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Figure 3. The XRD patterns of KNN-LS-BN ceramics sintered at 1100°C with various heat-
ing/cooling rates for 2 h of dwell time.

which use a lower firing temperature and soak time compared to the conventional method
[11, 13].

Therefore, in the present work, the 0.998(0.95Kq5NagsNbO3_0.05LiSbO3)-
0.002BiNiO3; KNN-LS-BN ceramics were prepared by the combustion method using
glycine as a fuel. The effect of firing conditions on phase formation, microstructure and
dielectric properties of the ceramic systems were closely observed.

Experimental Procedure

The KNN-LS-BN ceramics were prepared by the combustion method using glycine as a fuel.
The mixtures of K,CO3, NaCO3, Nb,Os, LiCO3, Sh,03, Bi,O3 and Ni, O3 powders were
ball milling (zirconia milling media under ethanol for 24 h) and drying was carried out at
120°C. After sieving, the powders and glycine in the ratio of 1:2 were mixed in agate mortar.
Then, the mixture was calcined at various temperatures ranging from 650 to 750°C, dwell
time 0.5-2 h and heating/cooling rate of 5°C/min. The calcined powders were then pressed
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Figure4. The XRD patterns of KNN-LS-BN ceramics sintered at 1100°C using heating/cooling rate
of 15°C/min with various dwell times.

into disks with a diameter of 15 mm at a pressure of 80 MPa. The pellets were sintered
from 1000 to 1100°C for 0.5-3 h with heating/cooling rate of 5-15°C/min. To identify
the phase formed and optimum firing temperatures of KNN-LS-BF powders and ceramics,
the samples were examined by room temperature X-ray diffraction (XRD). The sintered
ceramics morphologies were directly imaged using scanning electron microscopy (SEM).
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. The dielectric constant (e,) was calculated using the geometric
area and thickness of the discs.

Results and Discussion

The XRD patterns of KNN-LS-BN powders calcined at various temperatures (650-750°C)
with 0.5-2 h dwell time using heating/cooling rate of 5°C/min are shown in Fig. 1. At
calcination temperatures below 750°C, second phases such as NaShO3 and LiShO3; were
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Figure 5. SEM photographs of KNN-LS-BN ceramics sintered at 1100°C using heating /cooling
rate of 15°C/min for (a) 1 h, (b) 2 h and (c) 3 h.
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Figure6. (a)the dielectric constantand (b) dielectric loss at 1 kHz of KNN-LS-BN ceramics sintered
at 1100°C using heating/cooling rate of 15°C/min with various dwell time. (Color figure available
online.)

formed due to the temperature is too low. The 100% orthorhombic perovskite phase of
KNN-LS-BN powder was obtained from the sample calcined only at 750°C for 0.5 h dwell
time using heating/cooling rate of 5°C/min (Table 1). With longer than 0.5 h of dwell
time, the minor phases appear again. The combustion technique, compared with mixed
oxide method, can reduce the calcination temperature by about 100°C and decreases the
dwell time by approximately 5.5 h [9]. The lower firing temperature and shorter dwell
time on calcination process could be explained by the decomposition of glycine (fuel). The
energy released from decomposition reaction of fuel speeds up the chemical reaction of
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Table 2
The % perovskite phase of KNN-LS-BN ceramics sintered at various conditions

Sintering Heating/cooling

temperature (°C) rate (°C) Dwell time (h) % perovskite phase
1000 5 2 89.2
1025 5 2 90.2
1050 5 2 90.9
1075 5 2 91.1
1100 5 2 92.9
1100 5 2 92.9
1100 10 2 95.7
1100 15 2 100.0
1100 15 1 100.0
1100 15 2 100.0
1100 15 3 100.0

raw materials which reduces the amount of external energy needed to supply to systems.
Moreover, the liquid phase caused from melting of fuel (melting point of glycine ~260°C)
availed the chemical reaction of raw materials easier [14].

The KNN-LS-BN powder calcined at 750°C for 0.5 h with heating/cooling rate of
5°C/min were pressed and sintered at various temperatures (1000-1100°C) for 2 h with
heating/cooling rate of 5°C/min. The XRD patterns of KNN-LS-BN ceramics are shown
in Fig. 2 Unfortunately, minor phases of NaSbOs, LiSbO3;, K3NbO, and KNbOg and
were obtained in all samples. The percentage of perovskite phase was increased with
the increasing of the sintering temperatures (Table 2). The maximum% of perovskite
phase of 92.9% was found in the sample sintered at 1100°C. Above 1100°C of sintering
temperatures, the pellets were distorted and began melting. The sintering temperature of
1100°C was then chosen for more investigation. Fig. 3 shows the XRD pattern of KNN-LS-
BN ceramics sintered at 1100°C with various heating/cooling rate (5-15°C/min), for 2 h.
When the heating/cooling rate increases, the percentages of perovskite phase are increased
(Table 2). The pure orthorhombic phase is obtained in sample calcined at 1100°C for
2 h with heating/cooling rate of 15°C/min. So, the sintering temperature of 1100°C with

Table 3
The average grain size, linear shrinkage, density, T and dielectric properties of
KNN-LS-BN ceramics sintered at 1100°C with various dwell time

Dielectric
Linear properties at T
Dwell Average grain shrinkage Density Te -
time (h) size (um) (%) g/cm?® (°C) & tan
1 1.42 17.9 4.40 373 4726 0.11
2 1.62 18.0 4.44 370 4872 0.10

3 1.68 19.9 441 368 4249 0.16
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heating/cooling rate of 15°C/min was selected to investigate the optimum dwell time. The
XRD patterns of samples sintered at 1100°C with heating/cooling rate of 15°C/min at
different dwell time (1-3 h) are illustrated in Fig. 4. It can be seen that all samples were
free from impurity phase and the pure orthorhombic was discovered (Table 2).

SEM photographs of KNN-LS-BN ceramics sintered at 1100°C with heating /cooling
rate of 15°C/min, for 1-3 h are shown in Fig. 5. It is clearly seen that the grains exhibit most
rectangular morphology in all samples. This result was similar to the previous work [9,13].
At the 3 h of dwell time, the grain boundaries began to melt and the small grains merge
together to produce a larger grain (Fig. 5(c)). The grain size increases with the increasing
of dwell time (Table 3).

The % linear shrinkage and density of KNN-LS-BN samples sintered at 1100°C with
15°C/min of heating/cooling rate for 1-3 h are shown in Table 3 . The% linear shrinkage
increases with the increasing of dwell time. The highest density of 4.44 g/cm? was found in
sample sintered for 2 h (Table 3). At 3 h of dwell time, the sample obtained 4.41 g/cm? of
density. This may be ascribed to the melting of grain boundary due to the extreme of dwell
time.

The dwell time dependence of the dielectric properties at 1 kHz for KNN-LS-BN
ceramics sintered at 1100°C with 15°C/min of heating cooling rate for 1-3 h is shown in
Fig. 6. The maximum dielectric constant peak exists at temperature of approximately 370°C.
This peak can be attributed to the phase transition from tetragonal ferroelectric to cubic
paraelectric. The Curie temperature (T,) slightly decreased from 373 to 368°C when the
dwell time increased (Table 3). The maximum dielectric constant and minimum dielectric
loss at T, were respectively 4872 and 0.10 obtained from sample sintered at 1100°C for 2 h
(Table 3). The dielectric result corresponded to the density and microstructure of ceramics
results.

Conclusions

The pure perovskite phase was obtained from the sample calcined at 750°C for 0.5 h
which has lower temperatures and shorter dwell time than those synthesized by mixed
oxide method. The effect of sintering conditions has a strong influence on phase formation,
microstructure, density and dielectric properties. The grain size increased as the dwell
time increased. The densest of 4.44 g/cm?, the maximum dielectric constant of 4872 and
minimum dielectric loss of 0.10 at T, were obtained in the sample sintered at 1100°C for
2 h using heating/cooling rate of 15°C/min. These evidenced that high quality KNN-LS-BN
ceramics could be produced via the combustion method.
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The optimization of the preparation condition of single phase LaNig gFeo.403 or LNF by
the combustion technique was examined. The phase formation and the crystal structure
were investigated using X-ray diffraction pattern. The highest percent of the perovskite
phase at 93.5% was exhibited in the sample calcined at 1000°C for 4 h and repeatedly
calcined again at 1200°C for 4 h. A higher than optimum calcination temperature lead
to an occurrence of a secondary phase which included a tiny amount of LayNizOyp.
After being sintered between 1250-1450°C for 2 h, the pure perovskite phase was
obtained from the samples sintered in the range of 1250 to 1350°C while a higher
sintering temperature induced a tiny amount LasNi3O19. Moreover, increasing the sin-
tering temperature affected the crystal structure which changed from rhombohedral
to orthorhombic. The SEM observation revealed that the grain boundaries of sintered
ceramics melted when the sintering temperature was higher than 1300°C. From the
SEM and density investigation, the results proved that the optimum sintering condition
is 1300°C for 2 h. Using the combustion technique, both firing temperature and soaked
time is lower than the conventional method preparation.

Keywords Combustion technique; lanthanum nickel iron; perovskite phase; lattice
parameter

Introduction

The perovskite LaNiggFeg 403 (LNF) is considered a candidate cathode and interconnect
coating material for various intermediate temperature solid oxide fuel cell (IT-SOFC)
systems [1]. Chiba et al. [2] was the first group to investigate LaNixFe; O3 (x = 0.0 -1.0)
and LaNi;_xMyO3_s (M = Al, Cr, Mn, Fe, Co, and Ga) as cathode materials for IT-SOFC.
The results revealed that LaNiggFeg4O3 exhibits the greatest electronic conductivity over
three times greater than the conventional cathode material of Lag gSro2MnQO3. Moreover, its
thermal expansion coefficient is closer to Yttria-Stabilized Zirconia (YSZ) which is widely
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applied to electrolyte materials [3]. So, LaNiggFeo 403 is a promising candidate for the
cathode material of solid oxide fuel cells.

The synthesis methods of preparing LNF perovskite have been investigated and re-
ported by several groups [1-6]. T. Ohzeki et al. [6] investigated the optimization of prepa-
ration conditions of single phase LaNiyFe; _xOj3 using the solid state reaction method. First,
the raw materials were heated between 150 to 1000°C for more than 12 h in air to remove
impurities. Then, they were mixed and calcined at 1100°C for 8 h, then pulverized and
calcined again at 1200°C for 24 h. After being fabricated into a disc shape, the pellets were
sintered at 1400°C for 24 h and annealed at 1400°C for 24 h. After being characterized by
XRD, almost all the diffraction reflections could be indexed as LaAlOz;—type rhombohedral
distorted perovskite. However, minor peaks, which could be indexed as LasNi3O19 or NiO
were observed. The report demonstrates that the impurities could be eliminated by pre-
pared under an O, flow during both the calcining and sintering processes. M. Bevilacqua
et al. [3] examined the effects of three preparation routes on the properties of the prepared
LNF: the glycine—nitrate process (GN), the gel—citrate complexation route (GC) and the
co-precipitation route (CP). The study results suggest that a single perovskite structure with
a low calcination temperature was obtained by the CP route. This preparation procedure
leads to a sample that easily sinters and leads to a fully dense material already at 1200°C.
Although the GC route can produce homogenous powders but the desirable sintering tem-
perature is higher than that of the CP route, while the GN process leads to non homogeneous
materials and needs a high temperature to reach an acceptable phase purity and porosity.

As mention above, LNF can be produced by the solid state reaction route under an O,
flow, but high energy consumption and low quality products are the main problems of this
technique. Whereas the wet chemical route, such as CP, can produce high quality products
with low energy consumption, but these methods require a longer processing time, require
special equipment, and have a complex procedure including a low production rate.

Recently, the combustion technique has become an attractive technique to prepare
perovskite ceramics [7-16]. It is an uncomplicated technique which provides high quality
ceramics. The combustion reaction provides heat that can be effectively applied to the raw
materials. This energy speeds up the chemical reaction of raw materials which reduces the
amount of external energy needed to supply to systems. Moreover, this released energy
obtained high quality products with high homogeneity [11], pure nanocrystalline pow-
ders [12], a high density [13, 14] and good electrical properties [15, 16]. Moreover, firing
temperature highly influences on the phase formation and the microstructure of electroce-
ramics materials. Therefore, the purpose of this study was to synthesize LNF ceramics via
the combustion route. The effect of firing temperature and dwell time on phase formation,
morphology and density of LNF ceramics were also investigated.

Experimental

LaNiggFeq403 ceramics were prepared via the combustion technique using urea as a fuel.
High purity of La,03, NiO and Fe,O3 were stoichiometrically weighed and then mixed
by the ball-milling method for 24 h using ethanol as the milling media. After being dried
and pulverized, urea (CH4N,O) was added to the mixed raw materials and then the mixed
powders were ground and sieved into a fine powder. The mixed powders were calcined
at various calcination conditions such as: 1000°C for 4 h or 8 h, 1100°C for 4 h or 8 h,
including being repeatedly calcined at 1200°C for 4 h. The calcined powder with most
appropriate calcined condition was selected to fabricate pellets of 15 mm in diameter. The
green pellets were subsequently sintered between 1250 and 1450°C with a dwell time of
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Figure 1. XRD patterns of LaNipgFeq4O3 powders calcined at various conditions: (a) 1000°C for
4 h, (b) 1000°C for 8 h, (c) 1100°C for 4 h, (d) 1100°C for 8 h, (¢) 1000°C for 4 h and repeated again
at 1200°C for 4 h, (f) 1100°C for 4 h and repeated again at 1200°C for 4 h, (g) 1000°C for 4 h and
repeated again at 1200°C for 8 h and (h) 1100°C for 4 h and repeated again at 1200°C for 8 h. (Note:
(¢) NiO, () LagNi3O44 and (1) La,0,CO3).

2 h. The crystal structure, phase formation behavior, and optimum preparation condition
of the calcined powders and sintered ceramics were investigated using X-ray diffraction
(XRD). SEM photographs were used to observe morphology, the particle size of powders,
and the grain size of the ceramics. The morphologies of the calcined powders were also
studied by transmission electron microscopy (TEM). The sintered ceramics bulk densities
were determined by the Archimedes method.

Results and Discussion

Figure 1(a)—(d) shows the XRD patterns of powders calcined at various temperatures and
times. It was found that the LNF perovskite initially formed in the sample calcined at
1000°C for 4 h (Fig. 1(a)) (refer to JCPDS file no. 33-711). The impurity NiO (JCPDS
file no.47-1049) was detected. Moreover, the splitting patterns of the (024)/(122) and
(300)/(214)/(018) peaks resembled the diffraction peak of LaNiO3; materials (JCPDS file
no. 33-0711). These results showed that there was insufficient energy diffuse the Fe-ion
into the LNF system. This was because the ionic radius of Fe* (79 pm) is larger than that
of Ni®+ (74 pm). By increasing soaked time to 8 h, the peak intensities of (024)/(122) and
(300)/(214)/(018) diffraction peaks were switched (Fig. 1(b)). This demonstrated that an
increase of LNF perovskite was formed. However, tiny amounts of impurities of NiO still
remained and the percent perovskite phase, which was indicated the relative amounts of
perovskite and impurity phases, slightly increased from 90.4 to 90.6% as listed in Table 1.
Although the calcination temperature was increased up to 1100°C, the impurities of NiO
still appeared. Furthermore, the secondary phases of LayNizO1o (JCPDS file no. 35-1242)
and La,0,CO3 (JCPDS file no. 23-0322) emerged in both samples which had been fired
for 4 and 8 h (Figl(c) and (d)). A perovskite percentage of 73.8 and 82.4% were exhibited
in the samples calcined at 1100°C for 4 h and 8 h, respectively (Table 1).

The powders calcined at 1000°C for 4 h and 1100°C for 4 h were selected to ground
and repeat calcined again in air at 1200°C for 4 or 8 h. The diffraction patterns are shown in
Fig. 1(e)—(h). The splitting of (110/104) peaks and an appearance of a non-splitting (024)
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Table 1
The percent perovskite phase and average particle size of LaNiggFeq 403 powders

Repeated calcination Average particle

Calcination condition condition % perovskite phase size

(nm)
1000°C (4 h) — 90.4 330
1000°C (8 h) — 90.6 370
1100°C (4 h) — 73.8 390
1100°C (8 h) — 82.4 480
1000°C (4 h) 1200°C (4 h) 93.5 560
1000°C (4 h) 1200°C (8 h) 91.5 570
1100°C (4 h) 1200°C (4 h) 88.4 590
1100°C (4 h) 1200°C (8 h) 92.3 670

peak could be explained as a LaAlOs-type rhombohedral distorted perovskite (JCPDS file
no. 33-711) [6]. The small impurity phase of La,0,CO3 was disappeared due to it was
decomposed to La,O3 and CO, at high temperature [17]. However, a tiny impurity of
NiO was detected in all calcined powders. Even though the impurities remained in twice
calcined powders in this work, these impurities are much lower than the LNF ceramics
prepared through the solid state reaction method [6]. The percent perovskite phase has
been calculated and is listed in Table 1. The highest percent perovskite phase of 93.5% was
exhibited in the sample which was calcined at 1000°C for 4 h and calcined again at 1200°C
for 4 h. This prepared condition was selected to be the representative of calcined powders
and were sintered later.

The SEM photographs of LNF calcined powders are shown in Fig. 2. The powders
calcined at 1000°C for 4 h Fig. 2(a), exhibited a spherical particle shape with a porous
agglomerated form. A narrow particle size distribution was observed. When increasing the
calcination temperature to 1100°C, the particles lost their spherical morphology and the
narrow particle size distribution (Fig. 2(b)). This can be attributed by the partially melted
of powders and joined together to nearby particles. The combination of nearby particles
with non symmetry character caused the prepared powders showed an irregular shape with
wide range in a particle size distribution. The morphology of powders calcined at 1000°C
for 4 h and calcined again at 1200°C for 4 h is shown in Fig. 2(c). The photograph reveals
that repeated calcination affects the powders as is exhibited in their irregular shape and the
rapid increase in particle size. The powders calcined at 1100°C for 4 h and calcined again
at 1200°C for 4 h exhibited non-spherical shape and a lot of particles melted and merged
into the grain (Fig. 2(d)). The average particle size of the calcined powders was observed
from the SEM results and is listed in Table 1. The results demonstrated that increasing
calcination temperature, soaked time and an increased number of calcination brought about
an increase of average particle size from 330-670 nm. Fig. 3 shows the comparative TEM
images of powders calcined at 1000°C for 4 h (Fig. 3(a)) and the calcined powders which
were calcined again at 1200°C for 4 h (Fig. 3(b)). In the single calcined image, many fine
particles smaller than 100 nm can be seen. This is unagreeable with the average particle size
observed from SEM photographs. The calcined powders exhibited an agglomerated form
and the agglomerated size was around 400 nm. Which is similar to the average particle size
observed from the SEM results. This observation shows an agglomeration of many fine
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Figure 2. The SEM morphology of synthesized LaNiggFeo403 powders prepared with different
conditions: (a) 1000°C for 4 h, (b) 1100°C for 4 h, (c) 1000°C for 4 h and repeated again at 1200°C
for 4 hand (d) 1100°C for 4 h and repeated again at 1200°C for 4 h.

Figure 3. TEM micrographs of LaNiggFey4Os; powders prepared with different conditions: (a)
calcined at 1000°C for 4 h and (b) calcined at 1000°C for 4 h and repeated again at 1200°C for 4 h.
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Figure 4. X-ray diffraction patterns of LaNig¢Feo 403 ceramics sintered at various temperatures for
2h; ((X) La4Ni3010.

particles effects on average particle size which was observed from SEM photographs. In
the case of the powders which were calcined twice (Fig. 3(b)), A dark zone appeared which
indicate that electron cannot transmitted through the multilayer of the sample. This result
exhibited in all of samples which were twice calcined. This demonstrated twice calcined
process effect an agglomeration increase.

The phase formation of LNF ceramics which were sintered at various sintering tem-
peratures was studied using XRD patterns as shown in Fig. 4. The results indicated that a
pure peroveskite phase was exhibited in all sintered samples. Moreover, it was observed
that the phase formation of the sintered ceramics formed two major groups. The first group
exhibited in samples sintered below 1400°C, the splitting of (110)/(104), (202)/(006) and

Table 2
Average grain size, lattice parameters and density of LaNiggFep4O3 ceramics

Lattice parameters

Sintering temperature a b c Average grain Density
0] 0 0o
(°C) (A) (A) (A) size (nm) (g/cm?®)
1250 5.505 — 6.633 620 4.19
1300 5.512 — 6.637 660 4.61
1350 5511 — 6.633 910 4.25
1400 5.741 7.850 5.213 1130 4.17
1450 5.698 7.884 5.314 1700 4.04

Note: Hexagonal phase lattice constants are used to express the rhombohedral phase.
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Figure5. SEM photographs of surface LaNiggFep O3 ceramics sintered at; (a) 1250°C, (b) 1300°C,
(c) 1350°C, (d) 1400°C and (e) 1450°C.

(300)/(214)/(018) diffraction peaks. This illustrate that the crystal structure are in the rhom-
bohedral phase. This exhibited phase is the same as that of LaNiO3. Moreover, increasing
sintering temperature caused an observable separation of splitting peaks was decreased.
This can be explained the rhombohedral phase was decreased and the orthorhombic phase
slightly enhanced. The next group is the samples sintered between 1400 to 1450°C, in
which the splitting of diffraction peaks disappeared. This indicates the samples exhibited
an orthorhombic phase like LaFeO3. These observations suggest a higher energy require-
ment to diffuse the Fe ion into the LNF system because the Fe ion radius is larger than that
of the Ni. A slight increase of sintering temperature greatly affects which phase is formed
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Figure6. SEM photographs of fracture LaNig sFeg 403 ceramics sintered at; (a) 1250°C, (b) 1300°C,
(c) 1350°C and (d) 1400°C.

in sintered ceramics but it is the small effects on the lattice parameters which are calculated
and listed in Table 2. Moreover, the high sintering temperature also induced a tiny amount
La4Ni3010.

Figure 5 shows the SEM micrographs of the natural surface of LNF samples fired at
different temperatures and these results were used to calculated average grain size as listed in
Table 2. At low sintering temperature (Fig. 5(a)), the sample presents nearby cube shape with
an average grain size of 620 nm. However, the grain description demonstrates an incomplete
grain because there was insufficient energy supplied. Fig. 5(b) shows the morphology of a
sample in which the sintered temperature was increased up to 1300°C. A cube shapes with
an average grain size of 660 nm were exhibited. Although increasing sintering temperature
effected average grain size slight increase but the sharp grain boundary, which indicates
nearly complete grain growth, was exhibited. The grain boundaries were initially melted and
the fusion in the grains was initially begun when the sintering temperature was increased
to 1350°C (Fig. 5(c)). Moreover, the average grain size was greatly increased to 910 nm.
When the sintering temperature was increased up to 1400°C, many small grains merged
to form larger grains and the average grain size increased to 1,130 nm (Fig. 5(d)). This
indicated the large amount of liquid phase was occurred in the samples (melting point of
LaNiggFep403 around 1360°C [18]). This phenomenon produced many large pores. Fig.
5(e) demonstrates how excess energy destroyed the grain boundaries. A lot of grains melted
and platelike grains were exhibited.
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Figure 6 shows SEM microstructures of the fracture surfaces of samples sintered
at various temperatures. Low sintered temperatures brought about an inadequate energy
supply to the sample. Thus the sample grains were weakened and transgranular fractures
were exhibited (Fig. 6(a)). By increasing the sintered temperature up to 1300°C, many
intergranular fractures were observed as shown in Fig. 6(b). This is shows that the grains
are sturdier than the grain boundaries. The intergranular fractures were distinctly observed
when the sintering temperature was increased to 1350°C (Fig. 6(c)). However, a lot of large
pores were observed. Fig. 6(d) demonstrates how an excessive sintered temperature has
melted the grain and resulted in a porous sample.

The measured densities with a variation in sintering temperatures are listed in Table 2.
The density of the ceramics was increased from 4.19 to 4.61 g/cm?® when the sintering
temperatures increased from 1250 to 1300°C, respectively. Thereafter, increasing sinter-
ing temperature decreased density. The density results corresponded with microstructure
investigation which was observed by SEM results. From SEM and density investigation,
the results show that the optimum sintering condition is 1300°C for 2 h. This is a lower
firing temperature with a much shorter soaked time than that required by the solid state
reaction method [6]. Moreover, the pure perovskite phase was exhibited even though the
prepared processes were not under an oxidative atmosphere. These investigations show that
the combustion route is an effective technique to prepared LNF ceramics.

Conclusion

Single phase LaNiggFeo 403 (LNF) ceramics were successfully synthesized using the com-
bustion route. The X-ray diffraction pattern indicated that a higher than optimum firing
temperature and soak time brought about the secondary phases of LasNizOqo. In the cal-
cined process, a highest percent perovskite phase of 93.5% was exhibited in the sample
calcined at 1000°C for 4 h and calcined again at 1200°C for 4 h. High sintering temperatures
created a small impurity phase and transformed the crystal structure from a rhombohedral
to an orthorhombic phase. The single phase of LNF was obtained when sintering between
1250-1350°C for 2 h. The results of morphology and density were consistent with each
other and suggested that the optimum sintering condition is 1300°C for 2 h. The lower
energy supplied and non-oxidative atmosphere in preparation processes demonstrated the
combustion is more economical and more convenient technique compared with the solid
state reaction technique.
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The fabrication of 062[ 0.75Pb(Mg]J3Nb2/3)03-0.25Pb(Yb1/2bez)Og] -0.38PbTi O; ce-
ramics (abbreviated PMN-PYbN-PT) by combustion technique using one step calci-
nation was studied. Glycine was used as fuel to reduce the reaction temperature. The
phase formation, microstructure, density and dielectric properties were investigated. It
was shown that calcination method is more effective than conventional solid state reac-
tion. The crystal structure of PMN-PYbN-PT ceramics exhibited a single rhombohedral
perovskite phase in samples sintered at temperature T < 1200°C. The pyrochlore phase
was found in the samples sintered at 1200°C. The average grain size of the ceramics
increases with increasing sintering temperature. The density and the maximum dielec-
tric constant increases with increasing sintering temperatures up to 1150°C, and then
decreases at higher temperatures. The maximum density (8.04 g/cn®), highest dielectric
constant (19000) and excellent ferroelectric properties (P, ~ 41.05 uClcn? and E, ~
8.1 kV/cm) were obtained for the sample sintered at 1150°C.

Keywords Combustion technique; phase formation; perovskite structure; dielectric
properties; ferroelectric properties

Introduction

Pb(Mg1/3Nby3)O3-based piezoelectric materials attracted considerable attention due to
their high dielectric constant, good ferroelectric properties, and excellent piezoelectric
properties. [1-3]. However, it is difficult to fabricate pyrochlore-free phase PMN-based
ceramic because of the impurity phase of pyrochlore is easily formed in this system. The
formation of pyrochlore phase leads to the deterioration of electrical properties in this
ceramics [4-6].
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To eliminate the pyrochlore phase and improve the electrical properties, E. Akc et al.
[7] investigated the (1—X)[Pb(Mgl/3Nb2/3)03-Pb(Yb1/2Nb1/2)03]—XPbTi03 system. They
found that 0.62[0.75Pb(Mg1/3Nb2/3)03-0.25Pb(Yb12Nby/2)03]-0.38PbTiO3 (PMN-PYbN-
PT) ceramics display a high Curie temperature (T, ~ 200°C) and remarkable electrical
properties, such as good dielectric constant (1500), excellent ferroelectric properties (P, =
36 uClem?, E; = 10 kV/cm) and high piezoelectric dss (560 pC/N) [7]. This ceramic is
a good candidate for applications in microelectronic and micro electromechanical devices
[8-10]. The pyrochlore free phase, PMN-PYbN-PT ceramic, however, was prepared via
conventional method using 6 steps calcination. The synthesis of MgNb,Og (MN), YbNbO4
(YbN) and PbTiO3 (PT) powders was initially performed at 1150°C for 4 h, at 1200°C for
4 h and 800°C for 2 h, respectively. After that, the Pb(Yb1/,Nby/,)O3-PbTiO3(PYbN-PT)
powder and Pb(Mg1/3Nby/3)O03-PbTiO3 (PMN-PT) powder were obtained from the mixture
of YbN powder with PT powder (calcined at 900°C for 2 h) and the mixture of MN powder
with PT powder (calcined at 875°C for 4 h), respectively. Finally, in order to fabricate
pure PMN-PYN-PT ceramic, the PYbN-PT powder and PMN-PT powder were mixed and
sintered at 1000°C for 4 h. This method was complicated and required a lot of time and
energy.

In recent year, we have successfully fabricated pure oxides ceramics such as: Pb(Mg
Nb)O3-PbTiOj3 [6], PbZrOs [11], (Pb Ba)ZrOs [11], BaTiO3 [12], Ba(Ti Zr)O3 [13] and
(Ba Sr) (Zr Ti)O3 [15] by combustion technique. It is simple, low cost and produces high
quality fine powders. This technique involves a self-sustained reaction between the reactant
materials and the fuel (e.g., glycine), which supplies a liquid medium at the beginning of
reaction. The reaction can advance easily because the diffusion coefficients are higher in the
liquid than in solid medium [15]. The combustion technique can usually result in products
with the desired structure and composition, high density and good electrical properties [15].
Therefore, in this work, the pyrochlore free PMN-PYbN-PT ceramics were synthesized by
combustion technique using one-step calcination. The effect of the firing temperatures on
the crystal structure, microstructure, physical and electrical properties was investigated.

Experimental

In the present work, 0.62[0.75Pb(Mg1/3Nb;/3)03-0.25Pb(Yby/,Nb;/,)]03—0.38PbTiO;3
(PMN-PYbN-PT) ceramics were prepared via combustion technique. Starting materials,
PbO (99%), MgNO3.6H,0 (99%), Nb,Os (99%), Yb,03 (99%) and TiO, (99%) were
weighed according to the stoichiometric proportion with excess of 3 wt% of PbO and ball
milled in ethanol for 24 h, using yttrium stabilized zirconia balls in a plastic container, then
dried at 120°C. The powders were mixed with glycine (C,HsNO>) in the ratio of 1:2. The
mixed powders were calcined at various temperatures between 800°C and 1050°C for 2 h.
Thereafter, the PMN-PYbN-PT perovskite powder was milled with 3 wt% of polyvinyl
alcohol (PVA) for 12 h.

After milling, the slurry was dried at room temperature and then the calcined powders
were pressed into pellets 15 mm in diameter at a pressure of 80 MPa. Subsequently, the
pellets were sintered at temperatures from 1050°C to 1200°C with a dwell time of 2 h
in air. The crystalline structure of calcined and sintered samples was examined by X-ray
diffraction (XRD) with Cu-Ka radiation. The microstructure of the powders and surface
of the ceramic pellets were observed by scanning electron microscopy (SEM). The density
of the sintered ceramics was measured by the Archimedes method. The average particle
size and the average grain size were determined by mean linear intercept method. The
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Figure 1. XRD patterns of PMN-PYbN-PT powders calcined at various temperatures for 2 h; (e)
pyrochlore phase (¢) MgO.

dielectric constant was measured by a LCR meter. The ferroelectric hysteresis (P-E) loop
was measured by a computer controlled modified Sawyer-Tower circuit.

Results and Discussion

Figure 1 presents the X-ray diffraction (XRD) patterns of the PMN-PYbN-PT powders
calcined between 800°C and 1050°C for 2 h. The diffraction patterns of the samples
indexed on the basis of a rhombohedral structure are consistent with the previous works
[7]. The impurities of MgO and pyrochlore phase were found at the calcination temperature
below 950°C. The single rhombohedral perovskite phase was observed in the powders,
which calcined at a temperature higher than 950°C. The relative amounts of perovskite
phase were determined by measuring the major XRD peak intensities. The percentage of
the perovskite phase was estimated using the equation:

. Lperov
% Perovskite phase = e x 100 (1)
Iperuv + Ipyrochlore + IMgO

Where Iperov, Lpyrochiore AN Iprq0 refer to the intensity of the (110) perovskite peak and the
intensities of the major impurity peaks, respectively. Equation (1) is well-known and widely
employed in the characterization of complex perovskite materials [11-14]. The percent
of perovskite phase of the PMN-PYbN-PT calcined powders increases with increasing
calcined temperatures, as listed in Table 1. The 100% the perovskite phase was obtained for
the specimen calcined at the temperature of 950°C. The results suggest that the synthesis
of the pure perovskite phase PMN-PYbN-PT powders by combustion technique using one
step calcination at 950°C for 2 h is more convenient, and it is safer than prepared by the
conventional solid state reaction [7]. A lower calcination temperature and the absence of
pyrochlore phase in combustion technique is due to the additional combustion energy and
the liquid phase that is produced by the melting and decomposing of fuel during combustion
process [6, 15].

The pure PMN-PYbN-PT powders obtained by calcination at 950°C for 2 h were
pressed into pellets and sintered at temperatures between 1050°C and 1200°C for 2 h. The
XRD patterns of the obtained ceramics are shown in Fig. 2, indicating that a single perovskite
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Table 1
Percentage of perovskite and the average particle size of PMN-PYbN-PT powders

Calcination temperature (°C) % perovskite phase Average particle size (um)

800 94.7 0.33+£0.11

900 98.2 0.36 £0.13

950 100 0.64 £0.21
1000 100 1.04 +0.25
1050 100 1.18 +0.36

phase was obtained at sintered temperatures from 1050°C to 1150°C. Pyrochlore phase,
however, was observed at sintered temperatures higher than 1150°C. The formation of the
pyrochlore phase was most probably due to the evaporation of PbO [6, 11]. XRD patterns
also showed a phase change from a rhombohedral to tetragonal phase, as the sintering
temperature increases. The transformation between these two structures can be seen in Fig.
2(b), which was obtained at a low scanning rate. As the sintering temperatures increases
from 1050°C to 1200°C, the peak (200)r separates into two peaks of (002)1/(200)t. The
peaks slightly shift toward low angles, indicating an increase in tetragonality.

The SEM photographs of the PMN-PYbN-PT powders calcined at various temperatures
are shown in Fig. 3(a)—(d). The morphology of PMN-PYbN-PT powders exhibit an almost
spherical shape and a porous agglomerated structure. The average particle size of the
PMN-PYbN-PT powders increase with increasing calcination temperatures, as listed in
Table 1.

The microstructure of the PMN-PYbN-PT sintered pellets is shown in Fig. 4(a)—(d).
The grain morphology is non-uniform for all samples. At a low sintering temperature
(1050°C), many pores can be seen (Fig. 4(a)). An increase in gain size and a decrease in

Figure2. XRD patterns of PMN-PYbN-PT ceramics sintered between 1050°C and 1200°C for 2 h:
(e) pyrochlore phase (a) at high scanning rate and (b) at very low scanning rate.



Downloaded by [Theerachai Bongkarn] at 21:05 09 December 2013

Fabrication of 0.62[0.75PMN-0.25PYbN]-0.38PT Ceramics [973]/93

Figure 3. The SEM micrographs of PMN-PYbN-PT powders calcined at (a) 800°C, (b) 900°C, (c)
950°C and (d) 1000°C for 2 h.

porosity were observed when the ceramic was sintered at 1100°C and 1150°C, as shown in
Fig. 4(b) and (c). At the sintering temperature of 1200°C, the ceramic exhibited a rugged
surface, a low porosity and a large grain (Fig. 4(d)). A rugged surface and an increase in
porosity indicate that the grains began to melt as a result of the evaporation of PbO at
high sintering temperatures [6, 7, 11]. The average grain size increases, as the sintering
temperature increases from 1050°C to 1200°C, as listed in Table 2.

Table 2
Average grain size, linear shrinkage, density, T, and dielectric properties of
PMN-PYDbN-PT ceramics

Average
Sintering grain Linear g tané & tan §
temperature size shrinkage  Density Tc at at at at
°C) (um) (%) (g/cm3) (°C) Trom Troom Tc Te
1050 2.88 £1.17 82 7.794+0.08 194.2 2082 0.070 8997 0.018
1100 3.754+0.60 119 7.86+£0.04 191.3 2728 0.035 15357 0.016
1150 3.87 + 148 131  8.04+0.05 188.6 3165 0.014 19325 0.013

1200 3.42+0.84 143  7.88+0.07 186.4 2899 0.032 15357 0.020
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Figure 4. SEM surface micrographs of PMN-PYbN-PT ceramics with different sintering tempera-
ture; (a) 1050°C, (b) 1100°C, (c) 1150°C and (d) 1200°C for 2 h.

The measured linear shrinkage and density of PMN-PYbN-PT samples sintered at
various temperatures are listed in Table 2. The linear shrinkage increases successively from
8.2 to 14.3%, as the sintered temperature increases. The density of the PMN-PYbN-PT
ceramics increases from 7.79 to 8.04 g/cm® with increasing sintering temperature from
1050°C to 1150°C, and then decreases to 7.88 g/cm?® at 1200°C. This may be due to the
distension of trapped gas in the pores [16]. The highest density of 97.5% (theoretical
density) was obtained for the sample sintered at 1150°C. The density measurements were
confirmed by the microstructure results. The density of PMN-PYDbN-PT ceramic prepared
via the combustion technique was higher than that of samples prepared via the solid state
reaction [7].

Figure 5 shows the dielectric constant (e;) of the ceramics measured at 1 kHz as a
function of temperature for the samples obtained at different sintering temperatures. The
temperature dependence of ¢, shows a phase transition from tetragonal ferroelectric phase
to cubic paraelectric phase at the Curie temperature (T.) between ~186°C and ~194°C.
The T, value shifts to a lower temperature, as the sintered temperature increases from
1050°C to 1200°C (Table 2). Both the &, measured at T¢ and Tyoom 0f PMN-PYbN-
PT ceramics increases with increasing sintering temperatures from 1050°C to 1150°C.
Upon further increasing the sintering temperature from 1150°C to 1200°C, the &, values
decreases (Table 2). The value of dielectric loss (tan &) at Tieem, however showed an
opposite trend (Table 2). The decrease of the dielectric constant in the samples that sintered
at high temperatures was due to a large porosity and the presence of pyrochlore impurity.
The dielectric properties are consistent with the density, the microstructure and the XRD
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Figure 5. Temperature dependence of dielectric constant for PMN-PYbN-PT ceramics sintered at
various temperatures and measured at 1 kHz. (Color figure available online.)

results. The maximum &, at Tyoom and at T, of the sample sintered temperature at 1150°C
was higher than that of the samples prepared by the solid-state reaction method (e, at Troom
= 2500 and ¢, at T, = 16500).

Figure 6 shows the P-E loops of the highest density PMN-PYbN-PT ceramics sintered
at 1150°C, measured at 30 kV/cm at room temperature. A slim P-E loop with a coercive
field of Ec~8.1 kV/cm and a high remanent polarization of P,~41.05 C/cm? is obtained.
E. Akc and C. Duran [7] reported lower P, (36 «C/cm?) and higher E; (10 kV/cm) at

Figure 6. Polarization versus electric field at room temperature for the PMN-PYbN-PT ceramics
sintered at 1150°C for 2 h.
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the electric field of 30 kV/cm of PMN-PYbN-PT ceramics synthesized by the solid state
reaction method.

Conclusions

High quality PMN-PYDbN-PT ceramics were obtained successfully by the combustion
method. The firing conditions affect the phase formation, morphology and dielectric prop-
erties of the ceramics. A single rhombohrdral phase of PMN-PYbN-PT powder was ob-
tained at the calcination temperature of 900°C for 2 h. The XRD results evidenced a change
from the rhombohedral to tetragonal phase in the PMN-PYbN-PT ceramics. The content
of tetragonal phase increased as sintering temperature increase. The ceramics sintered at
1150°C for 2 h exhibited the highest density, the highest dielectric constant, the lowest di-
electric loss and excellent ferroelectric properties: 8.04 g/cm?, 19325, 0.013, 41.05 £ C/cm?
and 8.1 kV/cm, respectively. These results confirm that the combustion technique is a con-
venient and economical method of preparing ferroelectric PMN-based ceramics.
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The effects of calcination temperature (500-800°C for 2 h) and sintering temperature
(900-1025°C for 2 h) on the crystal structure and microstructure of perovskite lithium
niobate (LN) ceramics were investigated. The LN ceramics were synthesized using the
solid-state reaction method. The phase formation and microstructure of samples were
examined using X-ray diffraction (XRD) and scanning electron microscopy (SEM), re-
spectively. The XRD results showed a single phase of LN powders which was successfully
obtained using a calcination temperature of 600°C for 2 h with a heating/cooling rate
of 5°C/min. With increased firing temperatures, the lattice parameter a of the calcined
powders and sintered ceramics increased from 5.4912 to 5.4945 A and 5.4952 to 5.5086
A, respectively. The SEM result showed that the average particle size (0.31-0.39 nm)
and the average grain size (0.63-2.81um) increased with the increase of calcination
and sintering temperatures, respectively. The maximum density and dielectric constant
(4.46 g/lcm?® and 754) were obtained from the sample sintered at 1000°C for 2 h.

Keywords Microstructure; crystal structure; LiNbO3; perovskite; ferroelectric

Introduction

Lithium niobate [LiNbO3; LN] is well known as an important ferroelectric material with a
high Curie temperature (T, = 1210°C). It has a rhombohedral symmetry and space group
R3c at room temperature [1, 2]. This material possesses a large number of interesting
characteristics such as: ferroelectric and piezoelectric devices [3-5].

Various techniques such as sol-gel and co-precipitation methods have been used for
preparing LN ceramics [6, 7]. In the recent years, the sol-gel process and the co-precipitation
method have become popular for producing ceramic material with improved compositional
homogeneity and a lower sintering temperature. However, the sol-gel process utilizes ex-
pensive precursors and depends on a critical drying process, whereas the co-precipitation
method is limited by cation solutions with similar solubility constants [8]. On the other
hand, the solid-state reaction method is relatively simple, has a low product cost and is a
suitable method for industries [9-11]. Moreover, from the literature, LN ceramics prepared
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by solid-state reaction have not been studied. Thus, in this work, LiNbO3 ceramics were
prepared by the solid-state reaction method. The effects of calcination and sintering tem-
peratures on the phase formation, microstructure, and dielectric properties of ceramics were
investigated.

Experimental

Lithium niobate [LiNbO3; LN] powders were synthesized using the solid state reaction
method. The raw materials of Li,CO3 (99%) and Nb,0Os (99.5%) were weighed. A thor-
oughly ground mixture of raw materials was ground by a ball milling procedure (zirconia
milling media under ethanol for 24 h). Drying was carried out at 120°C. LN was calcined
between 500°C and 800°C with a dwell time of 2 h and a heating/cooling rate of 5°C/min.
The calcined powders of LN were weighed and mixed with a 2 wt.% binder solution and
reground by ball milling for 24 h. The mixed calcined powders were then pressed into
disks with a diameter of 15 mm at a pressure of 80 MPa. The pellets were sintered between
900°C and 1025°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 optimum formation of
the LN ceramics. The morphological features of the product were imaged using scanning
electron microscopy (SEM). The density of the sintered ceramics was measured by the
Archimedes method. The average grain sizes were determined by using the mean linear
intercept method. The raw data were obtained by measuring the grain sizes over 300 grains.
Silver paste was coated on the discs and fired at 550°C for 5 min to form electrodes. The
dielectric property at room temperature was also observed using a LCR impedance analyzer
(Agilent 4263B).

Results and Discussion

The XRD patterns of LN powders calcined at various temperatures from 500°C to 800°C
are shown in Fig. 1. The crystal structure belonged to a rhombohedral phase (JCPDS file
number 20-0631 [12]). At the calcinations temperature of 500°C, X-ray peaks of raw
materials exhibited the impurity phase of LisCOj at the diffraction angles of 22.61° and
28.23°. When there was an increase of calcination temperatures from 500°C to 550°C,
the impurity phase of LisCOg3 disappeared but the Nb,Os impurity phase appeared at
the 26 rang of 30.30°. Above 550°C, the sample showed a pure perovskite phase. The
percent perovskite phase of LN increased with increased calcination temperature and a
hundred percent of the perovskite phase was found above the calcinaion temperature of
550°C (Table 1). The lattice parameter was calculated first by indexing the diffractogram
according to hexagonal unit cell and the resulting parameters were then converted to the
rhombohedral. The lattice parameter a of all the calcined powders increased from 5.4912
A to 5.4945 A with increased calcination temperatures as listed in Table 1. Fig. 2 shows
the XRD diffraction pattern of LN ceramics sintered at various temperatures from 900°C
to 1025°C. The LN ceramics showed a single-phase perovskite structure in all samples. All
the peaks of the solid solution system were indexed by pattern matching based on JCPDS
file number 20-0631. The lattice parameter a of all the sintered ceramics increased from
5.4952 A to 5.5086 A with increase of sintering temperatures as listed in Table 1. The
increase of lattice parameter a existed in a more strain formed within the atomic entities
in non-equilibrium positions at low calcining temperatures, which relaxed to equilibrium



0T'0 F 06¢€ Sy6Y'S 00T 008

L0S 0°56 o'y L0'0 F18°¢ 980S°G G20T Zro+0.¢€ LE6Y'S 00T 0S.
1472 €96 1A% 900 F 28T Zv0S°S 000T 60°0 F 0¢€ 0€6t°'G 00T 00.
14014 196 St'v L00F2CT 6205°G G/6 0T'0 F 0¢g L26¥°S 00T 0959
€9¢ ¥'56 [47A% 9T 0F 60T 800S°G 056 60°0 F 0TE 2e6v's 00T 009
L€C 9'v6 8ev ST0+G80 8861°S GZ6 TT0F0TE GT6Y°S 096 0SS
181 €¢6 (457 82°0F €90 Zs61°'S 006 L0°0 F 0T€ AN A 6°€6 00s
woody (%) Awsusp  (gwo/6) (w) () (0) (wu) () (%) aseyd (o)
JeJUBISUOD  BAIlR|aY Alisuap dzisureld  eJuslpwesed aineiadwal azis aponued e usleweled  81SAOJad ainjeladwa]
J11199131Q painses|n abelany a%1e Bulisuis abelany ad1eT uoleuIoR)

21WIRI9D PaIsIIS

Jlapmod pauiofe)

sa|dwes N7 JO urISu0d J11393j8Ip pue Alsuap ‘azis ulelh abeiane ‘az1s sjo1lied abelane ‘e siaweled aome| ‘aseyd a11qsAolad Jusdled

Talgel

€702 Joqueaad /0 9g:0T e [ukexfuog reydessay ] ‘[Aisieaun vensareN] Ag papeojumoq

[187]/3



Downloaded by [Naresuan University], [Theerachai Bongkarn] at 10:36 07 December 2013

4/[188] R. Sumang et al.

Figurel. X-ray diffraction patterns of LN powders calcined at various temperatures: (e Nb,Os) and
(* LisCO3).

positions at higher temperatures. Another possible reason may be that the domain mobility
is restricted due to pinning of the domain boundaries by crystal defects [13].

Figure 3(a—d) illustrates the SEM photographs of LN powders calcined at different
temperatures. All the particles consisted of an agglomerated spherical shape and dispersed
spherical shape depending on the calcination temperature. At a low calcination temperature
of 500°C, the particles are agglomerated and had a spherical morphology shape. With
an increase of calcination temperature from 500°C to 800°C, the particles began to lose
their spherical shape. The average particle size increased from 310 nm to 390 nm with
an increase of calcination temperature from 500°C to 800°C and is listed in Table 1. Fig.
4(a—c) exhibits surface morphology micrographs of the LN ceramics sintered at various
temperatures. In general, the grain size has a spherical morphology shape. At a low sintering
temperature (950°C), a number of voids and small flaws existed in the specimen, due to
a loose connection between the LN grains, as seen in Fig. 4(a). These voids and small
flaws were reduced greatly when increasing sintering temperatures from 900°C to 1025°C,
indicating a better connection between the LN grains (Fig. 4(b) and (c)). However, when
the sample was sintered at 1025°C a slump occurred on the grain surface. To investigate the
slump of the sample sinter at high temperature, the cross-sectional micrographs of the LN
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Figure 2. X-ray diffraction patterns of LN ceramics sintered at various temperatures.

were also studied, as shown in Fig. 4(d). The sample was mixing types of fractures, both
inter-granular and intra-granular. At the connection of the grain boundaries, the nucleation
of cavities was observed. This may have been caused by evaporation of Li,O during
sintering at high temperature [1] (Fig. 4(d)). The average grain size increased from 0.63 to
2.81 pum with the increase of sintering temperature as listed in Table 1.

The density of LN ceramics with sintering temperature between 900°C and 1025°C
can be also seen in Table 1. The density and shrinkage increased with increasing sintering
temperatures from 900°C to 1000°C reached a maximum value of 4.46 g/cm® (96.3% of
theoretical density) at 1000°C, and decreased after further sintering at a higher temperature
(1025°C). The density results corresponded to the SEM results. The densification mech-
anisms during treatment in the sintering process related to the grain growth, especially at
the final stage of sintering. The density decreases when the sintering temperature is higher
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Figure 3. Microstructure images of LN powders calcined at various temperatures (a) 500°C
(b) 600°C (c) 700°C and (d) 800°C.

than the optimal temperature. This may be caused by enlarging of the trapped gas in the
pores. The gas-filled pores combined and grew because of the grain growth [14,15].

The dielectric constant (&) at room temperature (Troom), as a function of the sintering
temperatures, is listed in Table 1. The values of dielectric constant with the sintering
temperature is similar to that of the result of density, while the average grain size slightly
increased with increasing sintering temperatures. The result corresponds with the results of
R. Yimnirunetal. [16] which investigated the effect of sintering temperature on densification
and dielectric properties of Pb(Zrg 44 Tip56)O3; PZT ceramics prepared by solid state reaction
method. They explain that the increased of dielectric constant of PZT ceramics depend on
the increase of 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. In this study, the increasing
dielectric constant from 187 to 754 in sintering temperatures up to 1000°C can be related to
the increasing grain size as shown in Table 1. Although the grain size in the sample sintered
at 1025°C also increased, the values of dielectric constant exhibited a decrease from 754 to
507. This may be due to the evaporation of the Li,O during sintering at high temperature
[1] which presents the cavities in the SEM results as seen in Fig. 4(d).
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Figure 4. Surface morphologies of the LN ceramics sintered at (a) 950°C, (b) 1000°C (c) 1025°C
and (d) cross-sectional micrographs of LN ceramics sintered at 1025°C.

Conclusions

Lead free LN ceramics were synthesized by the solid state reaction method. The optimal
calcination and sintering conditions were found to be 600°C for 2 h and 1000°C for 2 h,
respectively. The calcination and sintering temperatures directly affected the phase forma-
tion, microstructure, density and dielectric properties. The lattice parameter a increased
with increasing calcination and sintering temperatures. The average particle size and aver-
age grain size increased with the increase of calcination and sintering temperatures. The
maximum density (o = 4.46 g/cm?) and dielectric constant at room temperature (s, = 754)
were obtained from the sample sintered at 1000°C.
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Lead strontium titanate [ (PbsySrso) TiO3; PST] ceramics were fabricated by the con-
ventional solid state reaction method using calcination and sintering temperatures of
950°C and 1250°C. To prevent PbO evaporation during the firing processes, excess
PbO was added to the samples in varying amounts from 0-10 wt.%. It was found that
PST powders indexed in a tetragonal structure. Impurity phases were detected in the
calcined powders which had excess PbO higher than 3 wt%. A pure perovskite phase
was obtained from all ceramic samples. The lattice parameters a, ¢ and the c/a ratio
decreased with an increasing excess of PbO. The average particle size and the average
grain size increased with the increase of PbO. The porous microstructure slightly de-
creased with an increasing amount of PbO, up to 1 wt.%, then dlightly increased with
higher excess PbO. The density can be improved by adding 1 wt.% of excess PbO. The
dielectric constant increased from 7500 for the 0 wt.% sample to 8300 for the 1 wt%.
This was followed by reductions for 3, 5 and 10wt.%. The Curie temperature and tran-
sition enthalpy dlightly increased with an increase amount of PbO until 1 wt.%, then
slightly decreased, for the higher excess PbO.

Keywords Excess PbO; tetragonality; lead strontium titanate; dielectric properties

I ntroduction

Lead titanate, PbTiO3 (PT), is one of the perovskite-type ferroelectric materials having
useful, unique, properties such as: a high transition temperature (~490°C), an excellent
pyroelectric coefficient and a large spontaneous polarization [1, 2]. However, pure lead
titanate ceramics are difficult to sinter because of their large lattice anisotropy (c/a =
1.064), which makes them break during cooling. By substitution of isovalent (Sr*+, Ca*,
Ba’*t, Cd?*... etc.) or off-valent (Sm+, Gd®*, Y3+ ... etc.) ions into the Pb?* sites, the
lattice anisotropy is reduced, and the sample becomes more dense [3, 4].
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Many researchers have reported that (Pb;_,Sry)TiO3 is an excellent material for use
in microelectric technology, particularly, resonators, filters, and dynamic random access
memory (DRAM) capacitors [5, 6, 7]. (PbosoSros0)TiOs; PST ceramics was successfully
prepared by various techniques such as: complex polymerization [8], coprecipitation [9]
and solid state reaction [10]. The high composition accuracy and homogeneity of PST nano
powders were obtained from the complex polymerization method using a low calcination
temperature of 700°C for 4 h [8]. Lead acetate trihydrate and strontium carbonate were
dissolved in a titanium citrate solution. The mixed citrate polymerization was promoted
by adding ethylene glycol (mass ratio of the citric acid: ethylene glycol = 60:40) to the
mixed solution. PST nano-powders (~10 nm) were successfully obtained by the coprecip-
itation method which had a reaction temperature of 600°C for 1 h. The solution of lead
nitrate, strontium nitrate (with an excess of 25 mol%) and distilled water was dripped into
an oxalatitanic acid solution with constant stirring for 15 min. The microemulsion-derived
precursor was obtained by adding aqueous ammonia to the mixed solution thereby adjusting
the acidity to pH = 1.When preparing PST by solid-state reaction, the calcinations tem-
perature is about 850-950°C for 3-5 h [10, 11]. An average particle size of approximately
300 nm was obtained. The ceramics exhibited a maximum density and maximum dielectric
constant of 94% and 3250.

It is well known that, ceramics which are synthesized by chemical process method-
ologies mostly use raw materials which are costly and entail a complex procedure [12,
13]. The solid state reaction method is simple, has a relatively low cost and provides more
products. However, preparing PST ceramics by conventional methods uses high calcina-
tions temperatures above 850°C. This temperature is higher than the melting point of PbO.
The vaporization of PbO causes lead deficiency which may produce large pores in the
microstructure and have a subsequent effect on densification. The addition of excess PbO
is one of the techniques developed to counteract this problem. For example, the optimum
density of PLZST [12], PBT [14], PBZ [15], PZT [16] ceramics can be improved by the
addition of excess PbO. From a survey of the literature, the effect of excess PbO on PST
ceramics prepared via the solid-state reaction method had not been observed yet. Therefore,
in this work, PST ceramic was prepared by the solid state reaction method. The effect of
excess PbO on the crystal structure, microstructure and dielectric properties of PST was
investigated.

Experimental

(Pbo5Sro5)TiO3 ceramics were prepared by a conventional solid state reaction method
[10]. Commercially available PbO (99%), SrCO3; (98+%) and TiO, (99%) were used as
raw materials. The powders were weighed and mixed well in alcohol using stabilized
zirconia balls for 24 h. An excess of PbO, equivalent to 1, 3, 5 and 10 wt.% was added
prior to ball milling. The calcination was then conducted at 950°C for 2 h. The obtained
powders were pressed at 80 MPa into disks with a diameter of 15.0 mm and thickness of
1.5 mm. Then, the disks were sintered at 1250°C for 2 h.

The crystallite structure of the samples was examined using an X-ray diffractometer
(XRD). The microstructure was observed using a scanning electron microscope (SEM). The
average particle size and average grain size of the powders and ceramics were determined
using the mean linear method. The dielectric constant and the dielectric loss of the ceramics
were measured using an LCR meter (Agilent 4263B). The measuring frequency was 1 kHz.
The Curie temperature was determined by using a differential scanning calorimeter (DSC).
The apparent density of the samples was measured by the Archimedes method.
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Figure 1. XRD patterns of PST (a) calcined powders and (b) sintered ceramics made from starting
powders containing different amounts of excess PbO: (*) PbO, (0) PbO,.

Results and Discussion

The X-ray diffraction patterns of the PST calcined powders are shown in Fig. 1(a). The PST
had a tetragonal structure, which could be matched with the JCPDS file number 06-0452
[17] and earlier reports [5, 18]. A pure perovskite structure was obtained in the powders
containing 0 and 1 wt.% excess PbO. On the other hand, when the excess of PbO was
greater than 3 wt.%, the PbO and PbO, phases were observed. Figure 1(b) shows the XRD
patterns of PST sintered ceramics. In these patterns, no second phase could be found. This
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Figure 2. SEM photomicrographs of the PST calcined powders with excess PbO (a) 0 wt.%
(b) 10 wt.% and the PST sintered surfaces of the ceramics with excess PbO (c) 0 wt.% (d) 1 wt.%
(e) 5 wt.% (f) 10 wt.%.

indicated that the PbO and PbO, phases (impurity phase) that had been formed in the
high excess PbO PST powders were eliminated from the samples by volatilization during
sintering at 1250°C. All of the peaks shifted slightly to a higher angel when compared
to specimens with no excess of PbO, and the shifts are proportional to the amount of the
PbO content. The lattice parameters a, c and the c/a ratio of the PST calcined powders and
sintered ceramics tended to decrease with an increase of excess PbO content as shown in
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Table 1. This result indicated that the addition of PbO caused a phase transformation from
a tetragonal to a cubic phase. The decrease of the tetragonality affected by excess PbO was
similar to our previous work on PBT ceramics with excess lead [19, 20].

The microstructure of PST calcined powders, investigated by SEM, is shown in
Fig. 2(a) and (b). The powders without excess PbO (0 wt.%) exhibited an almost spherical
morphology and a narrow size distribution. The powder changed from a spherical morphol-
ogy to a nearly cubic shape and was more agglomerated with increased PbO content. The av-
erage particle sizes increased from 0.38 to 1.02 xm with increased PbO content from 0 wt.%
to 10 wt.% and are listed in Table 1. Figure 2(c)-(f) reveals the SEM photomicrograph of PST
sintered pellets. It can be seen that the grain exhibits an almost spherical morphology. The
average grain size increased from 0.91 um to 1.55 um when increasing excess PbO from
0 wt.% to 10 wt.% (Table 1). The additional excess PbO combined in the grain boundary
and formed a grain boundary layer, which hindered the grain growth. A porous microstruc-
ture was found on the surface in the samples without PbO content. The porosity decreased
with increasing excess PbO 1 wt.% and increased with further excess PbO higher than
1 wt.%.

The densities of the PST ceramics are listed in Table 1. The density increases with
an increased amount of PbO. It reaches a maximum value at 1 wt.% excess PbO, and
slightly decreases with >1 wt.% excess PbO. The increases and decreases in the densities
of the PST ceramics are due to the decrease and increase in porosity. The rearrangement
of the particles begins most probably at the melting temperature of PbO (890°C) and takes
place rapidly [14]. This process becomes more intense if a sufficient liquid phase is present
to allow an easy rearrangement of the grains. Consequently, the densification should be
proportional to the amount of liquid PbO [13]. In this study, the amount of liquid PbO
was not enough to fill the pores of the sample without excess PbO (0 wt.%), thus forming
the porous microstructure on the surface as shown in Fig. 2(c).The higher densification of
1 wt.% excess PbO decreased the porosity (Fig. 2(d)). However, a large amount of the PbO
liquid phase produced 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, as shown in Fig. 2(e) and (f).

Figure 3. Dielectric constant versus temperature for PST sintered ceramics with different amounts
of excess PbO.



Downloaded by [Theerachai Bongkarn] at 21:03 09 December 2013

104/[984] R. Sumang et al.

Figure4. DSC plots showing the heating of PST grounded pellet samples with different amounts of
excess PbO.

Dielectric constants (1 kHz) vs temperature is shown in Fig. 3. The dielectric properties
of the PST ceramics depend on the excess PbO content. As listed in Table 1, the maximum
value of the dielectric constant (e;, max) measured at T. increases from 7500 to 8300 as
the excess PbO increases from 0 wt.% to 1 wt.%. A further increase in excess PbO, to
10 wt.%, resulted in a drop in the values of ¢, max to 2100. The opposing trend is observed
in the values of the dielectric loss (tan §), which are listed in Tablel. It is well known that,
increased density and decreased porosity are the dominant factors controlling the dielectric
constant [14, 21]. So, the dielectric constant decreased in the sample excess PbO > 1 wt.%
with increasing porosity and decreasing density.

The enthalpy transfer at Curie temperature of the PST ceramics was studied using
DSC measurement, as shown in Fig. 4. The Curie temperature of PST ceramics under-
goes a phase transition from a tetragonal ferroelectric phase (FE) to a cubic paraelectric
phase (PE). It was found that the samples with excess PbO 0 wt.% transformed at 137°C
with a related enthalpy of 0.682 J/g. When the PbO excess was raised to 1 wt.%, the
Curie temperature and the transition enthalpy increased up to a maximum of 145°C and
0.697 J/g. The Curie temperature and the transition enthalpy decreased from 145°C to 130°C
and 0.697 J/g to 0.252 J/g, respectively, with increasing excess PbO from 1 to 10 wt.%.
This indicated that the samples with added excess PbO > 1 wt.% preferred the PE phase.
This result was different from excess PbO in PBT ceramics [19, 20], which preferred the
FE phase when excess PbO was increased from 0 wt.% to 10 wt.%. The structural reason
for this is uncertain at this stage.

Conclusions

The excess of PbO affected phase formation, microstructure, density, porosity, dielectric
constant, and phase transition of the PST ceramics. The addition of PbO caused phase
transformation from a tetragonal to a cubic phase. The particle size and average grain size
increased with an increase of excess PbO. The Curie point and transition enthalpy increased
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with excess PbO 1 wt.%. With >3 wt.% of excess PbO samples, they dropped in the values.
The highest density and maximum dielectric constant was found in excess PbO 1 wt.%.
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I nfluences of Excess Bi,O3 and K,CO3 on Crystal
Structure, Microstructure and Dielectric Properties
of Bismuth Potassium Titanate Ceramics
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AND THEERACHAI BONGKARN?2*

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

%Research Center for Academic Excellence in Applied Physics, Naresuan
University, Phitsanulok, 65000, Thailand

Bismuth potassium titanate [(BiosKos)TiOs; BKT] ceramics were fabricated by the
solid state reaction method using calcination and sintering temperatures of 800°C and
1030°C. To prevent Bi,O; and K,COs5 evaporation during the firing process, excess
Bi, O3 and K,CO; in the ratio of 1:1 were added to the samples in varying amounts
from 0—10 mol%. The XRD results of all sampleswereindexed in atetragonal structure.
The lattice parameters a, ¢ and the c/a ratio tended to decrease with increasing excess
Bi, O3 and K,COs. The average particle size increased while the average grain size
decreased with increasing amounts of Bi,Oz; and K,COs. The porous microstructure
dlightly decreased with an increasing amount of Bi, O3 and K,COgs, up to 1 wt.%, and
then slightly increased with higher amount of excess Bi,O; and K,CO;. The density
(o = 5.75 glem?®), dielectric constant (e, = 5,584) and dielectric loss (tans = 0.76) can
be improved by adding 1 wt.% of excess Bi, O3 and K,COs.

Keywords Bismuth potassium titanate; dielectric constant; excess Bi,Os; excess
K,COg3

Introduction

Considering environmental problems, many researchers have focused on lead-free ceramics.
BigsKosTiO3 (BKT) is one of the most interesting lead-free ferroelectrics. BKT was first
determined by Smolenskii et al. [1-2] in 1961. It has a perovskite-type ferroelectric structure
belonging to a tetragonal crystal system at room temperature and a relatively high Curie
temperature (T, = 380°C). Ivanova et al. [3, 4] reported that the lattice parameters of BKT
ceramics are a = 0.3913 nm, ¢ = 0.3993 nm. It showed uniform spherical particles with
diameters ranging from 100 to 200 nm [5]. The remnant polarization, coercive field and
piezoelectric properties of BKT ceramics are 22.2 C/cm?, 52.5 kV/cm and 69.8 pC/N,
respectively [4, 6].

Various fabrication techniques such as sol-gel [5], sol-gel-hydrothermal [7] and molten
salt [8] have been used to study BKT ceramics. Hou et al. [5] fabricated dense BKT ceramics

Received December 9, 2012; in final form August 25, 2013.
*Corresponding author. E-mail: researchcmu@yahoo.com
[193]/9
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by a sol-gel method. For preparing dry gel, the sol was heated at 70°C for 2 h. A relative
density of more than 90% was obtained from the sample sintered at 1050°C for 2 h. To
improve densification, BKT ceramics were prepared by the sol-gel-hydrothermal method.
The solution of sol-gel-hydrothermal method was selected at 200°C for 48 h in 6 M KOH.
A relative density of 95% was found in the sample sintered at 1050°C for 2 h. However,
the compound also contained very small quantities of K4Ti3Og impurity [7]. Recently,
BKT ceramics were successfully prepared with a relative density above 98% for the sample
sintered at 1070°C for 2 h using the molten salt synthetic method in a KCI medium. Itis well
known that chemical synthesis can provide high purity nanosized powders at lower reaction
temperatures. Unfortunately, they have high material costs and are complicated to prepare
[9-12]. The most fundamental, practical, routine technique which provides more product
is the solid state reaction method. Using the solid state reaction method, the maximum
density (96% of the theoretical density) was obtained from the sample sintered at 1030°C
for 20 h. However, secondary-phase formation of K,TigO;3 and a new Bi-rich ternary
phase due to volatilization during the synthesis of BKT, were observed [6, 13]. The change
in stoichiometry of Bi,O3; and K,CO3 change the properties of the ceramics. Therefore,
in this work some excess Bi,O3 and K,CO3 were added during the batch preparation to
compensate for the Bi,O3 and K,COj3 loss in the samples, which were prepared by the
solid-state reaction method. The effect of the amount of excess Bi,O3; and K,CO3 on the
crystal structure, microstructure and dielectric properties of BKT was also studied.

Experimental

Ceramic compositions of BigsKq5TiO3 were prepared by the solid-state reaction method.
Potassium carbonate (99% K,CO3), bismuth oxide (99% Bi,O3) and titanium oxide (99%
TiO,) powders were used as starting materials. Stoichiometric amount of starting powders
was weighed and ball-milled using a zirconia milling media for 24 h in ethanol. After the
drying process, the mixed powders were calcined from 650°C to 900°C for 2 h to discover
the optimum calcination temperature. The calcined powders were mixed with 4 wt% PVA
binder and then ball-milled again in ethanol for 24 h. Subsequently, the calcined powders
were pressed into disks with a diameter of 15 mm at a pressure of 80 MPa. The disk
samples were then sintered from 1000°C to 1040°C for 2 h to discover the optimum
sintering temperature. In order to compensate for the Bi,O3 and K,CO3 loss during the
process of calcination and sintering, excess BioO3 and K,COj3 in the ratio of 1:1 were
added. The excess Bi»O3; and K,CO3 were subdivided into 0, 1, 2, 3, 4, 5 and 10 wt.% at
calcination and sintering temperatures of 800°C and 1030°C for 2 h. respectively.

The crystalline phase structure of the BKT was analyzed by X-ray diffraction (XRD).
Scanning electron microscopy (SEM) was used to examine the surface morphologies.
Lattice parameters ¢, aand c/aratio were determined from the (001)/(100) and (002)/(200)
diffraction planes obtained by 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
performed using an LCR meter (Agilent 4263B).

Results and Discussion

The XRD patterns of BKT powders calcined at 650°C-900°C for 2 h are shown in Fig.
1(a). The phase structure in all samples is a tetragonal structure, which could be matched
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Figurel. X-ray diffraction patterns of BKT (a) calcined powders and (b) sintered ceramic at various
temperatures: (l K, TizO43) and (e Bi-rich phase).

with JCPDS file number 36-0339 [14]. At calcination temperatures below 800°C, the
impurity phase of K,TigO13 and Bi-rich were found. When the calcination temperatures
were increased above 800°C, the impurity phases disappeared and the samples showed
pure perovskite phase. The percent of the perovskite phase in the sample increased with
increasing calcination temperatures and reached a hundred percent of the perovskite phase
when the calcinaion temperature was above 800°C. Fig. 1(b) shows the XRD patterns of
the BKT sintered ceramics at different sintering temperatures between 1000°C and 1040°C
for 2 h. The sintered pellets showed a pure perovskite phase. The diffraction patterns of
BKT could be indexed with respect to a tetragonal structure. The lattice parameters a and
c of the BKT ceramics were calculated by the following equation:

1 h+k2 2
=t &)
diy a c

The lattice parameters in which a and c decreased while the c/a increased with in-
creasing sintering temperatures, are listed in Table 1. The density and dielectric constant at
T, increased with increasing sintering temperatures from 1000°C to 1030°C and decreased
after being further sintered at a higher temperature (1040°C). The behavior of the dielectric
loss is opposite to the dielectric constant. The highest densities (o = 5.57 g/cm?), maximum
dielectric constant (¢, = 5,113), and lowest dielectric loss (tans = 1.30) were obtained from
the sample sintered at 1030°C, as listed in Table 1. Therefore, the calcination and sintering
temperatures of 800°C and 1030°C, respectively for 2 h were used for the preparation of
the BKT ceramics.

The X-ray diffraction patterns of BKT calcined powders and sintered ceramics, con-
taining differing amounts of Bi, O3 and K,COg3, are shown in Fig. 2(a) and 2(b). The crystal
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Table 1

Lattice parameters a, cand ¢/a, density and dielectric properties of BKT ceramics at various

temperatures

Lattice parameters

Sintering Measured grat  tans at
temperature (°C) a c cla density (g/cmd) T at T,
1000 40080 3.9320 1.0193 5.22 1000 1.35
1010 4.0080 3.9311  1.0195 5.44 1500 131
1020 40029 39262 1.0195 5.52 2250 1.30
1030 40029 39234  1.0202 5.57 5113 1.30
1040 3.9959 39157  1.0225 5.48 4000 2.74

structure of the BKT powder and ceramic samples was a tetragonal phase, which could
be matched with the JCPDS file number 36-0339 [14]. The pure perovskite phase of the
BKT calcined powders and sintered ceramics were obtained in all samples, except for the
sintered ceramic sample with an excess of Bi,O3 and K,CO3 10 wt.%. The impurity phases
of K,TigO13 and Bi-rich were found in this sample. The lattice parameters a, ¢ and c/a
of the sintered ceramic samples tended to decrease with the increase of excess Bi,O3 and
K,CO3 content, as listed in Table 2. These indicated that the increase of excess Bi,O3 and
K,COj3 contents affected the crystal structure.

Figure 2. X-ray diffraction patterns of BKT (a) calcined powder and (b) sintered ceramics made
from starting powders containing different amounts of excess Bi,O3 and K,COs3: (e Bi-rich phase).
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Figure 3. SEM photomicrographs of BKT made from starting with different excess Bi,Oz and
K,COj contents: (a) 0 wt.%, (b) 1 wt.%, (c) 3 wt.% and (d) 5 wt.% of calcined powders.

The SEM photographs of BKT calcined powders with various excess Bi; O3 and K,CO3
contents are shown in Fig. 3(a—d). These powders exhibited an almost spherical morphology
and have a porous agglomerated form. The average particle size increased from 0.23 to
0.29 umwith a slight increase of excess Bi, O3 and K,COj3 (Table 2). Fig. 4 shows the SEM
photographs of BKT sintered ceramics with various excess Bi,O3 and K,CO3 contents. The
grain growth exhibited an almost irregular shape. The average grain size, which decreased
from 0.43 to 0.38 .«m with an increase of Bi, O3 and K,COj3 content, are listed in Table 2. A
porous microstructure was also found on the surface of the samples without (0 wt.%) excess
of Bi»O3 and K,CO5 contents. With the addition of 1 wt.% excess Bi,O3 and K,CO3, the
porosity decreased, due to a liquid phase which formed between the perovskite grains. The
porosity increased with an increase of Bi,O3 and K,CO3 higher than 1 wt.%. This could
be caused by the loss of Bi,O3 and K,CO3 from the compact pellet which increased its
porosity.

The density of BKT sintered ceramics with various excess Bi, O3 and K,CO3 contents
is listed in Table 2. The addition of excess Bi,O3 and K,CO3 contents (1 wt.%) caused the
density reaching a maximum value of 5.75 g/cm? (96.9% of theoretical density), which was
higher than that prepared by the molten salt, sol-gel hydrothermal and sol-gel method [5, 7,
8]. For samples with an excess of bismuth and potassium >1 wt.%, the density decreased,
indicating that the system had over the solubility limit of excess of Bi,O3 and K,COs3 in
the matrix, as seen in Table 2.

Figure 5 shows the temperature dependence of the dielectric constant (g;) of BKT
ceramics at different excess Bi,O3 and K,COj3 contents (measured at 1 kHz). The phase
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Figure 4. SEM photomicrographs of BKT made from starting with different excess Bi,O3 and
K,COjs contents: (a) 0 wt.%, (b) 1 wt.%, (c) 3 wt.% and (d) 10 wt.% of sintered ceramics.

Figure 5. Dielectric constant of BKT ceramics sintered at different amounts of excess Bi,O3 and
K,COs.
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transition temperature is related to the transition from a tetragonal ferroelectric phase (FE)
to a cubic paraelectric phase (PE). At 0 wt.% of excess Bi,O3 and K,COj3 contents, the
FE to PE phase transition occurs at 312°C. The phase transition shifted at a temperature
of 422°C when there was the increase of contents of excess Bi,O3 and K,CO3 (Table 2).
The dielectric constant at the transition temperature increased with increasing excess Bi, O3
and K,CO3 contents. It reached a maximum value of 5,584 at 1 wt.% and then dropped in
value when excess Bi,O3 and K,COj3 contents were higher than 1 wt.% as listed in Table 2.
The dielectric loss at the transition temperature tended to decrease from 1.30 to 0.76 with
increased Bi, O3 and K,COj3 until 1 wt.% and then increased with higher excess Bi,O3 and
K,CO3. When compared dielectric properties of the sample with excess 1 wt.% of excess
Bi,03 and K,COgs in this study with the sample without excess Bi,O3; and K,CO3 of the
previous works [5, 7, 8], it confirmed that the dielectric properties can be improved by
excess of Bi,O3 and K,CO3 1 wt.%. The result of dielectric properties corresponded with
the result from XRD, SEM and density.

Conclusions

Lead free BKT ceramics were synthesized using the solid state method with calcination
and sintering temperature at 800°C and 1030°C, respectively. The excess of Bi,O3 and
K,COj3 affected phase formation, microstructure, density, dielectric properties and Curie
temperature. The lattice parameter a, ¢ and c/a decreased with an increase of excess Bi, O3
and K,CO3 contents. The average particle size increased while the average grain size
decreased with the increase of Bi,O3 and K,COj3 contents. The phase transition shifted
at a high temperature when there was an increase in the contents of excess Bi,O3 and
K,COj3. The porous microstructure slightly decreased with an increased amount of Bi, O3
and K,CO3 up to 1 wt.% then slightly increased with the higher excess Bi,O3 and K,COs3.
The highest density (o = 5.75 g/cm? or 96.9% of relative density) and dielectric properties
at T; (e; = 5,584 and tans = 0.76) were obtained from the sample 1 wt.% excess of Bi,O3
and K,CO3; contents.
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The effects of calcination temperature (600-900°C) and sintering temperature
(1100-1225°C) on the phase evolution, microstructure and dielectric properties of
(Pbo.75Cag.135Mg 08)(Tig.08MNg.02)O3: PCSTM ceramics were investigated. PCSTM pow-
ders were synthesized by the combustion technique. The combustion fuel (glycine) car-
ried out an important role in reducing the firing temperatures and improving the density
and dielectric properties. The pure tetragonal perovskite phase of PCSTM powders
was detected above the calcination temperature of 750°C for all calcined powders. The
tetragonality of PCSTM powders and ceramics tended to decrease with increasing of
firing temperatures, while average particle size and average grain size increased. The
maximum density around 7.43 g/cm® was obtained for the sample sintered at 1150°C
for 2 h. This sample also exhibited the maximum dielectric constant of 7290 and low
dielectric loss about 0.0657 at the Curie temperature.

Keywords  (Pbg.75Cag.13SMg.08)(Tio.esMngo2)O3; microstructure; combustion tech-
nique; dielectric properties

I ntroduction

Lead titanate (PbTiO3) ceramics have attracted attention because of their high Curie tem-
perature of 490°C. They are considered to be good candidates for high-temperature and
high-frequency transducer applications [1, 2]. However, the sintering difficulties may exist
because of the ceramic large lattice anisotropy (c/a = 1.064). To prepare the samples with
high density, the isovalent (Ca?t, Ba?*, Cd?*) or off-valent (Sm3*, Gd®+,Y3+) ions were
placed into the Pb?* sites in order to reduce the lattice anisotropy [3-7]. Such ceram-
ics (Pbg.gg-xCaxSmo og)(Tip.98Mno02)O3 were studied by the solid state reaction method.
They were fabricated at the calcination temperature of 900°C and sintering temperature
of 1200°C for 2 h. Particularly, in the ratio of x = 0.13, the ceramic showed high density
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(~7.21 g/cm?), good dielectric constant (~5000 at T), relatively large electromechanical
coupling coefficient (~0.574) and good piezoelectric properties (~80 pC/N) [8].

In our recent work, the ferroelectric ceramics such as: CaZrOs [9], 0.8(BigsNags)
TiO3-0.2(BipsKo5)TiO3 [10], (Pb1xBay)TiO3 [11], SrZrO; [12], Ba(TiixZrx)Os [13],
(BayxSry)(ZryTi1x)O3 [14] has been successfully fabricated using the combustion tech-
nique. This technique involves a self-sustained reaction between the reactant materials and
the fuel (e.g., urea and/or glycine) which supplies a liquid medium at the start of the reac-
tion. The reaction occurs more easily in the liquid system due to larger diffusion coefficient
in liquid than in solid. Moreover, the system receives a supplemental energy from the
fuel combustion [14, 15]. The obtained ceramics have a high density and good electrical
properties with a low firing temperatures [14-16]. The detailed study of the synthesis and
characterization of (Pbg 75Cag.13Smg.08)(Tio.9sMng.02)O3 ceramics by the combustion tech-
nique have rarely been reported in the literature. Therefore, in this work, preparation of
(Pbg.75Cag.13Smg.08)(Tig.esMng.02) O3 ceramics using the combustion technique was studied.
Effects of the calcination and sintering temperatures on the crystal structure, microstructure
and dielectric properties of (Pbg 75Cag.13SMo 08) (Tip.9 MNg 02) O3 ceramics were investigated
and compared with previous work.

Experimental

The starting materials were commercially available: PbO (99%), CaCO3; (99%), Sm,03
(99%), TIOZ (99%) and MnO, (99%) (Pb0.75caol138m0_03)(Ti0_93Mn0.02)03_ (PCSTM) pPow-
der was prepared using the combustion technique. The mixture of the raw materials was
thoroughly grinded by the 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 were well-
mixed with the fuel (glycine) in the agate mortar. The mixed powders were calcined at
temperatures ranging from 600 to 900°C, with a dwell time of 1 h and a heating/cooling
rate of 5°C/min. The calcined powders were then pressed at the pressure of 80 MPa into
disks with the diameter of 15 mm. The pellets were sintered at 1100 to 1225°C for 2 h
and cooled at the rate of 5°C/min to room temperature. X-ray diffraction was employed
to identify the crystal structure and to find the optimum temperature for preparation of the
PCSTM powder and ceramics. The calcined powders and sintered ceramics morphologies
were imaged using 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 the mean linear intercept method by measuring over 300 particles
and 300 grains. A coat of silver paste, fired at 600°C for 5 min formed the electrodes. The
dielectric properties as a function of the ceramic sintering temperature were measured by
a LCR impedance analyzer.

Results and Discussion

XRD patterns of PCSTM powder calcined at various temperatures are shown in Fig. 1. The
diffraction lines were indexed on the basis of a tetragonal structure matched with JCPDS file
number 43-0303 and corresponded to the previous work [8]. The impurity phases of PbO,
CaCOj; and TiO, existed at calcination temperatures below 750°C. The pure tetragonal
perovskite phase was found above a calcined temperature of 750°C. The percentage of the
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Figure 1. XRD patterns of PCSTM powders at various calcination temperatures for 1 h: (¢) TiO,;
() CaCOg; (v) PhO.

perovskite phase can be calculated by the following equation (1):

. 1
% perovskite phase = ( perov ) x 100 (1)
Iperov + Ipno + Icaco; + ITio,

This equation is a well-know equation widely employed in the preparation of complex
perovskite structure materials [17-19]. Here I,cr00. IPbo, Icaco, and Ir;o, refer to the
intensity of the (101) perovskite peak, and the intensities of the highest PbO, CaCO3; and
TiO, peaks, respectively. The percent of the perovskite phase of PCSTM calcined powders
is shown in Table 1. There was an increase of the phase purity with the increase of the
calcination temperature. The calcination temperature in the combustion method was lower
by approximately 150°C than in the solid-state reaction technique [8]. This suggests that the
combustion technique is an advantageous and efficient method for producing pure powders
and can be considered as an alternative way. The lattice parameter a and ¢ of PCSTM
calcined powders was calculated by the following equation (2):

I W +k> P
d?,  a? c2

@

The data were obtained from the (100), (001), (200) and (002) XRD peaks. The tetragonality,
c/a ratio, has a tendency to decrease as the calcination temperature increases (see Table 1).
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Table 1
The percent perovskite phase, lattice parameters, c/a ratio, average particle size of
PCSTM powder

Lattice parameters

Calcination (A) Average
temperature particle

(°C) % perovskite phase a c c/a ratio size (nm)
600 69.2 3.9191 4.1214 1.0516 150 £ 14
650 88.9 3.9109 4.1056 1.0498 199+ 18
700 98.8 3.9109 4.0989 1.0481 231+24
750 100 3.9109 4.0966 1.0475 310+ 20
800 100 3.9089 4.0855 1.0452 338+12
850 100 3.9088 4.0810 1.0441 454 4+ 18
900 100 3.9047 4.0744 1.0435 812497

The change of the firing temperatures alters the lattice strain producing the change in the
lattice parameters and d spacing [14].

Figure 2(a)—(c) shows the SEM photographs of PCSTM powders at various calcination
temperatures. The powders exhibits an almost similar spherical morphology. The average
particle size of PCSTM powder increases from 150 to 812 nm with the increase of the
calcined temperatures from 600 to 900°C as shown in Table 1.

The powder calcined at 750°C was pressed into pellets and sintered at temperatures
from 1100to 1225°C for 2 h. The XRD patterns of the obtained PCSTM ceramics at different
sintering temperatures are shown in Fig. 3. All ceramic samples showed a single perovskite
tetragonal phase. The lattice parameters a and c as a function of sintering temperatures
are presented in Table 2. The tetragonality of the ceramics tends to decrease with the increase
of sintering temperatures. This result is similar to the calcined powder XRD results. The
XRD reflection peaks become sharper at higher sintering temperatures, indicating larger
crystallization.

The morphological changes of the ceramics as a function of sintered temperatures are
shown in Fig. 2(d-f). The increasing of sintered temperature from 1100 to 1150°C caused
no obvious change in the microstructure except for an increase in the grain size. When the
sintering temperature increased higher than 1150°C, the grain growth became increasingly
active and led to an obvious change in the features of the grains. The grains exhibited the
rectangular morphology, as shown in Fig. 2(f). The average grain sizes increased from 0.79
to 1.76 um when the sintering temperatures increased from 1100 to 1225°C, as shown in
Table 2.

The measured density with a variation of the sintering temperatures is shown in
Table 2. The density increased with increase sintering temperatures, reached the maxi-
mum at 1150°C and dropped at higher temperatures. The maximum density was around
7.43 g/lcm? for the sample sintered at 1150°C for 2 h. The microstructure is related to the
density because the grain growth correlates with the densification mechanisms during the
treatment, particularly during the final stage of sintering [20, 21]. The expansion of trapped
gases in the pores, assembled and grew because of grain growth [20, 21].

The percentage of linear shrinkage in PCSTM samples is listed in Table 2. The tendency
of linear shrinkage as a function of sintering temperature is similar to that of density.
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Figure2. SEM photomicrographs of the powders calcined at: (a) 850°C, (b) 950°C and (c) 1000°C
for 1 h and the pellet surface sintered at: (d) 1100°C, (e) 1150°C and (f) 1200°C, for 2 h.

The linear shrinkage increased and reached its maximum at 1150°C and decreased above
1150°C.

Figure 4 shows the temperature dependence of the dielectric constant (¢;) of PCSTM
ceramics measured at 1 kHz. The dielectric constant curve exhibited a peak between 236
and 248°C as listed in Table 2. This peak can be attributed to the transition from the
tetragonal ferroelectric (FE) to the cubic paraelectric (PE) phase characterized by the Curie
temperature (T,). Atthe Curie temperature, the maximum dielectric constant increased from
5795 to 7290 with the increase of sintering temperatures up 1150°C. Above the optimal
sintering temperature, the dielectric constant decreased. The dielectric loss at T is shown in
Table 2. The dielectric properties are corelated with the density. The samples, which were
sintered at 1150°C for 2 h using the combustion technique, exhibited a high density of about
7.43 g/lcm?® and a high dielectric constant at T, around 7290. The dielectric constant at T, in
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Figure 3. X-ray patterns of PCSTM ceramic sintered between 1100 and 1225°C for 2 h.

Figure4. Temperature dependence of the dielectric constant of PCSTM ceramics measured at 1 kHz.
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this study was higher than that of the samples prepared by the solid state reaction method
[8]. Furthermore, the energy needed for the sintering process of the combustion technique
(1150°C) was lower than that of the solid-state reaction method by approximately 50°C.
This indicated that a liquid medium and the high surface energy produced in the combustion
process resulted in high quality PCSTM ceramics.

Conclusions

PCSTM powders can be successfully prepared by the combustion technique. The pure
tetragonal perovskite phase was obtained at a calcination temperature of 750°C for 1 h.
The PCSTM powders had a porous agglomerated form and spherical morphology. The
maximum density (7.43 g/cm®) and the highest dielectric constant (7290) at 1 kHz were
obtained for the samples sintered at 1150°C for 2 h. The molten-glycine and the combustion
of glycine play an important role in the process. The calcination and sintering temperatures
have a strong influence on the crystal structure, lattice parameters, microstructure and
dielectric properties of the PCSTM samples.
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The effect of sintering temperature (975-1025°C) on crystal structure, microstruc-
ture and dielectric properties of perovskite bismuth potassium titanate (BKT) ceramics
was investigated. The pure BKT ceramics were firstly prepared using the combustion
technique. The phase purity, crystal structure and microstructure of samples were ex-
amined using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The
purity phase of BKT samples, which has a tetragonal structure, was observed in all
samples. The lattice parameters a, ¢ and the tetragonality tended to decrease with in-
creased sintering temperature. The SEM result showed the average grain size increased
(0.37-0.58 wum) with the increase of sintering temperature (975-1025°C). The shrink-
age of the ceramics increased when the sintering temperature increased. The maximum
density and dielectric constant at Curie temperature were around 5.71 g/cm?® and 3850,
and were obtained from the sample sintered at 1020°C for 2 h. Importantly, the prepa-
ration using the combustion technique can improve the density and dielectric properties
of BKT ceramics.

Keyword Combustion technique; bismuth potassium titanate; phase formation; dielec-
tric properties

Introduction

Lead-free materials have attracted considerable attention because of environmental con-
cerns. BipsNagsTiO3-based multi-component solid solution systems have been widely
studied [1, 2], while research on BipsKo5TiO3 (BKT) has rarely been reported [3]. This
is possibly because it is difficult to fabricate high density BKT ceramics due to the high
volatility of the bismuth component at high sintering temperature [4-5]. BKT was first
described by Smolenskii et al. [6] in 1959. It is a perovskite type ferroelectric structure
with a tetragonal crystal system at room temperature. The obtained lattice parameters were
a=3.913 A and ¢ = 3.993 A [7]. It undergoes a phase transition (T.) at about 380°C.
Previous works have reported that BKT ceramics are considered to be a good candidate for
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device applications such as piezoelectric filters, resonators and micro-electro-mechanical
systems [8, 9].

From a survey of the literature, the BKT ceramics have been prepared by the solid
state reaction method [10, 11], the sol-gel method [8, 12] and the sol-gel-hydrothermal
method [5]. Using the solid state reaction method, the maximum density (96% of the
theoretical density) was obtained from the sample sintered at 1030°C for 20-80 h [11]. To
reduce the dwell time, BKT ceramics were fabricated by the sol-gel method [8, 12] and the
sol-gel-hydrothermal method using a sintering temperature of 1050°C for 2 h [5], which
obtained a sintered density of ~95% of theoretical density and a dielectric constant at Curie
temperature ~1100 (at 10 kHz). However, chemical synthesis has high material costs, and
is intricate and complicated to prepare [13-15]. Thus, a technique which has low material
costs and is simple to prepare was required for BKT ceramics fabrication.

Recently, our previous work has successfully fabricated different oxides ceramics
such as: BaZrOz; [16], SrZrOs [17], BaTiO3 [18], CaZrO3; [19], Ba(Tiy.xZrx)O3 [20],
(Bay«Sry)(ZryTi1x)O3 [21] using the combustion technique. This technique involves a
self-sustained reaction between the reactive materials and the fuel which supplies a liquid
medium at the start of the reaction. The reaction can react easily in a liquid system because
the diffusion coefficient is higher than in a solid medium [16, 22]. The combustion tech-
nigue can reduce the dwell time, obtain a high density and has good electrical properties
[16-23]. Moreover, a detailed study of the preparation and characterization of BKT ceram-
ics via the combustion technique has not been reported in the literature. Therefore, in this
work, BigsKosTiO3 (BKT) ceramics were firstly prepared via the combustion technique.
The effect of sintering temperature on the crystal structure, microstructure and dielectric
properties of BKT ceramics was investigated and also compared with previous work.

Experimental

The starting materials were commercially available: K,CO3 (99%), Bi,O3 (99%) and TiO,
(99%). BigsKo5TiO3 (BKT) powders were prepared using the combustion technique, 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 mixture of raw materials and the fuel, glycine, was well-mixed before the
calcination step. The mixed powders were calcined at 850°C, with a dwell time of 2 h and
a heating/cooling rate of 5°C/min. To compensate for the bismuth oxide loss during the
sintering process, excess Bi, O3 content (0.2 weight%) 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. The pellets were sintered at 975 to 1025°C for 2 h and cooled in a furnace. X-ray
diffraction was employed to identify the crystal structure and the optimum temperature
to prepare the BKT ceramics. The sintered ceramics morphologies were imaged using
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. Dielectric constants were also measured by a LCR
meter.

Results and Discussion

The crystal structure of the sintered ceramics was revealed using the XRD technique as
seen in Fig. 1. The diffraction synthesis lines could be indexed on the basis of a tetragonal
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Figure1l. XRD patterns of BKT ceramics sintered between 975 and 1025°C.

structure matched with JCPDS file number 36-0339. The BKT ceramics were identified as
having a single phase in all samples. The lattice parameters a and c of the BKT ceramics
were calculated by the following equation:

2 2 2
et h ®
diy a c

The data for calculation were received from (200) and (002) XRD peaks. The lattice
parameters ¢, a and c/a tended to decrease with the increasing sintering temperatures as
seen in Table 1. The change of sintering temperature affected the lattice strain, which is
determined as the change in the d spacing and the lattice parameters of the samples [24].
This indicated that the sintering temperature affected the crystal structure.

Table 1
Lattice parameters, c/a ratio, average grain size, density and shrinkage of BKT ceramics
Lattice Average Density
Sintered parameters (A) grain
temperature ___ cla size Shrinkage Measured Theoretical
(°C) c a ratio (um) (%) (g/cm?3) (%)
975 4.0081 3.9298 1.0199 0.37 16.5 5.62 94.8
1000 4.0043 3.9286 1.0192 0.40 16.8 5.65 95.3
1010 3.9997 3.9271 1.0184 042 17.0 5.70 96.1
1020 3.9981 3.9258 1.0184  0.47 24.2 571 96.3

1025 3.9968 3.9231 1.0188  0.58 25.0 5.50 92.8
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Figure 2. SEM photographs of BKT ceramics sintered at; (a) 975°C, (b) 1000°C, (c) 1010°C and
(d) 1020°C.

The morphological changes in the BKT surface of the sintered ceramics as a function
of sintering temperature are shown in Fig. 2. The contact points between particles grew into
necks which showed the primary state of sintering at the sintering temperature <1000°C, as
shown in Fig. 2(a). Increasing the sintering temperature up to 1000°C caused little change
in the microstructure except for a slight increase in the grain size. When the sintering
temperature increased above 1000°C and reached its highest at 1020°C, the grain growth
was still slight. At the same time, it was evident that the porosity was also decreased and led
to an obvious change in the features of the grain size. The grain growth exhibited an almost
rectangular morphology, as shown in Fig. 2(c)-(d). The average grain sizes increased from
0.37 to 0.58 um when the sintering temperatures were increased from 975 to 1025°C, as
shown in Table 1.

The percent of shrinkage of the pellet samples increased with the increase of sintering
temperature as shown in Table 1. The measured density with a variation of the sintering
temperature is shown in Table 1. The density first increased and reached its highest at
1020°C then dropped in value when the sintering temperature was higher than 1020°C.
The maximum density was around 5.71 g/cm® or ~96.3% of the theoretical density of
the sintered sample at 1020°C for 2 h. The microstructure corresponded to the density
because the grain growth correlated with the densification mechanisms during treatment,
particularly during the final stage of sintering [25, 26]. The expansion of trapped gases in
the pores assembled and grew because of grain growth [25, 26].
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Figure 3. Temperature dependence of the dielectric constant of BKT ceramics measured at 10 kHz.

Figure 3 shows the temperature dependence of the dielectric constant (g;) of BKT
ceramics which were measured at 10 kHz. The dielectric constant curve exhibited a broad-
ened peak between 358 and 377°C, which listed in Table 2. This peak can be attributed to
the Curie temperature (T.) — the transition temperature from the ferroelectric (FE) to the
paraelectric (PE) phase. The different sintering temperatures had the effect on the change in
Te. It was probable cause by the small change in the lattice parameters and composition. At
Curie temperature, the maximum dielectric constant increased from 1546 to 3850 with the
increase of sintering temperatures up 1020°C. Above the proper sintering temperature, the
dielectric constant decreased as listed in Table 2. The dielectric loss at T, is also shown in
Table 2. The dielectric properties correspond to the density. The excellent samples, which
were sintered at 1020°C for 2 h using the combustion technique, exhibited a high density
about 96.3% of the theoretical density and a high dielectric constant at T, around 3850.
This indicates that a shorter dwell time during the sintering process was obtained using
the combustion technique when compared to the solid-state reaction method, which used
the dwell time for 20 h to prepare the samples with the highest density [11]. Furthermore,
the dielectric properties at T, in this study were higher than the previous works, which
were prepared by the sol-gel method [8, 12] and sol-gel hydrothermal method [5]. This

Table 2

Curie temperature (T.), dielectric constant (&), and loss tangent (tan §) of BKT ceramics
Sintered

temperature (°C) T: (°C) er (at Te) tan § (at T¢)
975 377 1546 0.0548
1000 371 1938 0.0521
1010 362 2189 0.0456
1020 358 3850 0.0545

1025 376 2560 0.0829
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demonstrated that a liquid medium and high surface energy in the calcinations process [21]
resulted in the high quality BKT ceramics.

Conclusions

Pure BKT ceramics with a high density and a high dielectric constant can be obtained suc-
cessfully using the combustion method. The sintering temperatures directly affect crystal
structure, microstructure, density, and dielectric properties of the sintered ceramics. BKT
ceramics were identified as a single phase with a tetragonal perovskite structure in all sin-
tered samples. The average grain size increased with the increase of sintering temperatures.
The maximum densities ~96.3% of the theoretical density and the maximum dielectric
constant of 3850 at T, were received when the ceramics sintered at the optimal temperature
of 1020°C for 2 h.
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The (Pbo75Ban.2s)(Zro70Tio30)O3 (PBZT) ceramics were prepared via the combustion
technique. (CO(NH,),) was used as a fuel. The effect of firing temperature on PBZT's
phase formation, microstructure and electrical properties were investigated. The calci-
nation and sintering temperatures were 600°C-1000°C and 1100°C-1300°C. The pure
rhombohedral perovskite was obtained from the powders calcined at 850°C. The av-
erage particle size tended to increase with increased calcination temperatures. A pure
rhombohedral perovskite phase was found in all pellet samples. The average grain size
and linear shrinkage tended to increase from 0.57 to 2.15 um and from 6.8 to 15.8%
with increased sintering temperatures. The dielectric results indicated the relaxer be-
havior of PBZT ceramics. The Curie temperature tended to decrease with increasing
sintering temperatures. The highest density (~7.39 g/cn®) and highest dielectric con-
stant (~8620) were obtained by using the combustion technique which was higher than
the conventional mixed oxide method.

Keywords Lead barium zirconate titanate; phase formation; microstructure; electrical
properties; combustion technique

Introduction

Lead barium zirconate titanate perovskite ferroelectric ceramics are widely applied in mul-
tilayer capacitors and sensors because of their excellent electrical properties. The structural
phase transitions occurring in these ceramics and their dielectric properties are strongly
dependent on both the Zr/Ti ratio and Ba contents [1, 2]. The dielectric properties of
(Pbg.75Bag 25)(Zro.70 Tio.30)O3 (PBZT) ceramics have been broadly investigated and these
ceramics exhibit relaxer ferroelectrics behavior [3, 4].

In previous works, (Pbg.75Bag.25)(Zro.70 Tip.30)O3 ceramics were successfully prepared
by the conventional mixed oxides method using a calcination temperature of 925°C for 2 h
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and two sintering temperatures of 1250°C and 1300°C [3-6]. This creates problems with the
vaporization of the PbO during firing because of the low melting point of PbO which is about
850°C, and possible lead deficiency which may cause large pores from the microstructure
and have a subsequent effect on densification. The combustion method has much interest; at
present, it helps to decrease the temperature in the preparation and has a small particle size
[7-9]. The combustion technique 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]. Thus, in this work, (Pbg75Bag.25)(Zr0.70Tio.30)O3 (PBZT) ceramics
were prepared via the combustion technique. The effect of firing temperatures on its phase
formation, microstructure, ferroelectric and dielectric properties was investigated.

Experimental

(Pbg.75Bag 25)(Zro.70 Tio.30)O3 (PBZT) was fabricated using the combustion technigue. PbO,
BaCQOg, ZrO, 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 and crushed in an
agate mortar, then calcined between 600°C and 1000°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 pellets with a diameter of 15 mm prior to sintering between 1100°C and 1300°C
for 2 h. The reaction of uncalcined PBZT powders and urea fuel taking place during heat
treatment were investigated by thermogravimetric (TG) and differential thermogravimetric
(DTG). X-ray diffraction (XRD) was performed to examine the phase constitution of the
specimens at room temperature. The microstructures of the PBZT 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. The polarization—electric field (P-E) hysteresis loop,
under 35 kV/cm was obtained using a Radiant Technologies (Version: 4.1.1). Dielectric
measurements were performed using an LCR meter (Agilent 4263B), and the measuring
frequency was 1, 10, 100 and 500 kHz.

Results and Discussion

The TG-DTG curves of the uncalcined powders of PBZT and urea are illustrated in Fig. 1.
From the curve of thermogravimetric analysis, three-stage weight losses were observed.
The first weight loss occurred between 150 and 200°C, corresponding to the endothermic
peak at 181°C in the DTG curve. This phenomenon related to the decomposition reaction of
urea to ammonia, vapor and gasses as shown in the Formula (1) (decomposition temperature
of urea is 135°C [11]). The second weight loss occurred between 300 and 500°C which
corresponds to the endothermic peak at 320, 385, 446°C in the DTG curve. These can be
attributed to the vaporization of water and gas caused by the oxidation-reduction reaction
between ammonia and NO as exhibited in the Formula (2) [10, 12]. The energy was released
from the combustion reaction in these two steps, supplied and accelerated the chemical
reaction of raw materials. The third weight loss occurred above 600°C and corresponded
to the endothermic peak at 800°C in the DTG curve, which is associated with the chemical
reaction between PbO, BaCOs, ZrO, and TiO,. As temperature reached up to 850°C, its
weight loss was reduced to 32.25% of it original weight. This confirms the decomposition
processes of urea (66.66%) following the Formula (1) and (2) and CO, (1.08%), which
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Figure1l. The TG-DTG curves of the uncalcined powders of PBZT and urea.

produced from the chemical reaction of raw materials following the Formula (3) were
existed. These results were used to estimate the calcinations temperature started at 850°C.

CO(NH,) + O — NH3 + CO; + H0 + NO )
NH; + NO — Nz + H,0 + 0, )
PbO + BaCOs3; + ZrO; + TiO, — (Pb0.75Baoizs)(zr0'70Ti0'30)O3 + CO, (3)

The XRD pattern of the PBZT powders at various calcined temperatures are given
in Fig. 2. It was found that the PBZT powders indexed in a rhombohedral structure,
which could be matched with JCPDS file number 73-2022 [13]. The samples calcined
below 850°C impurity phases of PbO, PbO,, TiO, ZrO, ZrO, and BaTiO3; were detected
(Fig. 2). The pure rhombohedral perovskite was obtained from the powders calcined at
850°C. The relative percentage in the perovskite and impurity phases were determined by
measuring the major XRD peak intensities of the perovskite and impurity phases. The XRD
results corresponded with the TG-DTG results. The percentage of the perovskite phase was
estimated by the following equation:

% perovskite phase =

1
< peroy ) x 100 )
Lperov + Ipbo + Ipvo, + Itio + 1zr0 + 170, + IBatioy

This equation is a well-known equation which is widely employed
in the preparation of complex perovskite structure materials [14]. Here
Lperov, IPbos Ipboys Itio Izr0, Izr0,andIgqrio, refer to the intensity of the (110) per-
ovskite peak, and the highest intensities of PbO, PbO,, TiO, ZrO, ZrO, and BaTiOs.
The percent perovskite phase increased with an increase of the calcining temperature as
seen in Fig. 3. It was clearly seen that urea played an important role in reducing calcination
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Figure2. XRD patterns of PBZT powders at various calcinations temperatures; (*) PbO, (&) PbO,,
(#) TiO, (00) ZrO, (¥) ZrO, and () BaTiOs.

temperatures. The calcination temperature of PBZT powders synthesized via the combus-
tion technique, using urea as a fuel was lower than the conventional mixed oxide method
by around 75°C, which is nearly the melting point of PbO. This decreased PbO evaporation
[15]. The SEM photomicrographs of PBZT powders calcined at various temperatures are

Figure 3. The percent perovskite phase of PBZT powders at various calcination temperatures.
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Figure 4. SEM morphology of PBZT powders calcined at (a) 750°C, (b) 850°C, (c) 950°C and
ceramics sintered at (d) 1150°C, (e) 1250°C and (f) 1300°C.

illustrated in Fig. 4(a), (b) and (c). These powders exhibited an almost spherical morphol-
ogy and have a porous agglomerate. The particle size, which is calculated from the cutting
lines in SEM, ranging from 0.25 to 0.58 um. The average particle size tended to increase
with an increased calcination temperatures.

The PBZT powders, using urea as a fuel, calcined at 850°C were pressed into pellets
and sintered between 1100 and 1300°C. Fig. 5 shows the XRD patterns of PBZT ceramics
at various sintering temperatures. A pure rhombohedral perovskite phase was found in
all pellet samples. Fig. 4(d)—(f) shows the microstructure of ceramics at various sintering
temperatures. The grains were nearly spherical in shape. It was found that increasing sin-
tering temperatures helped grain size grow. The average grain sizes increased from 0.57
to 2.15 um (Table 1). A porous microstructure with small grain size was observed in the
PBZT sintered at 1100°C and 1150°C. The increase of sintering temperature significantly
promoted the grain growth and microstructure densification. However, at the sintering tem-
perature above 1300°C, the grain uniformity decreased and small grains at the conjunction
of the grain boundary began to melt.

The shrinkage and density of PBZT sintered ceramics are listed in Table 1. The
shrinkage increased with an increase in sintering temperatures. The density increased with
increasing sintering temperatures, reached a maximum value at 1300°C and decreased after
increasing the sintering temperature. The low density occurring in low sintered temperature
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Figure5. XRD patterns of PBZT ceramics using urea as fuel at various sintering temperatures.

samples was due to the preexisting porosity as seen in Fig. 4(d). The evaporation of PbO
caused the low density in the high sintering temperature samples which related to the grains
melting.

The relationships between polarization and electric field for PBZT ceramics samples
sintered at different temperatures are demonstrated in Fig. 6. A slim-loop characteristic
was found for these samples. The value of P, (the polarization) increased with increasing
sintering temperatures (Table 1). While the value of E. (the coercive field) increased
with sintering temperatures up to 1250°C. The value of E. was reduced when sintering
temperature increased. The hysteresis loop of the ceramics sintered at a low temperature
was immeasurable, which was due to the low resistivity of the samples.

Figure 7 shows the dielectric constant of PBZT ceramics sintered at 1300°C, when
the measuring frequency was 1, 10, 100 and 500 kHz. The dielectric constant decreased
with increasing frequency. The results indicated the relaxor behaviour of PBZT ceramics.
The dielectric constant of PBZT ceramics at various sintering temperature, measured at
1 kHz is shown Fig. 8. The dielectric constant curve of PBZT ceramics is broad at low
sintering temperatures and sharper at higher sintering temperatures. The Curie temperature
(Tc) tended to decrease with increasing sintering temperatures as listed in Table 1. A similar
result has been reported by in PZT, PZ and PBZ ceramics [8,15]. The maximum dielectric
constant increased with increasing sintering temperatures (Table 1). The loss factor at T
tended to decreased with increased sintering temperatures up to 1250°C. and increased after
further sintering at a higher temperature (1300°C). However, when the sintering temperature
was over 1300°C, the PBZT ceramics became very fragile. The highest density, a high
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Figure 6. P-E hysteresis loop of PBZT ceramics at various sintering temperatures, measured at an
electric field of 35 kV/cm.

Figure 7. Dielectric constant of PBZT ceramics sintered at 1300°C as a function of temperatures at
frequencies of 1, 10, 100 and 500 kHz.
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Figure8. Dielectric constant of PBZT ceramics at various sintering temperatures, measured at 1 kHz.

dielectric constant and the lowest loss factor of the PBZT ceramics obtained by using
urea as fuel, at calcinations temperature of 850°C and sintering temperatures of 1300°C,
should be the proper condition using for the combustion technique. The conventional mixed
oxide method uses higher firing temperatures (calcinations at 925°C and two sintering
temperatures at 1250°C and 1300°C), but achieves a lower density (6.8 g/cm®) and lower
dielectric properties (the dielectric constant ~5500 and loss factor ~0.080) [3]. These
confirmed that the combustion technique is simple and inexpensive for fabricating high
quality ferroelectric PBZT ceramics.

Conclusions

The high quality PBZT ceramics were successfully prepared by the combustion technique
using urea as a fuel. The optimum calcination and sintering temperatures were 850°C and
1300°C. They were lower than the conventional mixed oxide method and had a higher
density and greater dielectric properties. The firing temperatures directly affected the phase
formation, microstructure, density, ferroelectric and dielectric properties.
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The effects of calcination temperature (750-1000 °C) and sintering temperature
(1000-1125°C) on phase evolution, microstructure and the dielectric properties of
CaCu3TiyO1, (CCTO) ceramics were investigated. CCTO powders were synthesized
by the combustion technique. The pure cubic perovskite phase of CCTO powders was
detected above a calcination temperature of 950°C and it was also obtained from the ce-
ramics sintered below 1125°C. The lattice parameter a of CCTO powder (7.3829-7.3870
A) and ceramic (7.3721-7.3857 A) increased with the higher firing temperatures. The
increasing of the average particle size and the average grain size of samples was caused
by the increase of firing temperatures. The highest density was ~96% of the theoretical
density, and was obtained from the sample sintered at 1100°C for 2 h. This sample also
exhibited a maximum dielectric constant of approximately 29664 and a low dielectric
loss of about 0.0925. Most importantly, the combustion fuel (glycine) carried out an
important role by reducing the dwell time and improving the density and dielectric
properties.

Keywords CaCuzTisO1p; combustion technique; giant dielectric

Introduction

CaCusTisO;2 (CCTO) [1,2] is a material with a large dielectric constant, a low loss tangent,
and belongs to a family of the type, ACu3TizO1, (where A=Ca or Cd). CCTO was first
reported by Deschanvres et al. in 1967 [2]. It is a non-ferroelectric ceramic with a body-
centered cubic structure at room temperature [3] and exhibits an anomalous high dielectric
constant (~10,000) at 1 kHz [1]. This makes this ceramic an interesting candidate for
technological applications such as: capacitors, resonators, and filters.

CCTO preparation is cumbersome and it is difficult to obtain a high chemical homo-
geneity. CCTO is generally prepared by the conventional solid-state method [4-6]. It is
calcined at a high temperature for long periods (typically 1000-1050°C for 24-48 h) with
repeated intermediate grindings. To reduce the calcination temperature and the dwell time,
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CCTO powders were fabricated by the coprecipitation method [7], which used a calcination
temperature of 900°C for 10 h. Unfortunately, impurity phases were found from both early
reported methods.

To obtain high chemical homogeneity, various methods such as: the conventional
solid-state reaction method [8-10], the microwave synthesis [10], the molten salts method
[11] and the sol-gel method [12-14] have been developed to fabricate CCTO samples.
Using the solid state reaction method, the powder is calcined at 1000°C for 24 h. This
procedure is repeated three times and then the samples that exhibit the dielectric constant
(er) ~10240 at 1 kHz are sintered at the specific temperatures of 1100°C for 3 h [10]. For
the microwave synthesis, the raw materials are calcined at 750°C for 30 min and 800°C
(further repeated three times) for 30 min. Afterward, the samples are sintered at 1100°C
for 3 h to obtain £,~21400 at 1 kHz. Using the molten salts method, the samples are
calcined at 1000°C for 2 h and sintered at 1060°C for 4 h to obtain & ~ 22000 at 1 kHz
[11]. For the sol-gel method, the powder is calcined between 800 and 930°C for 1-6 h and
sintered between 1000 and 1050°C for 4-10 h. These samples show a dielectric constant
~20000-23000 at 1 kHz [12-14]. Although, these initial methods can produce samples
with a high chemical homogeneity [8-14], their procedures are very cumbersome because
of either the preparation at high temperature for long durations (the solid-state reaction
method) or complicated fabrication (the chemical synthesis). Hence, a technique which
is simple and uses low temperatures with a short soaking time was required for CCTO
ceramics fabrication.

Our recent work has successfully fabricated ferroelectric ceramics using the com-
bustion technique [15-18]. This technique involves a self-sustained reaction between the
reactive materials and the fuel (e.g., urea and glycine) which supplies a liquid medium
at the start of the reaction. The reaction can occur easily in a liquid system because
the diffusion coefficient is higher than in a solid medium [17-18]. The obtained ceram-
ics have a high density and excellent electrical properties with a low firing temperature
and a short soaking time [15-18]. Furthermore, the preparation and characterization of
CaCus3TisO1, (CCTO) ceramics, using the combustion technique, have not been reported
in the literature. Therefore, CCTO ceramic was prepared using the combustion technique.
The effect of firing temperatures on the crystal structure, homogeneity, microstructure, and
dielectric properties of the CCTO ceramics was investigated and compared with previous
works.

Materials and M ethods

CaCusTisOy, powder (CCTO) was synthesized using the combustion technique. To prepare
the CCTO powder, the raw materials of CaCOj3 (99%), CuO (99%), and TiO, (99%) were
first weighed. The mixtures of raw materials were ground by a ball milling procedure
(zirconia milling media under ethanol for 24 h). Drying was carried out at 120°C for 4 h.
The raw material powders were well-mixed with the fuel (glycine) in the ratio of 1:2 by
weight before the calcination step. Then, the uncalcined CCTO was calcined at temperatures
ranging between 750 and 1000°C for 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 80 MPa.
The pellets were sintered at 1000 to 1125°C for 2 h and cooled at a rate of 5°C/min to room
temperature in a furnace. X-ray diffraction was employed to identify the crystal structure
and to discover the optimum temperature to prepare the CCTO powder and ceramics. The
morphological features of the samples were imaged using scanning electron microscopy.
The density of the sintered ceramics was measured by the Archimedes method. The average
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grain sizes were determined by using the mean linear intercept method. The raw data was
obtained by measuring the grain sizes over 300 grains. Silver paste was coated on the surface
of the ceramics, fired at 600°C for 5 min to form electrodes. The dielectric properties at
room temperature were also observed by a LCR impedance analyzer.

Results and Discussion

XRD patterns of the calcined powders between 750 and 1000°C for 2 h are given in
Fig. 1(a). The diffraction lines were indexed on the basis of a cubic structure which
matched with JCPDS file number 21-0140 and corresponded to previous works [4-14].
The crystalline phase of CCTO was accompanied with TiO,, CuO and CaTiOs as separate
phases below 950°C. The pure cubic perovskite phase was observed in the powders calcined
at a temperature higher than 950°C. The percent phase purity of the CCTO calcined
powders is listed in Table 1. There was an increase of percent phase purity as a result of
an increase of calcination temperature. This calcination temperature and dwell time were
lower and much shorter than those of the solid-state reaction technique, around 50-100°C
and 22-70 h [4-6, 8-10]. Moreover, the calcination temperature and the dwell time of this
technique were closed to that of the coprecipitation method [7], the microwave synthesis
[10], the molten salts method [11] and the sol-gel method [12-14]. This indicated that the
combustion technique has the ability to produce very pure powders and can be considered
an alternative way to save energy and time. The tendency of lattice parameter a slightly
increased on account of an increase of calcination temperatures as listed in Tablel. These
obtained lattice parameters were similar to the literature values (7.373-7.391 A) [1, 12,

Figure 1. XRD patterns of CCTO (a) powder and (b) ceramic for 2 h; (¥) TiO,; (¢) CuO and (e)
CaTiOs.
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Table 1
The percent perovskite phase, lattice parameter a and average particle size of CCTO
powder
Calcination % perovskite Lattice Average particle
temperature (°C) phase parameter a (A) size (um)
750 83.2 7.3829 0.194+0.05
800 83.4 7.3843 0.24 +0.07
850 93.9 7.3846 0.28+0.12
900 98.8 7.3852 0.37+£0.14
950 100 7.3853 0.73+0.30
1000 100 7.3868 1.13+0.37

19]. The changing of firing temperatures affected the lattice strain that defined the change
in the d spacing and the lattice parameters of the samples [17]. This demonstrated that the
calcination temperatures had an influence on the crystal structure and the phase formation.

Fig. 2(a)—(c) are SEM photographs illustrating morphological changes in the calcined
CCTO powders as a result of calcination temperatures. The particles showed a porous
agglomerated form and similar spherical morphology with a difference in particle size.
The average particle size increased from 0.19 to 1.13 um with an increase of calcination
temperature from 750 to 1000°C, as listed in Table 1.

The powder which was calcined at 950°C was pressed into pellets and sintered from
1000 to 1125°C for 2 h. Fig. 1(b) shows the XRD patterns of CCTO ceramics at different
sintering temperatures. The ceramics that sintered below 1125°C were identified as having
a single phase with a cubic perovskite structure. The peaks of CaTiO3 and CuO were

Figure2. SEM photographs of the powders calcined at: (a) 850°C, (b) 950°C and (c) 1000°C for 2 h
and the pellet surface sintered at: (d) 1000°C, (e) 1100°C and (f) 1125°C, for 2 h.
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Table 2
The percent perovskite phase, lattice parameter a, average grain size, shrinkage and
density of CCTO ceramic

Sintering % Lattice Average Relative
Temperature  perovskite  parameter  grain size % Density  density
(°C) phase a(A) (um) Shrinkage  (g/cm?®) (%)
1000 100 7.3721 1.16 £0.11 15.02 4.63 913
1025 100 7.3757 1.25+0.12 18.67 4.66 91.8
1050 100 7.3807 1.58+0.23 18.67 471 92.9
1075 100 7.3848 1.67+0.20 18.64 4.79 94.6
1100 100 7.3849 2.89+0.42 18.19 4.88 96.2
1125 97.6 7.3857 3.48+0.53 16.67 4.78 94.3

detected at 1125°C. This may have been caused by the partiality of Ca—O to bonding
with Ti—O, while leaving some of the Cu—O alone at this temperature. It related to the
complete forming temperature of pure CaTiO3 which appeared at around 1155°C [20]. The
percentage of the pure perovskite phase in the sintered samples is listed in Table 2. The
lattice parameter a, as a function of sintering temperatures, is exhibited in Table 2. These
lattice parameters agreed with the values of previous works (7.373-7.391 A) [1, 12, 19]. An
increase in value of the lattice parameter a may be due to the changing of the lattice strain,
which explained in the part of the calcined powders. This was similar to the XRD result
of the calcined powders [17]. With the increasing of sintering temperatures, the reflection
peaks, which indicated larger crystallization, were sharper.

The morphological changes in the CCTO ceramic surfaces, as a function of sintered
temperatures, are illustrated in Fig. 2(d)—(f). It was observed that the increasing of the
sintering temperatures from 1000 to 1100°C led to a decrease in the porosity, while the
porosity of samples sintered higher than 1100°C increased as shown in Fig. 2(f). The average
grain sizes increased from 1.16 to 3.48 um when the sintering temperature increased from
1000 to 1125°C, as listed in Table 2.

The percent shrinkage and density of the pellet samples as a function of the different
sintering temperatures are shown in Table 2. The maximum density, which was obtained
from the sample sintered at the optimum temperature (1100°C), was around 4.88 g/cm?® or
~96.2% of the theoretical density. The densification mechanisms during treatment corre-
sponded to the grain growth, especially during the final stage of sintering. The expansion
of trapped gases in the pores assembled and grew as a result of the grain growth [15, 17].
This result agreed with the microstructure and XRD result of the ceramic and proved that
high density of CCTO ceramics could be prepared by the combustion technique.

Table 3 illustrates the frequency dependence of the dielectric constant (g;) and the
dielectric loss (tan §) of CCTO ceramics, which had been sintered a various temperatures,
at room temperature. At the same sintering temperature, the dielectric constant decreased
due to an increase of frequency, as listed in Table 3. At the same frequency of 100 Hz,
1kHz, 10 kHz and 100 kHz, the dielectric constant first increased and reached its highest at
1100°C. Next, it reduced in value when the sintering temperature was higher than 1100°C,
as shown in Table 3. This result correlated with the density results. The dielectric loss
at room temperature is also shown in Table 3. The frequency and sintering temperature
influenced the dielectric properties. The dielectric properties corresponded to the density
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Table 3
The dielectric constant (¢,), and loss tangent (tan §) of CCTO ceramic at room temperature
100 Hz 1 kHz 10 kHz 100 kHz

Sintering

Temperature (°C) &r tan § & tan 8 &r tan 8 &r tan §
1000 5719 0.6605 3884 0.3498 2296 0.3343 1588 0.2234
1025 7782 0.3603 6486 0.1180 5610 0.1233 4799 0.1178
1050 21489 0.2658 17944 0.1172 15290 0.1357 12673 0.1695
1075 28507 0.3360 25433 0.0887 22381 0.1168 18988 0.1436
1100 32819 0.1117 29664 0.0925 24736 0.1607 19015 0.1937
1125 31905 0.1624 26100 0.1515 19920 0.2271 13565 0.2822

and the microstructure results. Furthermore, the highest dielectric constant at 1 kHz, when
using the combustion technique, was approximately 29664. This value at 1 kHz was higher
than that obtained when using the coprecipitation method (e, ~ 24000) [7], the solid-state
reaction technique (e, ~ 9600-23600) [8-10], the microwave synthesis (s, ~ 21400) [10],
the molten salts method (e, ~ 22000) [11] and the sol-gel method (¢, ~ 20000-23000)
[12-14]. This demonstrated the ability of the combustion technique to produce very pure
and dense CCTO ceramics with a high dielectric constant. Hence, this technique could be
considered as an alternative way for CCTO fabrication.

Conclusions

CCTO powders can be successfully synthesized using the combustion technique. The pure
cubic perovskite phase was obtained at a calcination temperature of 950°C for 2 h. The
CCTO powders had a porous agglomerated form and similar spherical morphology. The
maximum densities (4.88 g/cm3) and the highest dielectric constant (29664) at 1 kHz
were received from the ceramics sintered at 1100°C for 2 h. The molten-glycine and the
combustion of glycine play an important role in the complete process and the calcination
and sintering temperatures have a strong influence on the crystal structure, lattice parameter,
and the homogeneity, microstructure and dielectric properties of the CCTO samples.
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Influence of sintering temperature on phase formation, microstructure and dielectric
propertiesof calciumand strontiumdoped BNT ceramics (BNTST20 and BNTCT2) were
investigated. The BNTST20 and BNTCT2 ceramics were prepared using the combustion
technique. The structural phase of the BNTST20 ceramics indexed in a cubic phase,
while the BNTCT2 ceramics indexed in a rhombohedral phase. The average grain size
tended to increase with increasing sintering temperature. The density and the dielectric
constant at Curie temperatures increased with increasing sintering temperature up to
1200°C and 1150°C, thereafter they decreased for BNTST20 and BNTCT2 ceramics,
respectively. Moreover, the highest density (5.59 and 5.57 g/cn®) ceramics exhibited the
highest dielectric constant at Curie temperatures (~4733 and ~3218) for BNTST20
and BNTCT2, respectively. The ferroelectric properties were also investigated.

Keywords Bismuth sodium titanate; phase formation; dielectric constant; hysteresis
loop

I ntroduction

Bismuth sodium titanate [(BigsNags)TiO3; BNT] is a kind of perovskite ferroelectric type,
which has been considered to be a good candidate for lead-free ceramics because of its
relatively large remnant polarization (P, = 38 C/cm?) at room temperature, high Curie
temperature (T, = 320°C) and high coercive field (Ec = 7.3 kV/mm) [1]. It has been re-
ported that BNT experiences two phases transition: from a ferroelectric rhombohedral phase
to an antiferroelectric tetragonal phase and from an antiferroelectric tetragonal phase to a
paraelectric cubic phase, resulting in a maximum dielectric constant. To improve its proper-
ties, several solid solutions of BNT with BaTiO3 (BT), SrTiO3 (ST), and CaTiO3 (CT) etc,
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have been investigated [2, 3]. In the case of (1—X)(BipsNag ) TiO3-xSrTiO3 (BNTST100x)
ceramics, the crystal structure is indexed as the mixed phase between rhombohedral and
pseudocubic (tetragonal) phases. The composition of 0.80(BigsNags)TiO3—0.20SrTiO3
(BNTST20) exhibits good piezoelectric properties and the dielectric constant at Curie
temperatures with a maximum value of 2258 [2, 3]. For (1—x)(BigsNags)TiO3-xCaTiO3
(BNTCT100x) ceramics, the crystal structure is indexed as the rhombohedral phase in all the
samples. The composition of 0.98(BipsNag5) TiO3—0.02CaTiO3 (BNTCT2) demonstrates
the dielectric constant at room temperatures with a maximum value of 775 [3, 4].

Recently, the combustion method is popular for preparing ferroelectric ceramics. It
is an uncomplicated method, with produces ultra-fine particle size, high density, and a
excellent electric properties and the desired structure and composition [6-8]. In addition,
the influence of sintering temperature on properties of BNTST20 and BNTCT2 ceramics has
not been reported in the literature. Thus, in this work, 0.80(BigsNags)TiO3—0.20SrTiO3
(BNTST20) and 0.98(BipsNag5)TiO3—0.02CaTiO3 (BNTCT2) ceramics were prepared
via the combustion technique. The influence of sintering temperature on phase formation,
microstructure and electrical properties of Calcium and Strontium doped BNT ceramics
(BNTST20 and BNTCT2) were investigated.

Experimental

0.80(BipsNags)TiO3—0.20SrTiO3 (BNTST20) and 0.98(BigsNags)TiO3—0.20CaTiOs
(BNTCT2) ceramics were synthesized by the combustion method. Reagent-grade oxide
and carbonate powders of Bi,O3, NaCO3, TiO,, SrCO3 and CaCO3 were used as starting
materials. The powders were prepared separately and then blended together. To prepare
the BNT powders, Bi,O3, NaCO3; and TiO, were weighed and mixed by ball-milling in
ethanol for 24 h. After drying, the powders were mixed with glycine as a fuel, and then
calcined at 650°C for 2 h. SrTiO3 (ST) powders were also prepared from raw materials of
SrCO3 and TiO, under the same procedure then mixed with urea as a fuel. The mixed pow-
ders were calcined at 1200°C for 4 h. CaTiO3 (CT) powders were also prepared from raw
materials of CaCO3 and TiO, under the same route then mixed with glycine as a fuel. The
mixed powders were calcined at 1000°C for 2 h. After weighing according to the formula
BNTST20 and BNTCTZ2, the calcined powders were ball-milled in ethanol for 24 h and
dried. The blended powders were die-pressed into discs of 15 mm in diameter and 1-2 mm
in thickness. The small disc samples were sintered at 1050-1250°C for 2 h. The crystalline
phase of the calcined and sintered samples was identified by X-ray diffractometer (XRD).
The microstructure evolution was observed using a scanning electron microscope (SEM).
Density was measured by the Archimedes method with distilled water. Dielectric properties
were investigated using an LCR meter. The measurement of ferroelectric hysteresis loops
was conducted with different electric field strengths by using a ferroelectric tester.

Results and Discussion

Figure 1(a) shows the XRD patterns of the BNTST20 ceramics at different sintering tem-
peratures (1050-1250°C). The structural phase of the pure BNT calcined powder indexed
in a rhombohedral phase, while the pure ST calcined powder indexed in a cubic phase.
This matched with JCPDS file number 36-0340 and 05-0634, respectively. Generally, the
rhombohedral symmetry is characterized by a (003)/(021) peak splitting between 38° and
42°. The cubic symmetry is identified by a single (111) peak between 38° and 42°. In the
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Figure 1. XRD patterns of (a) BNTST20 and (b) BNTCT2 ceramics sintered at different
temperatures.

case of this work, the peak splitting of (003)/(021) between 38° and 42° did not distinc-
tively appear at the sintering temperatures. This result indicates that the structural phase of
BNTST20 ceramics has a cubic phase and corresponds to previous work [2, 3]. The purity
of the perovskite phase was found in all samples as seen in Fig. 1(a). The lattice parameter
a of sintered BNTST20 ceramics with various temperatures (1050-1250°C) is shown in
Table 1. The tendency of lattice parameters a slightly increased on account of an increase
in sintering temperatures (Table 1). It is demonstrated that the sintering temperatures has
an influence on the crystal structure.

Figure 2(a—c) show the SEM micrographs of BNTST20 ceramics at various sintered
temperatures (1050-1250°C). These ceramics exhibited a spherical or rectangular shape.
At low sintering temperature, many distinct pores occurred in the samples (Fig. 2(a)).
When the sintering temperature increased up to 1200°C (Fig. 2(b)), the porosity markedly
decreased, while the average grain size slightly increased. The increase of sintering temper-
ature significantly promoted the grain growth and microstructure densification. However,
at a sintering temperature above 1250°C, the grain uniform decreased and began to melt
(Fig. 2(c)). The average grain size determined with the linear intercept method is summa-
rized in Table 1. The average grain size increased from 1.14 to 5.42 «m when the sintering
temperature increased from 1050 to 1200°C (Table 1).

The linear shrinkage and density of the pellet samples as a function of different
sintering temperatures are shown in Table 1. The density increased with an increase in
sintering temperatures (Table 1). The maximum density, which was obtained from the
sample sintered at the optimum temperature (1200°C), was around 5.59 g/cm?®. However,
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Figure 2. SEM photomicrographs of the BNTST20 ceramics sintered at: (a) 1100°C, (b) 1200°C
and (c) 1250°C and the BNTCT2 ceramics sintered at: (d) 1100°C, (e) 1150°C and (f) 1200°C.

the density of the pellet sintered at 1250°C could not be reported due to its fragility,
corresponding to the SEM result.

Figure 3(a) shows the dielectric constant of BNTST20 ceramics at various sintered
temperatures, measured at 1 kHz. At 1200°C sintering temperature, the ceramics exhibited
two dielectric anomalies: the lower dielectric peaks Ty (127°C) and the higher dielectric
peaks Tr, (215°C) (Table 1). Ty is the depolarization temperature which corresponds to the
transition from a ferroelectric state to a so-called “anti-ferroelectric” state, while Ty, is the
maximum temperature at which ¢, reaches a maximum value and corresponds to a transition

Figure 3. Dielectric constant of (a) BNTST20 and (b) BNTCT2 ceramics with various sintering
temperatures, measured at 1 kHz.
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Figure 4. P-E hysteresis loop of dense (a) BNTST20 and (b) BNTCT2 ceramics with different
electric fields strengths.

from an “anti-ferroelectric state” to a paraelectric state [9]. At a lower sintering temperature,
the dielectric curves broadened even more and the T4 peaks gradually disappeared. At room
temperature (T;), the dielectric constant and loss factor of the BNTST20 ceramics increased
with increased sintering temperature (Table 1). The pellets sintered at 1250°C could not
have its dielectric properties measured due to its fragility. The highest dielectric constant
of the BNTST20 ceramics were obtained from the sample sintered at 1200°C, which
should be the proper condition when using the combustion technique. It should be noted
that the dielectric constant at T, of the BNTST20 ceramics (Table 1) obtained by using
the combustion technique (~4733) was higher than a sol-gel method (~2258) [2]. These
results confirm that the combustion technique is a simple method for fabricating high quality
BNTST20 ceramics.

The ferroelectric polarization-electric field (P-E) loops of BNTST20 ceramic sintered
at 1200°C with different electric field strengths are seen in Fig. 4(a). It is noted that the
shape of hysteresis varies greatly with electric fields strength. A pinching of P-E hysteresis
loops were observed at 10 kV/cm electrical field strength. This result is due to the fact that
the electric field is not large enough to switch any domains. In the increase of electrical field
strength, the shapes of P-E hysteresis loops are improved in both regions of positive and
negative. These due to the electrical field strength is enough energy to constrain realignment
of some domains in the direction of applied fielded. The measured remnant polarization
(P;) and coercive field (E.) at 40 kV/cm are 17.19 xC/cm? and 29.61 kV/cm.

Figure 1(b) shows the XRD patterns of the BNTCT2 ceramics at different sintering tem-
peratures (1050-1200°C). The structural phase of the pure BNT calcined powder indexed
in a rhombohedral phase, while the pure CT calcined powder indexed in a orthorhombic
phase. This matched with JCPDS file number 36-0340 and 42-0423, respectively. In this
work, the structural phase of BNTCT2 ceramics indexed as the rhombohedral phase and
corresponded to previous work [3, 4]. The purity of the perovskite phase was found in
all samples as seen in Fig. 1(b). The lattice parameter a of BNTCT2 sintered at various
temperatures (1050-1200°C) is seen in Table 1. The lattice parameters a of the BNTCT2
decreased with the increasing of sintering temperatures.
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Figure 2(d-f) show the SEM micrographs of BNTCT2 ceramics at various sintered
temperatures (1050-1200°C). It can be seen that the grain exhibits an almost spherical or
rectangular morphology. The porosity in the ceramics decreased with an increase in sintering
temperature. The average grain size increased with an increase of sintering temperature.
By using the intercept method, the average grain size increased from 2.43 to 8.28 m when
the sintering temperature increased from 1050 -1200°C as listed in Table 1.

The measured density and linear shrinkage with various sintering temperatures are
shown in Table 1. The density increased with an increase in sintering temperature, up
to 1150°C and dropped in value at higher sintering temperature. This result was due to
the evaporation of the Bi>* and Na* in the A-site position at high sintering temperatures
[9]. The maximum density, which was obtained from the sample sintered at the optimum
temperature (1150°C), was around 5.57 g/cm®.

The temperature dependence of dielectric permittivity (e;) of the BNTCT2 ceramics
at different sintering temperatures at 1 kHz is shown in Fig. 3(b). The Tg4, T, and ¢, at
Tm increased with increasing sintering temperature, up to 1150°C and then decreased with
higher sintering temperatures (Table 1). The highest dielectric constant of the BNTCT2
ceramics were obtained from the sample sintered at 1150°C, which should be the proper
condition when using the combustion technique.

The P-E hysteresis loops of the BNTCT20 are shown in Fig. 4(b). It can be seen that
the shape of hysteresis loops correspond to the electric field strength. At low electrical field
strength a pinching of P-E hysteresis loops were observed. The shape of P-E hysteresis
loops are improved in both regions of positive and negative by increasing of electric fields
strength. The largest of hysteresis loops were observed in 40 kV/cm of electrical field
strength, with a P, of 17.4 uClcm? and E. of 30.1 kV/cm. This is the first time that
ferroelectric properties of BNTCT2 ceramics were revealed.

Conclusion

High density BNTST20 and BNTCT2 ceramics were successfully prepared via the combus-
tion technique. The sintering temperature has an influence on phase structure, microstruc-
ture, density, dielectric properties and ferroelectric properties of BNTST20 and BNTCT2
ceramics. The lattice parameter a of BNTST20 and BNTCT?2 tended to increase, and then
decrease, with increasing sintering temperatures. The average grain size tended to increase
with increasing sintering temperature. The highest density and dielectric constant of the
BNTST20 and BNTCT2 ceramics were obtained from the sample sintered at 1200°C and
1150°C, respectively, which indicates the recommended condition when using the combus-
tion technique.
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A novel combustion technique has been developed to synthesize Lagg,Mdo.18F€0.90053
or LMF ceramics. The NH,CH,COOH was used as the fuel to accelerate the chemical
reaction of raw materials. Thermogravimetric TG and differential thermal analysisDTA
were used to estimate the calcination temperature in the range from 800 to 1000°C.
The pure perovskite phase was obtained for the samples calcined at 900°C for 2 h.
This calcination temperature was selected for the pellets sintered between 1000°C and
1200°C for 2 h. The effect of calcination and sintering temperatures on the phase and
mor phology evolution of perovskite LMF was investigated. The XRD patternsindicated
that LMF exhibited orthorhombic perovskite structure. With increasing the firing tem-
peratures, the lattice parameters and the unit cell volume changed only dlightly; the
average particle size and the average grain size tended to increase from 133 to 227 nm
and 0.40 to 0.92 pm, respectively. The density of sintered ceramics changed between
3.19 and 3.37 g/cm?® depending on the sintering temperature.

Keywords Lanthanum magnesium iron; combustion route; perovskite structure;
gas sensing

I ntroduction

A gas sensor presents the property of changing the resistivity of the sensing material when it
is exposed to different gas atmospheres. The perovskite type (ABO3) LaFeO3 has received
considerable interest for ethanol-gas sensing applications due to its response to ethanol
gas and selectivity [1, 2]. However, its gas-sensing properties such as response to ethanol,
selectivity and operating conditions are still unsatisfactory. X. Liu et al. [3, 4] attempted to
improve ethanol sensing properties of LaFeO3 by substituting Mg?* to A-site (La®*) and
B-site (Fe**) of LaFeOs.

Received December 9, 2012; in final form August 25, 2013.
*Corresponding author. E-mail: researchcmu@yahoo.com

116



Downloaded by [Theerachai Bongkarn] at 10:28 07 December 2013

LMF Ceramics Synthesized via Combustion 117

In case of La;xMgxFeO3 system (A-site substituted), the results demonstrated that
increased Mg content enhanced the ethanol response. The highest response of 93.93 was
obtained for Lag g, Mgo 0gFeO3 while the highest response of LaFeOs was only 15 [3]. For B-
site substituted system, the highest response of 128 was obtained from the LaMgg 1Feg 903
ceramics. Moreover, the response to other gases, such as gasoline, formaldehyde and
ammonia, was low i.e. 1.80, 3.10 and 1.37, respectively [4]. These results showed that Mg
substitution in LaFeO3 at the A-site of 0.08 and the B- site of 0.10 composition may be an
attractive considerable for a new type of ethanol sensing materials.

LaMgyFe; O3 powders can be prepared by wet-chemical methods such as sol-gel
[4], citrate method [5] and co-precipitation method [6]. For instance, Porta et al. [6]
prepared LaMgyFe; «O3 powders from the citrate precursors. A concentrated solution of
metal nitrates was mixed with an aqueous solution of citric acid, by fixing at unity the
molar ratio of citric acid to the total metal cations. After evaporation, the gel was heated
overnight at 110°C. The dried gel was slowly calcined for 5 h at 800°C. The investigation
results revealed orthorhombic perovskite with the lattice parameters of 5.556, 7.859 and
5.560 A for a, b and c, respectively. The average crystallite dimension was 36.4 nm.

Although LaMgyFe;.xO3 powders have been successfully synthesized through the wet
chemical methods, these synthesizing techniques are not preferred because they have a
complex procedure, require special equipment and have a longer processing time and low
production rate. Recently, the combustion technique is increasingly used for the preparation
of perovskite ceramics because of their uncomplicated [7-13]. The liquid phase and energy
released which are produced by the melting and decomposition fuel effectively speeds up
the chemical reaction of raw materials.

As mentioned, Mg?* substitution into A-site and B-site for 0.08 and 0.10 of perovskite
LaFeO3; composition effectively improve ethanol sensing properties of materials. Moreover,
the combustion technique may effectively simplify the complicated procedures of the
preparation processes. Therefore, the LaggaMgo.18Fep.9003 ceramics (abbreviated LMF)
were fabricated through the combustion route in this work. The effect of firing temperatures
on phase formation and microstructure of LMF was also investigated.

Experimental Procedure

High purity powders of lanthanum oxide (La,O3), magnesium carbonate (MgCOs3), and
iron oxide (Fe,O3) were used as starting materials for producing Lag.g,Mgo.18F€0.9003 or
LMF ceramics. The above raw materials mixed in the stoichiometric ratio were ball-milled
in ethanol for 24 h. After drying, the powder and glycine were mixed in the ratio of 1:2.
After grounding and sieving, the reactions of uncalcined LMF powders mixed with glycine
were investigated by thermogravimetric and differential thermal analysis (TG-DTA) using
a heating rate of 10°C/min in air from room temperature to 1000°C. The various calcined
temperatures in the range of 800 to 1000°C for 2 h were used in order to investigate
the formation behavior of synthesized powders. The calcined powders with the optimum
calcined conditions were mixed thoroughly with the PVA binder solution. After drying, disk
pellets of 15 mm in diameter were fabricated. PVA was burned out in the electric furnace
at 600°C. The disk samples were finally sintered at different temperatures from 1000 to
1200°C for 2 hin air. The phase content and the crystal structure of prepared samples were
characterized by X-ray diffraction. SEM photographs were used to observe morphology,
the particle size of powders and grain size of the ceramics. The morphology of calcined
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powders was also studied by transmission electron microscopy (TEM). Density of sintered
ceramics was measured by the Archimedes method.

Results and Discussion

The TG-DTA data measured in the interval from the room temperature to 1000°C of La,0Os3,
MgCOs3, Fe, O3 and glycine are shown in Fig. 1. The decomposition of the organic fuel and
the chemical reaction of raw materials were marked by three distinct weight losses. The first
weight loss occurred in the temperature range from 170 to 290°C which corresponded to the
distinct endothermic peaks at 180 and 215°C. This could be attributed to the decomposition
reaction of glycine to ammonia, methanoic acid and carbon dioxide as shown in Formula
(1) (decomposition temperature of glycine is 262°C [14]). The second weight loss occurred
between 380 and 720°C corresponding to the broad exothermic DTA peak at 390°C. This
could be attributed to the vaporization of water and gas caused by the decomposition of
methanoic acid as shown in Formula (2) [15]. The energy from the combustion reactions
was released in these processes and accelerated the chemical reactions. The third weight
loss occurred above 750°C and corresponded to two endothermic peaks at 785 and 810°C
seen in the DTA curve. These phenomena were associated with the chemical reaction
between La,03, MgCO3 and Fe,03. As temperature reached 1000°C, the weight loss was
reduced to 28% of its original weight. It could be inferred that the decomposition processes
of glycine and the chemical reaction of raw materials were complete because their weight
loss was close to the weight of glycine (66.66%) and the weight of CO; (3.34%) produced
by the chemical reaction of raw materials. These results were used to estimate the starting

Figurel. TG-DTA curves of the calcinations process of the raw materials mixed with glycine.
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Figure 2. X-ray diffraction patterns of LMF; (a) powders calcined at various temperatures for 2 h;
(®) La,03 and (b) ceramics sintered at various temperatures for 2 h.

temperature of the calcination process (800°C).

CH,;NH,COOH + O, — NH3z 4+ CO, + CH,0, @
CH,0, —- CO +H,0 2

The X-ray diffraction patterns of the calcined powders measured at room temperature
displayed the perovskite phase (Fig. 2(a)). The La,O3 (JCPDS file number 02-0688) was
observed at low calcination temperature and was absent at high calcination temperature. The
pure perovskite with orthorhombic structure (JCPDS file number 37-1493) existed in the
calcined powders with calcination temperature higher than 850°C. This was consistent with
the TG-DTA results. Therefore, in order to obtain the complete reaction and high purity,
the optimal calcination temperature of 900°C was chosen to subsequently produce LMF
powder. The percentage of the perovskite phase obtained at various calcination temperatures
is listed in Table 1. The lattice parameters and the unit cell volume changed slightly with
increasing calcining temperature (Table 1).

Fig. 3 shows the TEM images of LMF powders calcined at 900°C. A soft agglomeration
with narrow particle size distribution was observed (Fig. 3(2)). At higher magnification (Fig.
3(b)), the image showed many fine particles with particle size lower than 100 nm. This
confirmed that LMF nano-powders could be produced using the combustion technique.

The calcined powders obtained at 900°C for 2 h were pressed into pellets and sintered
at temperatures in the range from 1000 to 1200°C (step 50°C). Fig. 2(b) shows the XRD
patterns of the samples sintered at various temperatures. The pure orthorhombic perovskite
phase was exhibited in all samples. Table 1 shows the dependence of the unit cell parameters
onsintering temperatures. It was found that the firing temperature slightly affected the lattice
parameter which was similar to the results of the calcination process.

The SEM micrographs of the ceramics are presented in Fig 4(a—f). The average grain
size was determined using the linear interception method. As shown in Fig. 4(a)—(c) and
Table 1, the average grain sizes increased with the increase of sintering temperature.
Samples sintered at 1050°C showed comparatively smaller grains than the samples sintered
at higher temperatures. The microstructure of the sample sintered at 1050°C (Fig. 4(a))
showed that the particles became joined together at the contact points. By increasing the
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Figure 3. TEM micrographs of LMF powders calcined at 900°C for 2 h; (a) original magnification
% 37,000 and (b) original magnification x135,000.

Figure 4. SEM photographs of LMF ceramics; (a) surface sintered at 1050°C, (b) surface sintered
at 1100°C, (c) surface sintered at 1200°C, (d) fracture sintered at 1050°C, (e) fracture sintered at
1100°C and (f) fracture sintered at 1200°C.
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sintering temperature to 1100°C (Fig. 4(b)), the point contacts between particles grew into
necks and the grain growth became increasingly active. However, the grain boundaries
did not completely form. There was a combination of the neck and grain boundaries. At
higher sintering temperature (Fig. 4(c)), the grain growth increased dramatically. The small
grains merged and large grain boundaries began to emerge. However, increasing sintering
temperature caused the increase of the grain size accompanied with an occurrence of a
large pore size. This can be attributed to the coarsening process reduces the driving force
for densification [16].

Fig. 4(d)—(f) display the SEM image of the fracture cross section for the LMF sample
sintered at 1050, 1100 and 1200°C, respectively. The fracture surface exhibited mostly the
transgranular fracture which was characteristic to the weak grains. Increasing the sintering
temperature to 1100°C led to significant reduction in pore number and pore size and the
increase in the grain size. The transgranular fracture was dominant indicating the weakness
in grain still remained. For the pellet sintered at 1200°C, the image showed a mixture of
transgranular and intergranular fractures, although the transgranular fracture was dominant.
As the grains did not carry any internal strain caused by lattice distortion, a high shear
stress might be concentrated at the grain boundaries, leading to intergranular fractures. The
increase of intergranular fracture in the samples sintered at high temperature demonstrated
the decrease of the defects in ceramics [17].

The measured linear shrinkage, density and theoretical density with a variation in
sintering temperatures are listed in Table 1. With increasing sintering temperature, the
linear shrinkage and the average grain size tended to increase while the density slightly
decreased. This could be explained by the increasing in pore size, observed at the SEM
photographs.

Conclusions

The influence of the firing temperature on the properties of LMF ceramics was studied.
The XRD results indicated the pure orthorhombic perovskite structure when the calcination
temperature was higher than 900°C. The firing temperature slightly affected the changing of
lattice parameters and unit cell volume of the samples. The average agglomerated particle
size increased from 133 to 267 nm with the increase of calcination temperature while
many fine individual particles with the size lower than 100 nm existed. When the sintered
temperature increased, the average grain size tended to increase from 400 to 900 nm. The
linear shrinkage increased while the density slightly decreased.
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In thiswork, dense calciumtitanate ferroel ectric ceramics were successfully synthesized
using the combustion technique. Urea, glycine and the mixture of urea-glycine were
selected as fuels and added to the mixed powder s to accel erate the chemical reaction of
raw materials. The mixtures were calcined and sintered from 600 t01150°C and 1150 to
1450°C, respectively. The effects of firing temperatures on the phase formation, crystal
structure, microstructure, density and diel ectric properties of the prepared sampleswere
investigated. The X-ray diffraction patterns exhibited a pure perovskite structure which
was identified for the glycine and urea-glycine mixed samples calcined at 1000°C for
2 h. The calcined powders exhibited anirregular shape and awiderange of particlesize
distribution at alow calcination temperature. By increasing the cal cination temperature,
the average particle size tended to increase and the samples expressed a more spherical
shape which decreased the particle size distribution. The microstructure, density and
dielectric properties results demonstrated that the optimum sintering temperature was
1400°C. The ceramic sintered at this temperature showed dielectric constant and loss
of 194 and 0.004, respectively.

Keywords Calcium titanate; combustion technique; phase formation; perovskite phase

1. Introduction

Calcium titanate (CaTiOs3) is a perovskite ferroelectric discovered by Gustav Rose in 1839
[1]. Below 1107°C, this material exhibits an orthorhombic structure with space group
Pbnm. Between 1107 to 1227°C, a phase transition occurs and changes the space group to
Cmcm. At 1227°C, the orthorhombic structure transforms to a tetragonal structure with a
space group I4/mcm and it changes to a cubic structure at 1307°C [1]. CaTiO3 has been
widely used in electronic devices and it is a key component of Synroc (a type of synthetic
rock used to store nuclear waste) [1]. In addition, it’s also used as a thermally-sensitive
resistor element due to its negative temperature coefficient [2]. Calcium titanate ceramics
are conventionally prepared based on a solid solution of CaCO3 and TiO, at a temperature
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of approximately 1465°C, the density of 92-95% of theoretical and the dielectric constant
at room temperature of 168 were obtained [2]. This method is relatively simple, yet it is
time-consuming and energy intensive while low quality powders are obtained. Recently,
a variety of wet-chemical methods such as the sol-gel technique [3], the water-stabilized
plasma spray system [4] and the hydrothermal-electrochemical method [5] have also been
reported to be effective in generating ultrafine and more homogeneous powders. However,
complex schedules and low production rates are the common problems of these wet-
chemical methods.

The researchers thus eliminated the drawbacks of the methods mention above by us-
ing the combustion synthesis method [6-9]. The basic principle of this method consists
of several steps in which the molten organic compound such as urea, glycine, alanine
and citric acid provide a liquid medium at the beginning of the reaction. The organic
compound combusts quickly within the mixture, which gives out heat that can be ef-
fectively supplied to the raw powder in the mixture [10]. Various advantages such as;
low processing cost, energy efficiency and high production rate are among the benefits
of the combustion synthesis method [11]. In this work, we investigated the synthesis of
CaTiO3 by the combustion of redox mixtures containing different fuels (urea, glycine and
the mixture of urea-glycine). The effects of calcination temperature, sintering temperature
and fuel type on phase, morphology and dielectric properties of perovskite CaTiO3; were
investigated.

2. Experimental Procedure

CaTiO3 powders were synthesized by the combustion technique using urea, glycine and a
mixture of urea-glycine as fuels. The raw material composition was prepared from calcium
carbonate (CaCQj3) and titanium dioxide (TiO,) which were weighed and mixed by the ball-
milling method for 24 h. The raw materials were dried and ground until fine powders were
obtained. The three types of selected fuels, urea, glycine and the mixture of urea-glycine,
were added to these powders with a weight ratio of 2:1. After sieving, all mixtures were
calcined at various calcinations temperatures ranging from 600 to 1150°C for 2 h. X-ray
diffractometry was used to determine the quantitative composition of the phases formed
during the calcination process. The selected mixtures were fabricated into disc-shaped
specimens, 15 mm in diameter, using a hydraulic press. The pellets were sintered in air
atmosphere, at different temperatures from 1150 to 1450°C, for 2 h. The phase formation,
crystallographic structure and lattice parameter were examined by X-ray diffraction (XRD).
The microstructure of the surface was examined by scanning electron microscopy (SEM).
The density of the sintered samples was measured using the Archimedes’ method. The
dielectric constant (g;) and the dielectric loss (tan §) at room temperature of the ceramics
were measured by an LCR meter.

3. Results and Discussion

Figure 1(a)—(c) shows the X-ray diffraction (XRD) patterns of the calcined powders which
were prepared using three types of fuel. After calcining at 800°C, an orthorhombic per-
ovskite structure was detected together with a tiny amount of a CaCO, and TiO, impurity
phase. The relative percentage of the perovskite phase was determined by measuring the
major peak intensities of the perovskite phase (the best fit is JCPDS 42-0423) using the
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Figure 1. XRD patterns of CaTiO3; powders and ceramics calcined and sintered at various temper-
atures; (a) calcined powders using glycine as a fuel, (b) calcined powders using glycine-urea mixed
as a fuel, (c) calcined powders using urea as a fuel and (d) sintered ceramics using glycine as a fuel:
(%) CaCOy, (e) TiO, and (e) unknown.
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following equation:

1
%perovskite phase = <$> x 100 (1)
]perov + ]impurities

This is a well-known equation widely employed in connection with the preparation of
complex perovskite structure materials [12]. Here | peroy and limpurities refer to the intensity
of the (121) perovskite peak, and the intensities of the highest impurities peaks such as
CaCO; or TiOy, respectively. For the samples calcined lower than 1000°C, the percent of the
perovskite phase increased with increasing calcination temperatures. This was exhibited
in all fuel mixed powders. However, the percent perovskite phase in the glycine mixed
powders was higher than the glycine-urea mixed or the urea mixed powders (Fig. 2). The
pure perovskite phase was found in the powder mixed with glycine and urea-glycine when
calcined at a temperature higher than 1000°C. For the urea mixed calcined powders, the
pure perovskite phase could not be found and the percent perovskite tended to be unabated
at 85% although the calcination temperature was increased up to 1250°C. These may have
been caused by the combustion heat supplied by the urea (10.5 kJ/g) which is lower than
glycine (13.0 kJ/g) [7]. From this, it can be inferred that glycine is an appropriate type
of fuel for synthesizing calcium titanate via the combustion technique [7]. In addition,
the decomposition of glycine effectively supplied sufficient heat to the raw powder in the
mixture. The energy supplied in this way speed ups the chemical reaction of the raw powder
[10]. This makes the calcination temperature and dwell time, of the combustion technique

Figure 2. The percent perovskite phase of CaTiO3 powders calcined at various temperatures.
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Table 1
Lattice parameter, unit cell volume and average particle size of CaTiOj3 calcined powders
using glycine as a fuel

Calcined Lattice Lattice Lattice Unitcell  Average particle
temperature parameter  parameter  parameter  volume size
(°C) a(A) b (A) c(A) (A%) (1m)
600 — — — — 0.31
700 — — — — 0.32
800 — — — — 0.37
900 — — — — 0.37
950 5.417 7.640 5.369 222.2 0.38
1000 5.418 7.641 5.372 222.3 0.47
1050 5.420 7.643 5.373 222.6 0.54
1100 5.423 7.646 5.376 222.9 0.60
1150 5.426 7.648 5.379 223.2 0.64

lower than that of solid state reaction [11, 12] around 115-200°C and 10-19 h, respectively
[2, 13].

The lattice parameters of calcined powders were calculated by the least square fitted
method. The lattice parameter and the unit cell volume of the glycine mixed samples
tended to slightly increase with increased calcining temperatures (Table 1). This result also
appeared in the urea and glycine-urea mixed samples. The variation of lattice parameters
can probably be associated with the presence of defects due to the structural disorder in the
CaTiOs lattice [1].

Figure 3(a)—(d) shows the SEM images of the glycine mixed calcined powders calcined
at different temperatures. The samples calcined at 800°C exhibited an irregular shape and
a wide range of particle size distribution (Fig. 3(a)). A higher narrow range of particle size
distribution and spherical shape appeared when the calcination temperature increased up to
900°C (Fig. 3(b)). Increasing the calcining temperature to 1000°C brought about an increase
of the particle size and an agglomerate effect (Fig. 3(c)). When the calcination temperature
reached 1150°C, the samples began sintering characteristic particles (Fig. 3(d)). For the
glycine mixed calcined powders, the average particle size tended to increase in a range of
0.31-0.64 wm with increasing calcination temperatures as listed in Table 1. The trend of
morphology character and an increasing of average particle size of the urea and glycine-urea
mixed calcined powders were similar.

The sintered properties of the mixture of raw materials and glycine were investigated.
The calcined mixture obtained from the material heated at 1000°C for 2 h was pressed into
discs. The green bodies were sintered from 1150-1450°C for 2 h. The XRD patterns of
the mixed glycine CaTiO3 ceramics sintered at various sintering temperatures is shown in
Fig. 1(d). All diffraction peaks, in all sintered samples, were identified as having a pure
perovskite structure (Table 2). The lattice parameters and unit cell volume slightly changed
with increase of sintered temperatures which was similar to the trend revealed in calcined
powders.

The surface microstructural photographs of CaTiOj3 sintering at different sintering
temperature are shown in Fig. 4(a)—(d). The porosity decreased and the uniformity of
grain increased with increasing sintering temperature. A uniform grain with low porosity
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Figure 3. SEM photographs of CaTiO; mixed with glycine calcined at various temperatures; (a)
calcined at 800°C, (b) calcined at 900°C, (c) calcined at 1000°C and (d) calcined at 1150°C.

was achieved at 1400°C (Fig. 4(c)). However, the higher sintering temperature photograph
exhibited an unobvious grain which was caused by the melting of the grain boundary
(Fig. 4(d)). The increasing of grain size when the sintering temperature was increased can
be described by the common grain-growth law [14]. However, at high sintering temperatures

Table 2
Percent perovskite, average grain size, theoretical density, dielectric constant and dielectric
loss of CaTiO3 ceramics using glycine as a fuel

Sintered Percent Average grain  Theoretical Dielectric  Dielectric
temperature (°C) perovskite (%)  size (um)  density (%) constant T, lossat T,
1150 100 0.31 87.6 230 19.789
1200 100 0.46 90.2 280 10.031
1250 100 0.52 92.9 703 7.614
1300 100 0.94 93.4 431 1.432
1350 100 1.28 94.6 203 0.031
1400 100 1.39 95.9 194 0.004

1450 100 1.57 915 101 0.012




Downloaded by [Naresuan University], [Theerachai Bongkarn] at 20:37 25 February 2014

Dense Calcium Titanate Ceramics 113

Figure 4. SEM photographs of CaTiO5; ceramics using glycine as a fuel sintered at various tem-
peratures; (a) sintered at 1200°C, (b) sintered at 1300°C, (c) sintered at 1400°C and (d) sintered at
1450°C.

(1450°C), the increasing of sintering temperature increased the amount of the liquid phase
which influenced the diffusion and melting of the grain boundary [15].

The measured density, at various sintering temperatures, is listed in Table 2. The density
of the ceramics increased when the sintering temperatures increased and reached its highest
density at 1400°C. The density decreased when the sintering temperature was higher than
1400°C. These results corresponded with the researcher’s microstructure investigation.

The dielectric constant and dielectric loss at room temperature (T,) are listed in Table 2.
The dielectric constant at T, of the ceramics was increased when sintering temperatures
increased and reached its highest at 1250°C. The dielectric constant decreased when the
sintering temperature was higher than 1250°C. The dielectric loss decreased when sintering
temperatures increased and were lowest at 1400°C. At sintering temperature above 1400°C
the dielectric loss increased. Although the ceramic sintered at 1250°C exhibited the highest
dielectric constant, the high porosity still remained and this brought about a high dielectric
loss. This result corresponded to the density result. Due to the decreasing porosity and
the increasing density, the ceramics sintered at 1400°C showed the lowest dielectric loss.
The dielectric constant of these sintered ceramics was 194. This value was higher than
the ceramics prepared via the solid state route around 15% [2]. The optimum sintering
temperature for calcium titanate ceramics prepared via the combustion technique was
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1400°C. The ceramics had higher density and dielectric constant, even though the sintering
temperatures were lower than those used in the solid state reaction method [2]. This indicates
that the combustion technique is an effective way to produces high quality calcium titanate
ceramics.

4. Conclusions

High quality calcium titanate ceramics were prepared at a low firing temperature using the
combustion technique. The firing temperatures influenced the phase formation, microstruc-
ture and dielectric properties of the ceramics. A pure perovskite phase was found in the
samples which had been mixed with glycine and urea-glycine calcined at 1000°C. This
result was not obtained in the urea mixed sample at any calcination temperatures. The
dielectric results demonstrated that the optimum sintering temperature was 1400°C with
lowest dielectric loss. The results of the morphology and density investigation supported
this conclusion.
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Alead-free 0.97(KosNagsNbO3)-0.03(BigsNag s TiO3); KNN-BNT ceramic has been fab-
ricated by the combustion technique using urea as a fuel. The precursors were calcined
at 600-900°C for 3 h and then sintered at 1000-1100°C for 2 h of dwell time. A pure
perovskite phase was found in the powders calcined above 700°C which is lower than the
calcination temperature of the solid state reaction method ~200°C. The pellets sintered
below 1050°C illustrated a 100% of perovskite phase. The microstructure demonstrated
a square and rectangular shape of grains. The average grain size and linear shrinkage
increased with the increasing of sintering temperatures. The densest ceramic was dis-
covered in the sample sintered at 1050°C. The DSC result indicated that the Curie point
significantly changed with various sintering temperatures.

Keywords KNN-BNT ceramics; combustion method; phase transition

I ntroduction

Sodium Potassium Niobate (K sNag 5)NbO3 (KNN) is one of the important lead-free piezo-
electric materials with a perovskite structure. KNN ceramics have been reported to possess
a high Curie temperature (T¢ &~ 420°C), a large piezoelectric constant (ds3 ~ 160 pC/N),
high remanent polarization (P, ~ 33 1.C/cm?) and a high electromechanical coupling coef-
ficient (k, ~ 45%) [1-3]. Unfortunately, pure KNN-ceramics have difficulty becoming fully
dense using ordinary sintering methods. This is because the Na,O and K,O easily disap-
pear at high temperatures [4]. Recently, an efficient solution to this problem was achieved
by adding ZnO, BaTiO3, SrTiO3, CaTiO3, Ba(SnTiO3) and (BiNa)TiO3 to the KNN ce-
ramics [5-12]. Among these binary systems, 0.97(KgsNagsNbO3)-0.03(BigsNagsTiO3)
(KNN-BNT) exhibited a high density (o = 96%), high planar coupling coefficient (k, =
43%) and high piezoelectric properties (dzz = 195 pC/N) [12].

The KNN-BNT which has been prepared the by solid state reaction method has con-
sisted of calcined powder and sintered ceramic at 900°C for 5 h and 1100°C for 2 h,
respectively [12]. It is well known that ceramics synthesized by the solid state reaction
method provide a simple preparation process but they also require high temperatures,
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are time consuming and the resulting powders exhibit many undesirable characteristics
[13]. Recently, interest has been shown in using the combustion method in the prepa-
ration of ferroelectric ceramics because it decreases the temperature in the preparation
and results in an ultra-fine particle size [14-18]. 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 [14-18].
Furthermore, a detailed study of KNN-BNT ceramics fabrication using the combustion
method has not been reported in the literature. Therefore, in this work, the preparation of
0.97(Ko5NagsNbO3)-0.03(BigsNagsTiO3); KNN-BNT via the combustion method using
urea as a fuel was studied. The effects of calcination and sintering temperatures on phase
formation, microstructure, density and phase transition were investigated and compared to
previous works.

Experimental

The starting materials were commercially available: K,CO3 (99%), Nb,Os5 (99%), Na,CO3
(99%), Bi, 03 (99%) and TiO, (99%). KNN-BNT powders were prepared, using the com-
bustion technique, 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 reaction of the uncalcined powders with well-mixed urea taking
place during heat treatment was investigated by thermogravimetric analysis (TGA) using a
heating rate of 10°C/min, in air, from room temperature up to 1000°C. The mixed powders
were calcined at temperature ranging from 600 to 900°C, with a dwell time of 3 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 at 1000 to 1100°C for
2 h and cooled in a furnace. X-ray diffraction was employed to identify the phase formed
and the optimum temperature to prepare the KNN-BNT powders and ceramics. The cal-
cined powders and sintered ceramics morphologies were imaged using scanning electron
microscopy. The density of the sintered ceramics was measured using the Archimedes
method. The average particles size and the average grains size were determined by using
a mean linear intercept method. The transition temperature was determined by using a
Differential Scanning Calorimeter (DSC).

Results and Discussion

Figure 1 demonstrates the TGA plot of the mixed powders of raw materials and fuel
(urea) with a ratio of 1:2. From observations of the TGA curve, there appeared to be
three-stages of weight loss from room temperature to 1000°C. The first immediate weight
loss occurred between 140 and 210°C. This observations related to the reaction when urea
melts into a liquid phase (melting point of urea is 135°C) and decomposes to produce
ammonia isocyanic acid (HNCO) as shown in Formula (1) [19]. The second weight loss
occurred rapidly (the slope of weight loss—temperature curve is very steep) between 320
and 380°C. This can be attributed to the rapid vaporization of ammonia and gas caused
by the hydrolysis reaction of isocyanic acid as exhibited in Formula (2) [19]. The energy
from the combustion reactions accelerated the chemical reactions and energy was released
in these processes [20]. The third weight loss which consisted of a chemical reaction of
the raw materials occurred gradually between 360 and 680°C. Above this temperature the
TGA curve basically stabilized. The overall weight loss was found to be about 73%, which
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Figurel. TGA curve for the mixture of raw materials and urea.

is close to the value of completely decomposed urea weight and the CO,(g) produced from
the chemical reaction of the raw materials. Therefore, a temperature of 600°C was selected
as the starting calcining temperature in this work.

CO(NH,), — NH; + HNCO 1)
HNCO + H,0ONH; + CO, @)

The XRD patterns of KNN-BNT powders at different calcination temperatures are shown
in Fig. 2. The diffraction lines were indexed on the basis of a tetragonal corresponded
by ICDD no. 31-1059. The impurity phase of K;Nb;O1; was discovered at calcination
temperatures below 700°C. 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:

. Lyerovski
% perovskite = ( perovstte > x 100
perovskite + IKsz4011

This equation is well-known and widely employed in the preparation of complex perovskite
structure materials [21]. Here Iperovskizes Ix,nb,0,, and refer to the intensity of the (110)
perovskite peak and the intensities of the highest KoNb,O1; peak, respectively. The per-
centage of the perovskite phase of the KNN-BNT powders calcined for 3 h at temperatures
ranging from 600°C to 900°C is shown in Table 1. The increase of phase purity with
increasing calcination temperatures is evident. The XRD results corresponded to the TGA
investigation. A pure perovskite phase was found in the powders calcined at 700°C which
is lower than the calcinations temperature of the solid state reaction method ~200°C.
Figure 3 exhibits SEM photomicrographs of KNN-BNT powders, which were calcined
between 600 and 900°C for 3 h. These powders exhibited a similar, almost cubic morphology
with a variation in size and a porous agglomerated from. The average particle size of the
KNN-BNT powders tended to increased with the increase of calcination temperatures. The
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Figure 2. XRD patterns of KNN-BNT powders calcined at various temperatures for 3 h: (V¥)
Ksz4011.

linear intercept method gave an average particle size which increased from 0.43 um to
0.87 um when the calcination temperatures increased from 600°C to 900°C (Table 1).
Calcined powders obtained at 700°C were pressed into pellets and sintered from
1000 to 1100°C (step up 25°C) for 2 h. Figure 4 shows the XRD patterns of KNN-BNT
sintered ceramics. The KNN-BNT ceramics were identified as a single phase of a perovskite
tetragonal structure in the sample sintered below 1075°C. The peak of K4NbgO;; (ICDD

Table 1
The percent of perovskite phase and average particle size of KNN-BNT powders

Calcined temperature (°C)  Percent perovskite phase (%)  Average particle size (um)

600 98.2 0.43
650 98.8 0.79
700 100 0.67
750 100 0.75
800 100 0.82
850 100 0.84

900 100 0.87
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Figure 3. SEM photographs of KNN-BNT powders calcined for 3 h at (a) 600°C, (b) 700°C,
(c) 800°C and (d) 900°C.

no. 31-1064) was detected at 1075 and 1100°C. This may be due to the vaporization of
Na, and KO at high temperature [4]. The % perovskite phase of KNN-BNT ceramics at
various sintering temperatures exhibits in Table 2. The lattice parameter a of the KNN-BNT
ceramics tended to decreased, while the lattice parameter ¢ and the lattice anisotropy (c/a)
of the KNN-BNT ceramics tended to increase when sintering temperature increased as seen
in Table 2.

Figure 5 shows the SEM micrograph of the KNN-BNT ceramics sintered between 1000
and 1100°C for 2 h. These ceramics exhibited a square or rectangular shape. When the sin-
tering temperature increased grain size was increased. The average value of the grain size,
as measured by the linear intercept method, increased from 0.76 to 1.28 um with increas-
ing sintering temperature from 1000 to 1100°C (Table 2). At a low sintering temperature
(Fig. 5(a) and (b)), many distinct pores and wide grain size distribution were observed.
When the sintering temperature was increased to 1050°C (Fig. 5(c)), the porosity de-
creased significantly and a narrow grain size distribution was obtained. At a high sintering
temperature of 1100°C (Fig. 5(d)), the melting of the grain boundaries and an increased
porosity were found.

The percentage shrinkage of the pellet samples increased with the increase of sintering
temperatures, as shown in Table 2. The highest relative density of 96% (4.37 g/cm?), is the
same level as the previous work [12]. The density of the KNN-BNT ceramics increased
when the sintered temperatures increased from 1000°C to 1050°C; thereafter, it decreased
when the sintering temperatures increased (Fig. 6). The density results corresponded to
the SEM investigation of KNN-BNT ceramics. High dense KNN-BNT ceramics can be
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Figure 4. XRD patterns of KNN-BNT ceramics sintered for 2 h at various sintering temperatures:

(#) KaNbgO17.

successfully fabricated by the combustion method using sintering temperature of 1050°C
which is lower than the sintering temperature of the solid state reaction method ~40°C.
The DSC thermographs with different sintering temperatures are demonstrated in
Fig. 7. On the heating cycle, the endothermic peak was observed in Fig. 7 (a) and (c). This
peak is associated with the Curie temperature (T.). The T, of all samples exhibits in Table 2.

Table 2

The percent perovskite phase, lattice parameters a, ¢, c/a, average grain size and T, of

KNN-BNT ceramics

Sintering % Lattice Lattice Average

temperature perovskite Parameter a parameterc c/a  grainsize Shrinkage T,
(°C) phase A) A ratio (um) (%)  (°C)
1000 100 3.9578 2.8218 0.7130 0.76+2.73 562 314.1
1025 100 3.9518 2.8270 0.7154 0.77+2.02 7.23 2748
1050 100 3.9508 2.8284 0.7159 0.81+2.12 10.93 3123
1075 98.07 3.9498 2.8321 0.7170 1.184+2.08 13.53 347.6
1100 97.42 3.9426 2.8298 0.7178 1.284+1.93 1571 2739
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Figure 5. SEM photographs of KNN-BNT ceramics sintered for 2 h at (a) 1000°C, (b) 1025°C,
(c) 1050°C and (d) 1100°C.

Figure 6. Density of KNN-BNT ceramics sintered at various temperatures.
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Figure7. DSC plots showing heating and cooling cycles of KNN-BNT ceramics sintered at (a) and
(b) 1050°C, (c) and (d) 1075°C.

There was an obvious change in T when the sintering temperature changed. This indicated
that the sintering temperature strongly affects the stoichiometric of KNN-based ceramics.
During the cooling cycle, the transformation from a paraelectric cubic to a ferroelectric
rhombohedral phase was not observed in any samples as shown in Fig. 7(b) and (d). This
result is similar to the phase transition from a ferroelectric rhombohedral to antiferroelectric
orthorhombic phase of (PbggoBag 10)ZrO3 ceramics, as reported by B.P. Pokharel and D.
Pandey [22, 23]. They proposed that the irreversible cause from transformation of strain
during heating-cooling cycles.

Conclusion

KNN-BNT ceramics were successfully prepared by the combustion method using urea
as a fuel. A pure perovskite phase was found in the powders calcined above 700°C for
3 h. and in the pellets sintered at 1050°C for 2 h. These temperatures are lower than
KNN-BNT prepared by the solid state reaction method. The XRD results correspond to the
TGA results. The average grain size increased with increased sintering temperature. The
maximum density was found in the sample sinter at 1050°C. The sintering temperature
strongly affected the Curie point of KNN-based ceramics.

Acknowledgments

This work was financially supported by the Thailand Research Fund (TRF), Com-
mission on Higher Education (CHE). The authors wish to thank the Department of
Physics, Faculty of Science, Naresuan University for support facilities. Thanks are also



Downloaded by [Theerachai Bongkarn] at 08:58 18 January 2014

144/[1322] K. Mathrmool et al.

given to Prof. Galina Popovici and Mr. Don Hindle, for their helpful correcting of the
manuscript.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

G. Shirane, R. Newnham, and R. Pepinsky, Dielectric properties and phase transitions of NaNbOs
and (Na,K)NbOj;. Phys. Rev. 96, 581 (1954).

L. Egerton and D. M. Dillon, Piezoelectric and dielectric properties of ceramics in the system
potassium-sodium niobate. J. Am. Ceram. Soc. 42, 438 (1959).

R. E. Jaeger and L. Egerton, Hot pressing of potassium-sodium niobates, J. Am. Ceram. Soc. 45,
209 (1962).

. C. Wattanawikkam, S. Chootin, and T. Bongkarn, Crystal structure, microstructure, dielectric

and piezoelectric properties of lead-free KNN ceramics fabricated via the combustion method,
Ferroelectrics (inpress).

. S. H. Park, C. W. Ahn, S. Nahm, and J. S. Song, Microstructure and piezoelectric properties of

ZnO-added (NaysKos)NbO3, Jpn. J. Appl. Phys. 43, L1072 (2004).

. Y. Guo, K. Kakimoto, and H. Ohsato, Structure and electrical properties of lead-free

(Na0.sK5)NbO3-BaTiO3 ceramics. Jpn. J. Appl. Phys. 43, L6662 (2004).

. M. Kosec, V. Bobnar, M. Hrovat, J. Bernard, B. Malic, and J. Holc, New lead-free relaxors based

on the Kos5NagsNbO3-SrTiO; solid solution. J. Mater. Res. 19, 1849 (2004).

. Y. Guo, K. Kakimoto, and H. Ohsato, Dielectric and piezoelectric properties of lead-free

(Nag5Ko5)NbO3-SrTiO; ceramics, Solid State Commun. 129, 279 (2004).

. R.C.Chang, S. Y. Chu, Y.F. Lin, C. S. Hong, and Y. P. Wong, An investigate of (Nay sKg5)NbOs-

CaTiO; base lead-free ceramics and surface acoustic wave devices, J. Eur. Ceram. Soc. 27, 4453
(2007).

R. C. Chang, S. Y. Chu, Y. F. Lin, C. S. Hong, P. C. Kao, and C. H. Lu, The effects of sintering
temperature on the properties of (Na0.5s Ko s)NbO3-CaTiOs base lead-free ceramics, Sensor Actuat
A-phys. 138, 355 (2007).

C. Wang and J. Wang , Structural and electrical properties of lead-free Ba(Sn,Ti)Os-
(NagsKo5)NbO3 ceramics, Jpn. J. Appl. Phys. 48, (2009).

R. Zuo, X. Fang, and C. Ye, Phase structures and electric properties of new lead (Nag sKo s)NbO3-
(BigsNags)TiO3 ceramics, Appl. Phys. Lett. 90, (2007).

P. Sittiketkorn, S. Ramaneepikool, and T. Bongkarn, The effects of firing temperature on phase
formation and microstucture of Pbg g75Sro 025 TiO3 ceramics synthesized via the combustion tech-
nique, Ferroelectrics, 403, 158-165 (2010).

P. Panya and T. Bongkarn, Fabrication of perovskite barium titanate ceramics using combustion
route. Ferroelectrics, 383, 102-110 (2009).

C. Wattanawikkam and T. Bongkarn, The influence of calcinations temperature on phase and
morphology of BST powders synthesis via solid state reaction method and combustion technique.
Ferroelectrics. 382, 42-48 (2009).

A. Thongtha, A. Laowanidwatana, and T. Bongkarn, Effect of firing temperatures on phase
and morphology evolution of CaZrO; ceramics synthesized using the combustion technique.
Ferroelectrics. 403, 3-10 (2010).

A. Thongtha and T. Bongkarn, Phase formation and microstructure of barium zirconate ceramic
prepared using the combustion technique. Ferroelectrics. 383, 33-39 (2009).

N. Phungjit, P. Panya, T. Bongkarn, and N. Vittayakarn, The structure phase and microstructure
of perovskite Ba(Ti;xZrx)O3 ceramics using a combustion route. Func. Metter. Lett. 4, 169-174
(2009).

E. Seker, N. Yasyerli, E. Gulari, C. Lambert, and R. H. Hammerle, NOy reduction by urea under
lean conditions oversingle step sol-gel Pt/alumina catalyst. Appl. Catal. B-eviron. 37, 27-35
(2002).



Downloaded by [Theerachai Bongkarn] at 08:58 18 January 2014

KNN-BNT Ceramics via Combustion Technique [1323]/145

20. T. Bongkarn and P. Julphunthong, Phase formation, microstructure and dielectric properties of
Ba(Zro.1Tig.9)O3 ceramics prepared via the combustion technique. Curr. Appl. Phys. 11, S60-S65
(2011).

21. R. Zuo, X. Fang, and C. Ye, Phase structures and electrical properties of new lead-free
(Na0.5Ko5)NbO3—(BigsNags) TiO3 ceramics. Appl. Phys. Lett. 90, 092904 (2007).

22. B. P. Pokharel and D. Pandey, Irreversibility of the antiferroelectric to ferroelectric phase transi-
tion in (PbggoBag 10)ZrOs ceramics, J. Appl. Phys. 86, 3327 (1999).

23. B. P. Pokharel and D. Pandey, Dielectric studies of phase transition in (Pb;.xBax)ZrOs. J. Appl.
Phys. 88, 5364 (2000).



This article was downloaded by: [Naresuan University], [Theerachai Bongkarn]

On: 18 January 2014, At: 08:52

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Ferroelectrics

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gfer20

Phase Formation, Microstructure
and Electrical Properties of KNN-BZT
Ceramics Fabricated via Combustion
Technique

Chittakorn Kornphom 2 b Saranporn Paowsawat & Theerachai
Bongkarn "

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

® Research Center for Academic Excellence in Applied Physics ,
Naresuan University , Phitsanulok , 65000 , Thailand
Published online: 17 Jan 2014.

To cite this article: Chittakorn Kornphom , Saranporn Paowsawat & Theerachai Bongkarn (2014) Phase
Formation, Microstructure and Electrical Properties of KNN-BZT Ceramics Fabricated via Combustion
Technique, Ferroelectrics, 458:1, 127-135, DOI: 10.1080/00150193.2013.850342

To link to this article: http://dx.doi.org/10.1080/00150193.2013.850342

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &



http://www.tandfonline.com/loi/gfer20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00150193.2013.850342
http://dx.doi.org/10.1080/00150193.2013.850342

Downloaded by [Naresuan University], [Theerachai Bongkarn] at 08:52 18 January 2014

Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Naresuan University], [Theerachai Bongkarn] at 08:52 18 January 2014

Ferroelectrics, 458:127-135, 2014
Copyright © Taylor & Francis Group, LLC
ISSN: 0015-0193 print / 1563-5112 online
DOI: 10.1080/00150193.2013.850342

Phase Formation, Microstructure and Electrical
Properties of KNN-BZT Ceramics Fabricated
via Combustion Technique

CHITTAKORN KORNPHOM,!? SARANPORN PAOWSAWAT,!
AND THEERACHAI BONGKARN?2*

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

%Research Center for Academic Excellence in Applied Physics, Naresuan
University, Phitsanulok, 65000, Thailand

In this work, the effects of calcination temperature in the range of 550-800°C for 2 h
and sintering temperature in the range of 1000-1100°C for 2 h on phase formation,
microstructure and dielectric properties of the potassium sodium niobate-bismuth zinc
titanate [0995(K05 Naos)NbO3—OOOSBI (Zn0.5Ti0.5)O3] (KNN-BZT) ceramics prepared
via combustion technique were investigated. Glycine was used as fuel to reduce the
reaction temperature. It was found that a single orthorhombic perovskite phase of
KNN-BZT powders was observed from the sample calcined at 650°C for 2 h, which
was lower than the conventional mixed oxide route ~200°C. The single orthorhombic
perovskite phase was detected in the sample sintered at the temperature lower than
1075°C. The secondary phase of Bi, Ti,O; was found in the sample sintered at 1100°C.
Themicrostructure of the KNN-BZT powder s exhibited an almost-spherical morphology
and a highly agglomerated form. The particle size was ranging from 0.2-0.3 um and
the average grain size of the ceramics increased as sintering temperature increased.
The optimum condition of sintering was obtained for the sample sintered at 1075°C for
2 h. This sample exhibited maximum density (97%), highest dielectric constant (6400)
and excellent ferroelectric properties (P, = 20.5 1 C/en? and E; = 9.7 kv/cm).

Keywords KNN-BZT ceramic; combustion technique; crystal structure; dielectric
properties; ferroelectric properties

Introduction

The developments of lead-free ferroelectric materials have attracted great attention as a
technological problem and environmental impact due to limited use of baneful lead-based
materials in electronic devices [1-3]. Significant attention has been paid to (Ko sNags)NbO3
(KNN) materials because of its high piezoelectric properties (d33~160 pC/N), good fer-
roelectric properties (P, = 33 ©C/cm?), high Curie temperature (T.) (above 420°C) and
environmental friendly nature [4-6]. However, it is very difficult to obtain dense KNN
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ceramics because of the high volatility of alkaline elements at high temperatures and the
easy reaction of potassium carbonate and water vapors in air [7].

To improve the densification and the dielectric properties of KNN ceramics, the system
of (1—X)(Kos5Nags)NbO3—xBi(Zng 5 Tip5)O3 ceramics at a composition of around 0 < x <
0.3 was suggested by M. Sutapun et al. [8]. At x=0.005, this ceramic exhibited an orthorom-
bic perovskite structure, high density (~94%), high dielectric constant (~5900) and high
Curie temperature (~412°C). However, the 0.995(Kq5Nag 5)NbO3—0.005Bi(Zng 5 Tip5)O3
(KNN-BZT) powders prepared by mixed oxide method using high calcinations temperature
(850-900°C) and long dwell time (4 h). Furthermore, for the fabrication of high dense KNN-
BZT ceramic, sintering temperatures between 1000 and 1100°C for 2 h must be used [8].

Recently, the high dense ferroelectric ceramics such as [(KNaNb)Os-(LiSb)Os]-
(BiSc)O3 [9], (Bi Na La Ti)Os-(Ba Zr Ti)O3 [10], Ba(Ti1-xZry)Os [11], (Bay.xSry)
(ZrTi;x)O3 [12] were successfuly fabricated by the combustion technique using low
firing temperature and short dwell time.This technique involves a self-sustained reaction
between the reactive materials and the fuel (e.g., urea or glycine) which supplies a liquid
medium at the start of the reaction. The reaction can occurrence easily in the liquid medium
because the diffusion coefficient is higher than in the solid medium [13]. Moreover, from
the literature survey, the preparation of KNN-BZT ceramic by the combustion technique
and the ferroelectric properties of KNN-BZT ceramics have not been studied. Therefore, the
purposes of this research were to synthesise KNN-BZT ceramics via the combustion tech-
nique and to investigate the effect of firing temperatures on phase structure, microstructure,
density and electrical properties of this ceramics.

Experimental

KNN-BZT ceramics with chemical formula of (0.995)(KosNags)NbO3z—0.005Bi
(ZnosTigs)O3 was synthesized by the combustion technique. Raw materials of K,CO3
(99.0%), Nap,CO3 (99.5%), Nb,Os5 (99.9%), Bi,O3 (99.97%), ZnO (99.9%) and
Ti0,(99.9%) were dried at 110°C for 24 h and weighed in chemical stoichiometric pro-
portion. Then, they were mixed and ball milled in ethanol for 24 h by a planetary ball mill
with YeZrO, ball media. The suspensions were dried and the powders were ground and
sieved. The mixed powders and fuel (glycine (C,HsNO,)) were mixed with a ratio of 1:2
in the agate mortar. The mixed powders were calcined at various calcination temperatures
from 550°C to 800°C for 2 h. The KNN-BZT ceramics were fabricated by pure KNN-BZT
calcined powders mixed with 3 wt% polyvinyl alcohol (PVVA) bond, and uniaxially pressed
under 80 MPa into pellets of 15 mm in diameter. After that, the KNN-BZT pellets were
sintered in the range of 1000-1100°C in air for 2 h with a heating rate of 5°C/min and
cooling down naturally. The phase structures of these sintered pellets were analyzed by
X-ray diffraction (XRD) with CuKea radiation. Scanning electron microscopy (SEM) was
used to examine the surface morphology micrographs. The average particle size and av-
erage grain size of the samples were determined by using the linear interception method.
The apparent density of the samples was measured by the Archimedes method. Dielectric
measurements were performed using an LCR meter at the frequency of 1 kHz. The polar-
ization versus electric field (P—E) hysteresis loops of the ceramics were measured using a
computer controlled modified Sawyer-Tower circuit.

Results and Discussion

The X-ray diffraction patterns of the KNN-BZT powder calcined between 550°C and
800°C for 2 h are shown in Fig. 1. All peaks showed an orthorhombic perovskite
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Figure1l. X-ray diffraction patterns of the KNN-BZT powders calcined at various temperature; (&)
Bi, Ti, 0.

structure [8]. However, a weak peak appeared in the calcined powders at 26 of 29°,
that suggested the existence of the impurity phase identified as Bi,Ti,O7 in the sam-
ples calcined at 550 and 600°C. In order to evaluate the relative amounts of perovskite
and impurity phase at each calcined temperature, the following approximation was
employed:

1
% perovskite phase = [ —— =~ ) x 100 (1)
Iperov + Iimpurity

This equation is a well-know equation widely employed in connection with the prepara-
tion of complex perovskite structure materials [9-12]. Here | peroy and limpurity refer to the
intensity of the (110) perovskite peak, and the intensity of the highest Bi,Ti,O; peak.
The percentage of the perovskite phase of KNN-BZT powders increased with increasing
calcined temperature (Table 1). The maximum percentage of the perovskite phase in the
KNN-BZT powders was 100% obtained by the sample calcined above 650°C for 2 h.
The fabrication of pure KNN-BZT powder via combustion technique was accomplished
using lower calcined temperature and shorter dwell time than by using the solid state re-
action method (about 200°C and 2 h, respectively). The reducing calcined temperature by
using combustion technique was due to the discharge of the combustion energy and the
medium liquid phase which were obtained from the melting and decomposing of fuel in
the combustion process [13].

The single phase KNN-BZT powder calcined at 650°C were pressed into pellets and
sintered from 1000 to 1100°C for 2 h. X-ray diffraction patterns of KNN-BZT sintered
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Table 1
Percentage perovskite and the average particle size of KNN-BZT powders
Calcination temperature (°C) % perovskite phase Average particle size (um)
550 93.8 0.21
600 97.6 0.25
650 100 0.27
700 100 0.28
750 100 0.29
800 100 0.30

ceramics are shown in Fig. 2. The ceramics sintered below 1075°C exhibited the single
orthorhombic perovskite phase. While the second phase of Bi, Ti,O7 appeared in the ceramic
sintered at 1100°C. This result was possibly caused by the evaporations of Na,O, and K,O
which have low melting point [9].

Figure2. X-ray diffraction patterns of the KNN-BZT ceramics sintered at various temperature; (@)
Bi,Ti,O.
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Figure3. The SEM micrographs of KNN-BZT powders calcined at (a) 550°C, (b) 650°C, (c) 750°C
and (d) 800°C for 2 h.

The SEM photographs of KNN-BZT powder exhibited an almost spherical morphology
and a very agglomerated form (Fig. 3 (a)—(d)). The average particle size of the KNN-BZT
powders slightly increased with increasing calcination temperatures as listed in Table 1.

SEM micrographs of as sintered surface of KNN-BZT ceramic sintered at
1000-1100°C for 2 h are presented in Fig 4. The ceramic grain of exhibited the polygonal
shape in all samples. At a low sintering temperature of 1025-1050°C (Fig 4(a) and (b)),
the ceramic exhibited small grain and uniform distribution, with many porosity. The grain
grew greatly and the porosity decreased with increased sintering temperature up to 1075°C,
in Fig 4(c). When the sintering temperature increased to 1100°C, the ceramic grain have
indistinct grain boundaries and increased porosity caused by the grain melt (Fig 4(d)). The
average grain size of KNN-BZT ceramics increased from 0.4 to 4.2 um when sintering
temperature increased from 1000 to 1075°C. At the sintering temperatures higher than
1075°C, the average grain size of KNN-BZT decreased as shown in Table 2.

The linear shrinkage, measured density and theoretical density (%T.D.) of KNN-BZT
ceramics with the various sintering temperatures are listed in Table 2. The linear shrinkage
of ceramics increased from 13.7 to 18.0% when the sintered temperature increased. The
density of the ceramics was in the range of 4.05-4.32 g/cm?. They incraesed with incraesing
sintering temparature up to 1075°C and then drop in value. The highest density was 95%
of the theoretical density and was higher than of the samples prepared via the solid-state
reaction method (93%) [8]. The density agree with the microstructure results. Generally, the
increase and decrease in density depend on the porosity and the degree of the liquid phase.
In our case, the melting temperatures of alkali elements and in the KNN system are low
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Figure 4. The SEM micrographs of KNN-BZT ceramics sintered at (a) 1025°C, (b) 1050°C, (c)
1075°C and (d) 1100°C for 2 h.

[8, 9, 14]. So,the high sintering temperature beget liquid phase and evaporation in KNN-
based ceramics.

The dielectric constant (g;) and dielectric loss (tan &) of the KNN-BZT ceramics as a
function of temperature measured at the frequency of 1 kHz, are shown in Fig. 5. It was
found that, the peak of dielectric constant curve exhibited two dielectric anomalies at T,
(T, is the transition temperature from orthorhombic ferroelectric to tetragonal ferroelectric)
and T, (T, is Curie temperature and relates to the transition from tetragonal ferroelectric to
cubic paraelectric) [14, 15]. The T, and T, of KNN-BZT samples tend to decrease when
the sintering increased up to 1050°C and thereafter values of T, and T increased as shown

Table 2
Average grain size, linear shrinkage, density, phase transition, and dielectric properties of
KNN-BZT ceramics

Sintering Average grain Linear Density Tp Tc e tansd
temperature (°C)  size (um) shrinkage (%) (g/cm®) %T.D. (°C) (°C) atT. atT,
1000 0.41 13.7 4.05+0.03 89.44 159.9 378.6 2704 0.112
1025 0.45 13.9 420+ 0.05 92.76 137.2 383.7 5378 0.122
1050 0.53 16.5 422 +£0.02 93.33 135.8 377.4 6365 0.120
1075 4.22 16.7 432 +£0.07 9527 137.5 383.2 6400 0.082

1100 2.01 18.0 4154+0.04 91.67 138.5 379.1 3295 0.121
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Figure5. Temperature dependence of dielectric constant and dielectric loss of KNN-BZT ceramics
sintered at; (a) 1000 °C (b) 1025 °C, (c) 1050 °C, (d) 1075 °C and (e) 1100°C for 2 h.

in Table 2. From the previous works, The value of T, and T of the KNN-BZT ceramics
prepared via the solid-state reaction method, which were reported about 118°C and 412°C,
respectively [8]. In this work, the value of T, was in the range of 135-159°C and T¢ in the
range of 377-384°C, which T, was higher while T, was lower than the solid-state reaction
method. In other words, this specimen exhibited tetragonal phase in the narrow range.
The dielectric constant () at T, of KNN-BZT ceramics increased when sintering
temperatures increase up to 1075°C and thereafter drop to values (Table 2). The value of
dielectric loss (tans) at T, of KNN-BZT ceramics was exhibited in opposite trend (Table 2).
The decrease of the dielectric constant in the samples sintered at high temperatures was
due to high porosity which caused a high space charge in the samples. The dielectric
properties corresponded with the density, the microstructure and the XRD results. The
highest dielectric constant at T, of 6,400 was accompanied with a dielectric loss of 0.082,
which was obtained in the sample sintered at 1075°C for 2 h. The maximum dielectric
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Figure 6. The ferroelectric hysteresis of KNN-BZT ceramic sintered at 1075°C for 2 h.

constant prepared via the combustion method was higher than the samples prepared by
the solid-state reaction method (~5900) [8]. This indicated that the combustion technique
is the expedient and the high efficiency method to synthesis high quality of KNN-BZT
ceramics.

The polarization (P-E) hysteresis loop of the KNN-BZT ceramic sintered at 1075°C
which exhibit highest density and measured at a maximum electric field of 30 kV/cm as
illustrated in Fig. 6. It is evident that the shape of the P—E loops exibited square loop. The
remnant polarization (P;) and the coercive field (Ec) are determined to be 20.5 ;.C/cm?
and 9.7 kV/cm, respectively. This result indicated that the KNN-BZT ceramic are suitably
for applied as an micro-actuator and a transducer.

Conclusions

Inconclusion, solid solution KNN-BZT ceramics with a relatively high density was obtained
through a combustion technique. The effect of calcination and sintering conditions on
phase structure, microstructure, physical properties, dielectric properties and ferroelectric
properties were investigated. The single orthorhombic perovskite phase of the KNN-BZT
calcined powders was discover in the specimen calcined at 650°C for 2 h. The KNN-
BZT could be exhibited the pure orthorhombic structure when sinterd below 1075°C.
The microstructure and physical properties of the KNN-BZT ceramics has changed for
the better when sintering increased up to 1075°C. The maximum density (4.32 g/cmq) and
the highest dielectric properties at T¢ (¢ = 6400 and tan § = 0.082) were obtained from
the specimen sintered at 1075°C for 2 h. The highest dense specimen has good ferroelectric
properties (P, = 20.5 xC/cm? and E. = 9.7 kV/cm).
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Phase formation and piezoelectric properties
of (Pbg.95Bag.g5)(Zr;_,Ti,)O5 ceramics
fabricated by solid state reaction technique

C. Kornphom, C. Panich and T. Bongkarn*

This work studied the crystal structure, microstructure and piezoelectric properties of Lead
Barium Zirconate Titanate [(Pbg.g95Bag.05)(Zr1_«Tix)O3; (PBZT)] ceramics with 0=x=0-50 step 0-05
prepared by the solid state reaction method. PBZT samples were calcined in the range of 900—
1000°C for 1 h and sintered at 1200°C for 3 h. The crystal structure, microstructure and
piezoelectric properties were analysed by an X-ray diffractometer (XRD), scanning electron
microscope (SEM) and dss meter. It was found that the PBZT ceramics are indexed in the
orthorhombic structure for x=0, the rhombohedral structure for 0-05=x=0-30, the coexisting of
rhombohedral and tetragonal structure for 0-35=x=0-45 and the tetragonal structure for x=0-50.
The average grain size and the density are around 1:20-2-59 ym and 7-52-7-67 g cm™®

respectively. The highest piezoelectric coefficient is 129 pC/N obtained by x=0-40.

Keywords: PBZT, Phase formation, Microstructure, Piezoelectric properties, Solid state reaction technique

Introduction

Lead barium zirconate (Pbg.95Bag.o5)ZrO; (PBZ) is one
of the most widely studied lead based ferroelectric
materials. The PBZ shows an anti-ferroelectric orthor-
hombic phase at room temperature and changes to a
rhombohedral ferroelectric phase at high temperature.'™
During the phase transition, the PBZ ceramics exhibit
high expansion, making it an attractive candidate as a
micro actuator in electronic devices.>’ In addition, the
PBZ ceramic exhibits a cubic paraelectric phase at Curie
temperature (~210°C) and its maximum dielectric
constant is ~ 10 000.>°

Lead barium titanate (Pbg.9sBag.o5)TiO3 (PBT) is an
important ferroelectric material because it exhibits a
tetragonal ferroelectric phase at room temperature,® !
which turns into a cubic paraelectric phase at the Curie
point of ~460°C.!"' The PBT ceramic exhibits a
dielectric constant of 3151 at a room temperature. The
high Curie temperature of PBT ceramics makes it
attractive in the applications of high temperature electric
and optical devices.""

Lead barium zirconate titanate (Pbg.osBag.qs5)(Zri.
«T1,)O3 (PBZT) ceramic is a solid system composed of
orthorhombic anti-ferroelectric PBZ and tetragonal
ferroelectric PBT.®!' It can be seen from the phase
formation investigation that PBZT ceramic is best
applied in the electronic devices using high temperature.”
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However, its piezoelectric properties are still unknown.
Therefore, in this paper, PBZT ceramics with a com-
position of 0=x=0-5 (mole step 0-05 was performed)
were prepared by the solid state reaction technique to
investigate the influence of the x content on the phase
formation, microstructure, dielectric and piezoelectric
properties.

Experimental

PBZT ceramics with 0=x=0-50 step 0-05 were prepared
by the solid state reaction method. The raw materials of
PbO, BaCOs3, ZrO, and TiO, were weighed and mixed
by ball milling for 24 h in ethanol. After being dried,
sieved and calcined between 900 and 1000°C for 1 h, the
calcined powder was reground and mixed with 2 wt-%
binder by ball milling for 24 h. After drying and sieving,
the powder was pressed into 15 mm diameter pellets at
80 MPa and sintered at 1200°C for 3 h. During
sintering, PbZrO; was used as the spacer powder to
minimise the loss of lead due to vaporisation. The
crystal structure and microstructure were studied by
X-ray diffraction (XRD) and scanning electron micro-
scope (SEM). The average particle size and the average
grain size of the samples were determined by using the
linear interception method. The density of the sintered
ceramics was measured by the Archimedes method using
distilled water as a medium. The porosity of the sintered
ceramic was measured optically. Dielectric properties
measurements were performed using an LCR meter
(Agilent 4263B). The measuring frequency was 1 kHz at
room temperature. Piezoelectric properties were evalu-
ated after a polling process was carried out in a silicone
oil bath at 150°C under a DC electric field of
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1 XRD patterns of PBZT a powders and b ceramics with composition of 0=x=0-50

30 kV cm ™! for 30 min. The piezoelectric constant ds;
was measured using a piezo-ds; meter.

Results and discussion

The XRD patterns of the PBZT powder with a
composition of 0=x=0-05 are shown in Fig. la. All
peaks showed a single phase of the perovskite structure
which matched the JCPDS file numbers 35-0739,"
29-0775" and 06-0452.'* The SEM photographs of
PBZT powder at various compositions exhibited an
almost spherical morphology and a porous agglomer-
ated form (Fig. 2a—d). The average particle size of PBZT
powders at various compositions was about 0-36—
0-52 um as listed in Table 1.

Figure 1 shows the XRD diffraction patterns of
PBZT ceramics with 0=x=0-50. The pure perovskite
phase was found in all compositions. The XRD patterns
at a very low scanning speed, showed the phase change
seen in Fig. 3a—c. The theoretic XRD pattern of the
orthorhombic structure exhibited a large number of
superlattice phases of (130)/(112)o, (210)o and (230)/
(212)0.°5 At 26 around 38°, the orthorhombic structure

Table 1 Average particle size and dielectric properties at
Troom Of PBZT samples

X Average particle size/um . tan o
0 0-36+0:012 173 0:05
0-05 0-42+0:020 419 0:07
0-10 0-52+0-018 372 0-02
015 0-46+0-016 583 0-01
0-20 0-42+0-008 565 0-01
025 0:43+0-013 631 0-01
0-30 0-39+0-012 675 0-02
035 0-41+0-013 644 0-01
0-40 0-40£0-017 656 0-02
0-45 0-40+0-014 939 0-01
0-50 0-38+0:014 916 0:01

exhibited doublet peaks of (202)/(042)o and (230)/(212)o
whereas the rhombohedral structure and tetragonal
structure changed to peaks of (003)/(021)r and (111)y
in the XRD patterns® respectively. At 20 around 45°, the
orthorhombic structure showed double peaks of (240)o
and (004)o, while they unified into a single peak of
(202)g in the rhombohedral structure, which then split
into double peaks of (002)r and (200)t in a tetragonal
structure. The structure of PBZT at a composition of
x=0 exhibited an orthorhombic perovskite structure,
while the crystal structure was rhombohedral at
0-05=x=0-30, during which the peaks of (202)r and
(003/021)g shifted slightly toward high angles, indicating
that the value of the lattice parameter of the rhombohe-
dral structure decreased. The XRD pattern of the PBZT
ceramic with x content being 0-50 indicated a tetragonal
structure. However, when 0-30=x=0-45, the diffraction
peak of (012)g at 26 around 30°, and the peak of (202)g
at 20 around 44° changed from symmetry to non-
symmetry. Moreover, the peaks of (012)g and (202)g
skewed to the right and the left direction respectively
with the increase of the x content (Fig. 3¢ and ¢). The
peak of (003)/(021)g at 20 around 38° started to merge
into a single peak of (111)y, as seen in (Fig. 3b).
However, the peaks of (012)g and (202)y still exhibited
the unclear splitting into doublet peaks of (101)/(110)r
and (002)/(200)t respectively while the peaks of (003)/
(021)g were still merging and the obvious single peaks of
(111) could not be seen. The PBZT ceramics with a
composition between 0-30 and 0-45 exhibited the
coexisting phases of the rhombohedral and tetragonal
structure and the tetragonality increased with the
increasing x content.

The SEM image of the surface of the PBZT ceramics
with a composition of 0>x>0-50, sintered at 1200°C
for 3 h is shown in Fig. 2e—h. The grain of the PBZT
ceramic exhibited a polygonal shape in all samples. At
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2 Images (SEM) of PBZT powders with a x=0-10, b x=0-30, ¢ x=0-40, d x=0-50 and PBZT ceramics with e x=0-05, f

x=0-15, g x=0-25 and h x=0-35

x=0-05 (Fig. 2e), this ceramic exhibited small grains and
a uniform distribution, with much porosity. The grain
grew greatly and the porosity decreased with the x
content between 0-15 and 0-25 as shown in Fig. 2f'and g.
When the x content exceeded 0-35, the ceramics grain
was reduced, but its porosity increased (Fig. 2/4). The
average grain size of the PBZT ceramics was around 1-2
to 2:7 uym. The density and the theoretical density of
these ceramics were about 7-52-7-67 g cm > and 94-0—
95-9% respectively.

voL 18 SUPPL 2

The dielectric constant (g,) and the dielectric loss
(tan 3) at room temperature of the PBZT ceramic at
0=x=0-05 are shown in Table 1. The value of ¢, tended
to increase with the increasing x content, whereas the
value of tand are free from the x content, between 0-01
and 0-07 (see Table 1).

Piezoelectric properties (ds3) as a function of the x
content are shown in Fig. 4. The ds3 tended to increase
with x content going up to 0-40 and then decreased
rapidly when x exceeded 0-40. The highest di; value
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3 X-ray diffraction pattern of PBZT ceramics with compositions of 0=x<0-50 at very low scanning rate: a at 20 around

30°; b at 20 around 36°; ¢ at 20 around 44°

of 129-4 pC/N was obtained at x=0-40. The piezo-
electric coefficient measurements verified the superior
piezoelectric properties at a ratio of x=0-40. At this
ratio, the ceramic exhibits coexisting phases between the
rhombohedral and the tetragonal. It should be noted
that this composition of PBZT ceramic (Zr/Ti=60:40) is
close to the MPB of PZT ceramic (Zr/Ti=52:48)."

Conclusions

The amount of Zr*" and Ti*" ions has significant
effects on the phase formation, microstructure, and
piezoelectric properties of PBZT ceramics. The structure

4 Piezoelectric coefficient of PBZT ceramics at various
compositions

of the PBZT ceramics are orthorhombic for x=0,
rhombohedral for 0-05=x=0-30, both rhombohedral
and tetragonal for 0-35=x=0-45 and tetragonal for
x=0-50. The highest piezoelectric coefficient is 129-4 pC/
N obtained at x=0-40.
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Phase formation, microstructure and dielectric
properties of Big.5s(Nag.74Ko-16Lio-10)0-5TI0O3—
Ba(Zry.5Tig.95)05 ceramics prepared via
combustion technique

P. Julphunthong and T. Bongkarn*

Binary lead free electroceramics with the composition of (1-x)Big.5(Nag.74Ko.16Lig-10)0.5T1O3—X
(BaZrg.o5Tig.05)05 or BNKLT-100xBZT with 0-025=x=0-150 were synthesised via the combustion
technique. The results showed how BZT content affects typical properties of a BNKLT-100xBZT
system such as phase formation and dielectric properties. The XRD investigation revealed that
BNKLT-100xBZT exhibits the coexistence of rhombohedral and tetragonal phases. By adding
BZT, the rhombohedral phase decreases and tetragonal phase increases. From a dielectric
properties investigation, BNKLT-100xBZT shows two dielectric loss peaks at ~190 and ~320°C
defined as Ty and Ty, respectively. Increasing the BZT fraction makes T, shift to a lower
temperature but has no effect on the Ty shifting. The maximum ¢, and enax With their respective
values of 1380 and 4050 are observed from the sample with the composition BNKLT-5BZT, which

can be attributed to its location near the MPB region.

Keywords: BNT, Combustion technique, Core—shell structure, Dielectric properties

Introduction

It is well known that BNT is a ferroelectric ceramic with
strong ferroelectricity." However, its application to electro-
nic devices is limited by such problems as its high coercive
field, low piezoelectricity and low dielectric constant.>
Therefore, other compositions or some cation additives are
added into BNT to improve its properties.>*

Yang et al’ modified BNT by substituting Na™ by
K™ for 10-20 mol.-%. The result demonstrated that K
substitution induced the MPB region between the
rhombohedral and tetragonal phases at 18 mol.-% of
K. This composition is very promising for lead free
piezoelectric materials because it shows the optimum
values of ds3, Kp, & and tan 8 of 144 pC/N, 0-29, 893
and 0-037 respectively. Lu er al® investigated the
Bi(Na; _x—yKyLiy)o.9sTiO3 system by replacing the
Na'* jon with K'* and Li'* ion additives, which
Suggested that the Bio.5(Nao.74K0.16Li0.10)0.5TiO3 com-
position showed the coexistence of rhombohedral and
tetragonal structures which is the MPB composition.
The MPB composition led to a great enhancement in
electrical properties compared with BNT, increasing ds3
from 78 to 160 pC/N, K, from 0-16 to 0-35 and &, from
420 to 1080. In addition, using different approaches,
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many researchers have reported BNT improvement by
introducing the BNT binary or ternary system chemical
compositions such as BNT-BZT,”® BNT-KNN’ or
BNT-BKT-BF.'""!! For example, Parija et al.*> demon-
strated that 5 mol.-%BZT doped BNT increases the &,
from 1020 to 3533, ds3 from 41 to 131 pC/N and P, from
25 to 12 pC cm 2 for BZT doped.

Recently, the idea of combining cation additives with
the binary system of BNT based solid solution to
improve BNT properties has generated interest.
Jarupoom et al.'? produced a system of (1—x)BNLT—
xBT where 1-7 mol.-%La*" was doped to BNT with
0=x=0-10. By the addition of the BT fraction, the ¢,
and g,,,, values of the BNLT-BT system increased but
T. lowered the tan 6 of the ceramics was reduced at high
temperature. Moreover, the g and &, obtained their
maximum value of 1615 and 4250 respectively from the
BNLT with an addition of 10 mol.-%BZT.

The objective of this study was to investigate the
possibilities of improving BNT properties by producing
a new system of (1_X)Bi().s(Na().74K()41(,Li(]41())().5TiO3f
x(BaZrg.g5Tip.05)03 or BNKLT-100xBZT ceramics. The
effects of BZT fraction on phase formation, morphology
and dielectric properties were also investigated. The
samples were synthesised through the combustion
technique since this has been shown to be an effective
way to improve BNT and BZT properties.'> '

Experimental procedure

The  (1—x)Bip.5(Nag.74Ko.16Lio- 10)0-5 T1O3-x(BaZrg.05Tip.95)
03 (0-025=x=0-15, step=0-025) ceramics were synthesised
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1 XRD patterns of BNKLT-100xBZT ceramics with 0=x=0-15: a at 2q between 10° and 60°; b at a very low scanning rate

of 2q between 44° and 48°

using the combustion technique. Highly pure bismuth oxide
(Bi,03), sodium carbonate (Na,COs3), potassium carbonate
(K»CO3), lithium carbonate (Li,COs), titanium oxide
(TiO,), barium carbonate (BaCO;) and zirconium oxide
(ZrO,) were used as the starting materials. First, the raw
materials were weighed according to the designed chemical
formulae and were ball milled in an ethanol medium
for 24 h. After being mixed with CH4N,O (fuel), the
Bio.5(Nag.74Ko.16Lio-10)0-s 103 (BNKLT) and Ba(Zrg.os
Tip.95)O3 (BZT) were synthesised at 750°C for 2 h and
1000°C for 5 h respectively. After calcination, the two
synthesised powders were mixed with different values of x,
milled once again, dried and granulated by adding polyvinyl
alcohol. The granulated powders were pressed into discs of
15 mm in diameter using a uniaxial pressure of 80 MPa,
then sintered in air at 1100°C for 2 h. The crystal structures
of the ceramics were characterised by an X-ray diffract-
ometer (XRD). In addition, the scanning electron micro-
scopy (SEM) was employed to examine the microstructure
of the sintered ceramics. The sintered discs were polished
and silver paste was applied to both surfaces to measure
their electrical properties. After applying the silver, the discs
were fired at 600°C for 5 min and the temperature
dependences of the dielectric properties were measured
using a LCR meter.

Results and discussion

The XRD patterns of the BNKLT-100xBZT ceramics
with 0=x=0-15 are shown in Fig. 1. All BNKLT-
100xBZT samples showed a pure perovskite phase,
which indicated that the BZT had completely diffused
into a lattice to form a solid solution. Moreover, the
diffraction peaks at 20 of 44-48° at a very low scanning
rate (step size 0-00116°, time/0 7-42 s and scan speed
0-05152° s~ ') showed interesting characteristics due to a
significant change in the composition (Fig. 1). The
investigation demonstrated that there were two features
of the diffraction patterns which were of interest. First,
the diffraction peaks shifted to a lower angle when the
BZT content increased. This suggested that the unit cell

voL 18 SUPPL 2

was stretched, which may be because the larger size
Ba’" (161 pm) occupies the A-site lattice by replacing
Bi** (130 pm) and/or because the Na'™ (139 pm) and
Zr** (72 pm) ion replace the Ti** (61 pm) ion at the B
site lattice. The other feature is the splitting of the (002)
and (200) peaks. Lu et al.® demonstrated that BNKLT
shows the coexistence of rhombohedral and tetragonal
phases with the former in a dominant position.
Additional BZT into BNKLT for BNKLT-2-5BZT
induced the occurrence of a small hump at the left side
of the (200) peak, indicating that the crystal structure
was initially transformed to a tetragonal phase. The
asymmetrical feature was distinctly observed when the
BZT content increased to 5 mol.-%. For the BNKLT-
7-5BZT composition, the diffraction peak split into
(200) and (002) peaks. The splitting characteristic was
observed clearly with the increase of the BZT content,
indicating that the tetragonality tended to increase. To
understand the variation of the unit cell volume due to a
change in composition, the lattice parameters were also
investigated. The BNKLT was assumed as a rhombohe-
dral structure, and the lattice parameter a was calcu-
lated. For the BNKLT-100xBZT structure, the splitting
of (002) and (200) peaks at 20 of 44-48° was observed in
the system containing over 5 mol.-%BZT. Therefore, the
crystal structure of BNKLT-100xBZT was assumed to
be a rhombohedral and tetragonal structure with
x=5 mol.-% and x>5 mol.-% respectively. The lattice
parameters, unit cell volume and c/a ratio were
calculated as listed in Table 1. The calculation for the
lattice parameters was based on different structures. The
calculated lattice parameter a changed dramatically
between BNKLT-5BZT (assumed as rhombohedral
structure) and BNKLT-7-5BZT (assumed as tetragonal
structure). However, it can be noted that the lattice
parameter a, lattice parameter ¢, unit cell volume and
the c/a ratio also increase with increasing BZT fraction.
This observation supports the previous comment that
more BNT doped leads to the enlargement of crystal
unit cell volume.
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2 SEM photographs of surface of BNKLT-100xBZT ceramics: a x=0-025; b x=0-050; ¢ x=0-075; d x=0-100; e x=0-125; f

x=0-150

The surface morphologies of BNKLT-100xBZT
ceramics were investigated, and the results are shown
in Fig. 2. Generally, pure BNT exhibits a cube shaped
grain.” Therefore, a characteristic of quasicubic mor-
phology can be seen from the samples with a small
amount of BZT in a BNKLT-100xBZT system
(Fig. 2a—c). In the case of over 7-5 mol.-%BZT, the
addition of BZT into the BNKLT matrix caused the
cubic grain shape to change to a spherical grain
gradually (Fig. 2d-f). The variation of average grain

size due to its changing composition is listed in Table 1.
The addition of BZT fraction on a BNKLT system
affected the value of average grain size in the range of
1-43-1-89 pm.

The measured density with a variation in BZT content
of BNKLT-100xBZTBZT is listed in Table 2. The
density of the ceramics was in the range of 5-79-
5-87 gem ° with the highest obtained by BNKLT-
12-5BZT. It can be observed that high density ceramics
were obtained by the samples with high BZT content. In

Table 1 Lattice parameters a and c, unit cell volume, c/a ratio and average grain size of BNKLT-100xBZT ceramics
Lattice parameters
a c Unit cell volume Average grain size
Samples A A A3 c/a ratio pm
BNKLT 3432 172
BNKLT-2-5BZT 3438 1-64
BNKLT-5:0BZT 3-449 1-89
BNKLT-7-5BZT 3916 3971 61:740 1:014 170
BNKLT-10-0BZT 3:926 3986 62:368 1-:015 1-43
BNKLT-12-5BZT 3928 3-988 62-453 1:015 1-59
BNKLT-15-0BZT 3-:927 3:991 62:560 1-016 1-44
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3 Temperature dependence of dielectric constant and dielectric loss of BNKLT-xBZT ceramics: a x=0-025; b x=0-050; ¢

x=0-075; d x=0-100; e x=0-125; f x=0-150

the previous work, the results indicated Bi and/or K and/
or Na ions evaporate from the BNT system during the
sintering process, resulting in lower density samples.'®
By the addition of BZT, evaporated ions can be
substituted by more stable ions such as Na, and the

volatility is reduced.'® Therefore, the relative density is
enhanced.

The dielectric constant and loss as a function of
temperature for BNKLT-100xBZT ceramics are illu-
strated in Fig. 3. For the sample with 2-5 mol.-%BZT

Table 2 Density, Ty, T, & €max and tan 8 of BNKLT-100xBZT ceramics

Samples Density Ty Tm & €max tan o
gcm 3 °C °C
BNKLT-2:5BZT 5-81 190 >400 1020 3200 0:045
BNKLT-5-0BZT 5-83 193 360 1380 4050 0051
BNKLT-7-5BZT 579 191 330 1340 3150 0-061
BNKLT-10:0BZT 5-82 189 325 1260 3330 0:065
BNKLT-12-5BZT 5-87 190 320 1260 3390 0-068
BNKLT-15-0BZT 584 188 310 1050 2650 0-070
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(Fig. 3a), the distinct dielectric peak with the maximum
value of dielectric constant occurs at ~200°C. This
point is referred to as the dielectric peak in which the
phase transition from a ferroelectric to an antiferro-
electric phase at a temperature called 7,4.° Similarly, the
dielectric loss curve shows an initial occurrence of
another dielectric peak at a higher temperature is called
T,,.° By increasing BZT content to 5 mol-%, the
dielectric loss peak at Tj, is more obvious and shifted
to a lower temperature (the inset in Fig. 3b). The
dielectric loss peak at Ty, tends to move toward a lower
temperature as the BZT content increases (Fig. 3c¢—f).
However, an increase in the BZT content only slightly
affects the dielectric loss peak at T4. The dielectric
constant and dielectric loss, however, could not be
measured at high temperatures for BNKLT with 12-5
and 15 mol.-%BZT (Fig. 3e—f). This indicated that the
materials exhibit high conductivity at high temperature,
because the structure changes to paraelectric above
Curie temperature.'> The Ty and T, are listed in
Table 2. It can be noted that, an increased BZT content
causes the shifting of T}, to a lower temperature, because
the BZT has a lower value of paraelectric phase
transition temperature (~ 100°C)!” compared with that
of BNKLT (~335°C).® In term of dielectric constant,
the maximum value is exhibited at the dielectric peak
near T4 for all samples. This phenomenon shows the
contrary behaviour of the dielectric curve of BNT as
reported in the literature'®'? in which the dielectric peak
shows its higher altitude at 7}, and its lower altitude at
Ty. Yuan er al®® suggested that the altitude of the
dielectric constant peak at Curie temperatures and lower
temperature is correlated with the grain core and grain
shell, respectively, which is exhibited in the core-shell
structure materials. The core—shell structure, which can
be formed in ferroelectric ceramics such as BT and BNT
with some cation additives, consists of relatively pure
composition grain cores embedded in and surrounded
by a second impurity phase grain shell.>! In this study,
the dielectric constant peak at T;, was indistinct while
the dielectric constant peak at T3 dominated for all
samples. This suggests that the core-shell structure is
formed in the system, but the influence of the grain shell
is higher than that of the grain core, thus the dielectric
constant peak at Ty is more dominate than that at T,.

The variation of maximum dielectric constant (€y,ay),
dielectric constant at room temperature (g;) and
dielectric loss at room temperature (tan d) for various
BZT contents are presented in Table 2. An increase of
the BZT content could enhance both ¢, and &,,,,, which
obtained the maximum at 5 mol.-%BZT. Thereafter,
€max dropped suddenly, and then increased with BZT
content going up to 12-5%, then decreased again. Chu
et al.* reported that the MPB composition of BNT-BT
is 6 mol-%BT. Therefore, the highest values of g, and
€max Obtained by BNKLT-5BZT may be attributed to
this composition being near the MPB region of the
BNKLT-100xBZT system. At the MPB region, the
polarisation vector can easily switch between all the
allowed polarisation orientations. Therefore, the dielec-
tric properties increased.”® After dropping, €mayx tended
to increase with increasing BZT content from 7-5 to
12-5 mol.-%, which corresponds with the literature
suggesting that the dielectric constant of BNT-BT
increases when the composition is near the tetragonal

side of the MPB region. However, the cause of the
reduction of g, and g,,, in BNKLT-15BZT sample is
ambiguous.

Conclusions

The effect of BZT content on the phase formation,
morphology and dielectric properties of BNKLT-
100xBZT was studied. The XRD results demonstrated
that the coexistence of the rhombohedral-tetragonal
phase exists for all samples. The addition of BZT
content leads to the increase of the tetragonal phase and
decrease of the rhombohedral phase. Moreover, the
increase of BZT content cause the increase of lattice
parameters, unit cell volume and c/a ratio. The SEM
results suggest that the average grain size is slightly
affected by the addition of BZT. However, the relative
density increases with increasing BZT fraction. After
dielectric properties characterisation is employed, BZT
adding is observed to able to shift 7, to a lower
temperature while little impacts are found on T4. The
appearance of the dielectric constant peak at T4 rather
than at 7, is apparent for all compositions, indicating
that the grain shell has higher influences than grain core
in a BNKLT-100xBZT system. The maximum ¢, and
€max With respective values of 1380 and 4050 are
observed from the sample with the composition
BNKLT-5BZT, which can be attributed to the fact that
this composition is located near the MPB region.

Acknowledgements

This work was financially supported by the Thailand
Research Fund (TRF). Thanks also go to Department
of Physics, Faculty of Science, Naresuan University for
supporting facilities. Acknowledgements go to Mr D.
Hindle for helpful comments and corrections of the
manuscript.

References

1. R. Zuo, S. Su, Y. Wu, J. Fu, M. Wang and L. Li: ‘Influence of A-
site nonstoichiometry on sintering, microstructure and electrical
properties of (Biy.sNag.5)TiO5 ceramics’, Mater. Chem. Phys., 2008,
110, 311-315.

2. B. Parija, T. Badapanda, S. K. Rout, L. S. Cavalcante, S. Panigrahi
and E. Longo: ‘Morphotropic phase boundary and electrical
properties of 1—x[Big.sNay.5]TiO3—xBa[Zr(.»5Tiy.75]03 lead-free
piezoelectric ceramics’, Ceram. Int., 2013, 39, 4877-4886.

3. Y. Zhang, X. Zheng and T. Zhang: ‘Characterization and humidity
sensing properties of Biy.sNag.sTiO3-Big.sKg.5TiO3; powder synthe-
sized by metal-organic decomposition’, Sensor Actuat. B, 2011,
156B, 887-892.

4. Y. Liao, D. Xiao, D. Lin, J. Zhu, P. Yu and L. Wu: ‘Synthesis and
properties of Big.s(Naj—x—yK Ag,)o.sTiO; lead-free piezoelectric
ceramics’, Ceram. Int., 2007, 33, 1445-1448.

5. Z. Yang, B. Liu, L. Wei and Y. Hou: ‘Structure and electrical
properties of (1—x) Big.sNag.sTiO3-xBij.5K(.sTiO3 ceramics near
morphotropic phase boundary’, Mater. Res. Bull., 2008, 43, 81-89.

6. W. Lu, Y. Wang, G. Fan, X. Wang and F. Liang: ‘“The structural
and electric properties of Li- and K-substituted Biy.sNag.sTiO3
ferroelectric ceramics’, J. Alloys Compd, 2011, 509, 2738-2744.

7. P.Du, L. Luo, W. Li, Y. Zhang and H. Chen: ‘Photoluminescence
and piezoelectric properties of Pr-doped NBT-xBZT ceramics:
Sensitive to structure transition’, J. Alloys Compd, 2013, 559, 92—
96.

8. W. Lee, M. Lee, C. Tseng, Y. Huang and C. Wu: ‘Crystal structure
and ferroelectric properties of (Big.sNag.s)TiO3-Ba(Zr.¢sTip.95)O3
piezoelectric ceramics’, J. Am. Ceram. Soc., 2009, 92, 1069-1073.

9. P. Laoratanakul, R. Yimnirun and S. Wongsaenmai: ‘Phase
formation and dielectric properties of bismuth sodium

Materials Research Innovations 2014 voL 18

suppL 2 S2-155



Julphunthong and Bongkarn Phase formation, microstructure and dielectric properties of BNKLT-100xBZT

10.

11.

12.

13.

15.

16.

S2-156 Materials Research Innovations

titanate—potassium sodium niobate ceramics’, Curr. Appl. Phys.,
2011, 11, S161-S166.

C. Zhou, X. Liu, W. Li and C. Yuan: ‘Structure and piezoelectric
properties of Bip.sNag.sTiO3-Bij.sK.sTiO3-BiFeO; lead-free
piezoelectric ceramics’, Mater. Chem. Phys., 2009, 114, 832-836.
M. Zou, H. Fan, L. Chen and W. Yang: ‘Microstructure and
electrical properties of (1—x)[0-82Bi(.5Nag.sTiO3—
0-18Bi.sK¢.5sTiO3]-xBiFeO; lead-free piezoelectric ceramics’, J.
Alloys Compd, 2010, 495, 280-283.

P. Kantha, K. Pengpat, P. Jarupoom, U. Intatha, G. Rujijanagul
and T. Tunkasiri: ‘Phase formation and electrical properties of
BNLT-BZT lead-free piezoelectric ceramic system’, Curr. Appl.
Phys., 2009, 9, 460-466.

F. Moura, A. Z. Simdes, B. D. Stojanovic, M. A. Zaghete,
E. Longo and J. A. Varela: ‘Dielectric and ferroelectric character-
istics of barium zirconate titanate ceramics prepared from mixed
oxide method’, J. Alloys Compd, 2008, 462, 129-134.

. R. Sumang, N. Vittayakorn and T. Bongkarn: ‘Crystal structure,

microstructure and electrical properties of (1—x—y)Biy.5sNag.s
TiO;3-xBi(.5Kg.sTiO3-yBiFeO; ceramics near MPB prepared via
the combustion technique’, Ceram. Int., 2013, 39, (1), S409-S413.
K. A. Razak, C. J. Yip and S. Sreekantan: ‘Synthesis of
(Bip.sNay.5)TiO; (BNT) and Pr doped BNT using the soft
combustion technique and its properties’, J. Alloys Compd, 2011,
509, 2936-2941.

M. Naderer, D. Schiitz, T. Kainz, K. Reichmann and
F. Mittermayr: ‘“The formation of secondary phases in Biy.sNag.375
Ko.125TiO3 ceramics’, J. Eur. Ceram. Soc., 2012, 32, (10), 2399—
2404.

2014 voL 18 SUPPL 2

17.

20.

21.

22.

23.

24.

P. Julphunthong, S. Chootin and T. Bongkarn: ‘Phase formation
and electrical properties of Ba(Zr,Ti;—,)O3 ceramics synthesized
through a novel combustion technique’, Ceram. Int., 2013, 39, (1),
S415-S419.

. R. Zuo, S. Su, Y. Wu, J. Fu, M. Wang and L. Li: ‘Influence of A-

site nonstoichiometry on sintering, microstructure and electrical
properties of (Big.sNag.5)TiO; ceramics’, Mater. Chem. Phys., 2008,
110, 311-315.

. D. Lin, K. W. Kwok and H. L. W. Chan: ‘Structure and electrical

properties of Biy.sNag.sTiO3-BaTiO3-Big.sLig.sTiO; lead-free
piezoelectric ceramics’, Solid State Ionics, 2008, 178, 1930-1937.
Y. Yuan, S. R. Zhang, X. H. Zhou, B. Tang and B. Li: ‘High-
temperature capacitor materials based on modified BaTiO3’, J.
Electron. Mater., 2009, 38, 706-710.

N. Wada, T. Hiramatsu, T. Tamura and Y. Sakabe: ‘Investigation
of grain boundaries influence on dielectric properties in fine-
grained BaTiO; ceramics without the core—shell structure’, Ceram.
Int., 2008, 34, 933-937.

B.-J. Chu, D.-R. Chen, G.-R. Li and Q.-R. Yin: ‘Electrical
properties of Na,;;,Bij,» TiO;-BaTiO; ceramics’, J. Eur. Ceram.
Soc., 2002, 22, 2115-2121.

Y. Tian, L. Wei, X. Chao, Z. Liu and Z. Yang: ‘Phase transition
behavior and large piezoelectricity near the morphotropic phase
boundary of lead-free (Bay.g5Cag.15) (Zro.1Tig.9)O’, J. Am. Ceram.
Soc., 2013, 96, 496-502.

J. Shieh, K. C. Wu and C. S. Chen: ‘Switching characteristics of
MPB compositions of (Biy.sNag.5)TiO3-BaTiO3—(Biy.5K.5)TiO3
lead-free ferroelectric ceramics’, Acta Mater., 2007, 55, 3081—
3087.



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	[2] Cross, E. (2004). Materials science-lead-free at last. Nature, 423, 24-25.
	[25] Patil, K. C., Aruna, S. T. and Ekambaram, S. (1997). 24TCombustion synthesis24T. Current Opinion in Solid State & Materials Science, 2, 158-165.
	[33] Anuradha, T.V., Ranganathan, S.,  Mimani, T.and Patil, K.C. (2001). Combustion synthesis of nanostructured barium titanate. 39TScripta Materialia, 44, 2237-2241. 39T
	[34] Merzhanov, A.G., Borovinskaya, I.P. and Nauk, D. A. (1985). Self-propagating high temperature synthesis. 39TCombustion Science and Technology39T, 43, 127-165.


	12
	13
	ภาคผนวก 1
	ภาคผนวก 2
	ภาคผนวก 5
	ภาคผนวก 6
	ภาคผนวก 10
	ภาคผนวก 11
	ภาคผนวก 12
	ภาคผนวก 13
	ภาคผนวก 14
	ภาคผนวก 15
	ภาคผนวก 16
	ภาคผนวก 17
	ภาคผนวก 18
	ภาคผนวก 19
	ภาคผนวก 20
	ภาคผนวก 21
	ภาคผนวก 22
	ภาคผนวก 23
	ภาคผนวก 24
	ภาคผนวก 25
	ภาคผนวก 26
	ภาคผนวก 27
	ภาคผนวก 28


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




