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Abstract

Project Code : RSA5780032

Project Title : High performance complex binary ferroelectrics near morphotropic phase
boundary

Investigator : Assoc. Prof. Dr. Sukanda Jiansirisomboon

E-mail Address : sukanda.jian@sut.ac.th

Project Period : 3 years

This research project aims to improve ferroelectric materials using nanostructures and
complex layered-structured compounds. The interested ferroelectric materials include Pb-base
compounds, i.e. lead zirconate titanate (PZT) and lead magnesium niobate titanate (PMNT),
and lead free compounds, i.e. strontium bismuth niobate (SBN) and strontium bismuth tantalate
(SBT). Several new ferroelectric systems were fabricated in this project. Some systems were in
a form of thin film, while most of them were in a ceramic form. Therefore, fabrication process
for high quality materials, microstructure, chemical composition and electrical properties were
carefully studied in details. In this final research project will present 2 interested research parts
that were completely done which are shown below.

The first part of this research studied the fabrication and characterization of ferroelectric
PZT added with complex layer-structured perovskite compounds of SBT. This research
prepared (1-x)PZT-xSBT (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 weight fraction). The
maximum value of dielectric constant was found in 0.9PZT-0.1SBT ceramics. The values were
decreased with further increase in the amount of SBT. Ferroelectric property measurements
showed that an addition of a small amount of SBT (x = 0.1) into PZT improved coercive field,
remanent polarization and loop squareness. Further increasing the amount of SBN or SBT
degraded the ferroelectric properties. For piezoelectric properties, the addition of small amounts
of SBT with x = 0.1 could improve the piezoelectric coefficient of PZT ceramic.

The second part of this work studies bipolar electrical fatigue behaviour of lead

magnesium niobate titanate (PMNT) ferroelectric ceramics for actuator applications. The PMNT
ceramics were prepared by using conventional mixed-oxide and sintered at 1240 °C for 2 hrs.

Ceramics with > 98 % relative density and ~ 3 Llm were obtained. Fatigue behaviour of

ceramics was measured under an application of AC electric field with an amplitude 2 times of
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the ceramic’s coercive field. The frequency of the applied electric field was also varied as 5, 10,
50 and 100 Hz. The fatigue behaviour was determined from the change of microstructures,
polarization-electric field hysteresis loops and strain-electric field curves measured at different
cycle numbers up to 10° cycles by using a scanning electron microscope (SEM), ferroelectric
measurement system and a strain in conjunction with a high voltage supplier, respectively. The
damage of the surfaces underneath the electrode layers was observed in all fatigued samples.
The thickness of the damaged layers decreased with increasing fatigue frequency. Moreover,
remanent polarization and maximum strain tended to decrease with increasing cycle number.
The degradation of properties due to fatigue of the ceramics decreased with an increase in
frequency. The observed fatigue behaviour of the ceramics was explained based on domain
pinning and electric field screening effects.

To conclude, this research was successful in fabrication, study of relations between
fabrication, structure and properties of new ferroelectric systems. The results provided insight
understanding of property changes upon processing condition and number of additional
phases. This research suggested further research direction and development of these materials

for actual applications in electronic industries.

Keywords: Ferroelectric ceramics, nanocomposite, processing, structure, mechanical

properties, electrical properties,
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WAR btiNg PZT ﬁqm%gﬁ 800 asriwaifos 1unan 2 Talug luamefing SBT ¥inmsuas
Vl‘ﬁﬁﬁqm%ﬂﬁ 950 aseiaaldes twaa 3 72109 RAINIWINHITIRINNFNTIN W]
§aEInA19 g dparfunsuatas wazinnsauuaielwlans (1-0PZT-xSBT duaamu
CRHRED msﬁmwauﬁ"l@wlﬂé'@%ugﬂLLﬁaﬁwmiLm%umﬁﬁqmﬁgﬁ 1000-1250 84¢N
wades twaan 3 7219 anﬂifuﬁﬂﬂ’lﬁl,mzﬁauu”@@m6] 2a3LsAN PZT-SBT ban
anunILEL Mstaswulasvasna lavsasnsana aud@ladidnnin aud@mslsdiann
3N URZAMNIUMIBADAIUA

PNKHANITNARBIIUATATIIROUFNUAVBILTINNNTZUY PZT-SBT WU USunasvad
WBLTAR (unit cell volume) Vg PZT aaasnatnstduansdsznay SBT ludSunmitas o
(0.15x=0.3) ad b lwarfin PzT udifiaUSunmnnsidn SBT tRnduands x i 0.9 wuin
Tassaaeadlssendnuas SBT thanisdaiisn wananiuds sswuin Snmsidamalng

ad1aWafadin Pb,TigsTa O, n3a PTT luigandnfiinisidy SBT nnaasnain

(0.15x<0.9) %1ﬁLﬁ%’i’]ﬁﬂ’]§Lﬁ@ﬂﬁﬁ%iﬂﬂNLﬂﬁiz%’j’m PZT W&z SBT 4WseHinanseUImia
FUNOTHULT HANIIATIVFALNDANITUNITUUUG LLa@alﬁLﬁuiwﬁqm%Qﬁﬂ1§wa 1200
DIALTALT R ﬁaaqm‘vmuﬁ%uma‘fﬁmm:auﬁm%’uLﬁmﬁﬁmzuu PZT-SBT iasanniasniind
LN T q%gﬁéﬁﬂdnﬁﬁmmwwmLLuuﬁlﬂﬁLﬁmﬁu N13037388UN191ATIFT998014
WUINTLANYUSUE SBT W saLdntay (x WinAy 0.1) §INaYNWaUIaLNIUwwad PZT a0ad
LRI ﬂﬂ%ﬂﬂ?x‘iﬂ’ﬂuLﬂw,‘lfaLaﬂ’lﬂyublﬁLLﬁIﬂNa§70‘gaﬂ1ﬂ luamzifennu msidn PZT lu
USunmwitas  (0.1PZT-0.9SBT) AsIHNAN IR IaNTWUULLEBUaINE SBT anad WazTae
wamanudwitodernuliuniuiivesandn SBT doguin dwsumyiagutianis
W wudnmsiée 0.1SBT avldlu PZT danavinlddasiilasidinninuaszenlnanlsiotues
ﬁﬁaLﬁugd‘ﬁu ilasannszuanmInuaanwsassisadslessusasiatin (B%) uazunum
18 (Ta®) (a1n SBT) i luluuaafawosenslnruesosdn PzT lusiuaasnsnagoy
AN IR Loiin PZT U3gnt ugeanmIaaadvasdlnat lsistuasdraduadnmn
wamIuiranladn eudunudaniudvas PZT "L@i”gﬂﬂ%uﬂgaLﬁu‘*fmﬂuaﬂ'wmn
WaINYNNILAY SBT S’fiaLﬂuwammﬂmsm@wﬁﬂmuuﬁéammﬁmaa
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ININWITLAINE mmma@"[ﬁiwLmﬁﬁm:uulmjama PZT-SBT 8131307192373

WaAVBINILTIINN PZT Waz SBT [ 1Ta180% lagianizat19b9NaaInain x vinny 0.1

(0.9PZT-0.1SBT) lasiniinasnanifantan ladianninnaidon drlwan lsiotuassian

' @ o ' @ ' v A oA a_ & =
iﬁd maumaamwvlwv’\hﬂm LLazmmwmumumammm‘ni@@mu FITINUNURINNIINNL

ﬂﬁ"l,ﬂwveumua:ﬂs:qﬂ@ﬂﬂuqﬂﬂmiﬁlﬁﬂmaﬁﬂ 10959 laglanizang ﬁaluqﬂmwf

ARIILAININ

2. 235N INAaay

3”1Ua:ﬁmm”u@aumimaaal,l,a@m”agﬂ 2.1

In-house prepared

Perovskite PZT powder

Bismuth layered SBT powder

In-house prepared

l

Ball milled in ethanol for 24 h

l

Dried at 120°C for 24 h

|

(1-x)PZT-xSBT powders

When x =0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 weight fraction

!

Pressed with a pressure 1 ton

!

Green bodies

l

Sintered at 1000 - 1250°C
for3 h

'

(1-x)PZT-xSBT ceramics

Density

Phase

Microstructure Electrical props. Fatigue behavior

3. NAN1IILAIIEH PZT-SBT

31 2.1 UHWRITUABWNNILATBNLTANTEUY (1-x)PZT-XSBT

luirtatazihianalNeINUNANINARBIVBINITLATEN (1-X)PZT-XxSBT L8 x YAy

0,0.1,0.3,05,0.7, 09 uaz 1.0 saIulassiinin WiauNaNTILATITRasnlsznaunaai

RSA5780032

12

16 ﬁqmw 2557



mMIifowne Imdai"nmdﬁ;amﬂ FUUANI AR89 (1-x)PZT-xSBT WiaundaAUNuna

o o

MINAFBINURIAL A

3.1 HANNIATIVHDUAMNRWIUWWUDILLIINN PZT-SBT
WRINIINI (1-X)PZT-xSBT Ld8 x Lvinnu 0, 0.1, 0.3, 0.5, 0.7, 0.9 Lz 1.0 LANEIY
Tasiinwun "I,ﬂé'@Lﬁml,a:l,m%umas{ﬁqm%nﬂﬁ 1000-1250 A9ALTALTURLN LA Lo LA ALTIIAN
ﬁﬁqmmwuﬁ's INNBWLTINUN PZT-SBT ﬁ'mumnm%umaigmdwﬁﬁ):gﬂﬁﬂvl,ﬂmnaaU
v o aa & o o v &
ANMNAWILUUAILRANNNTVBIANS AN mvlmwamuam’l,ugﬂ 3.1 NANINARAILEAI AL I
] = =) A‘ 1 Q‘ &/ 4 Q‘ a A 1 {
ANMURWILUUVDILTINNN PZT mqwﬁﬁmmemﬁmwwqm%ﬂ“wﬁuma§ wazdidngegan
goanndnalin 1150 AIANLTALT R LL@iama"LiﬁmuLﬁaQM%Qﬁ%uLwa§wwnﬂdﬁ 1200 89
L ' o 2 §
walges Ysngindianunwiuiunaudes g aasd SdunaiitainnannIsEneuaiane
=) a A€ 1 1 1
an'lwé (PbO) luszuuvad PZT [8-9] luauaadsniin SBT UIgNT WU AR
=) QI é/ a A { QI &/ 1 { =
°1Jaomsmna:mmumuqm%gmumaﬁ?ﬁmwgwu I@m:ﬁmgaq@ﬁqmﬁgu 1200 a4en
EraLTes LaYinn1aa SBT tudSunos x YAy 0.1 Waz 0.3 WUIIAIAINUAWILWY 9L
A , A Y a £ Aad A & v = A o '
ammmummiuuqumumﬂwqmﬁgumwmgwu weiatd lsAeNL L YNNI INANANATT 1200
AIFNLTALTYR NALUNWLINAIANNAWILUUUDILTINANNAUANRI NNIAARIAINAIIHDNTUNE
LHhIU1NNNTIZ sV IR IR Tz nauN el i 1w taaean loauazdstinaanloea 1w
A1 STV NTNNHUSIA3LA N SBT vinAu 0.5 09 0.7 Jasazlagiinnin wugmnn i
P’ e o 'Y A A ' A a A 80 0=
mumaswml%Lsﬁﬁwﬂmmuummm%mLmugog@ma 1050 2IFLTALTUR TITIALRWINNNT
=) a { a A 09: =Y a Q€
L@y SBT lut/Sunmwann mmsnﬁfﬂ:amqm%nﬂwsﬁuma%mmmmm PZT uaz SBT u3gnd
(% ] 1 =3 di o nl a a =1 1 g’ L 1 1
e udatnglsAauilavinnsRNUSNI NI TLAN SBT andd 0.9 LAMaIwlasinnin wuien
] = ‘g QI &/ /a A { AI &, 1 { )
mm%muumaaLsnsmﬂﬁazl,wugwumwaqmﬁ{}wnuma§ﬁwamu LazazAA1AIN T2

qm‘ﬂgﬁ 1200-1250 29ALTaLTE® MNNAANNLIKAIVILTINTNTEUL PZT-SBT ‘ﬂzLﬁuvL(ﬁ’j’]

NamwnndTunas 1200 a9 TRLTUR %ua’mwﬁﬁﬂnﬂé’@]i’]ﬁhuﬁ]zﬁmwuuué’aﬁ@iam]”w

9 U

D

A A v A o ' Aaa el o & Ao A= o A a
&GLLGZ&I@’WIlﬂaLﬂUGﬂ%@J’]ﬂﬂ’J’lam%{]&l‘ﬁ%Lﬂﬂiau6] muu’l,ummwmammuaanqm%gu

q

2

ANILHIN 1200 a9ALTALTER LINAANHINATAINTIANLSU D SBT dalwa Imomﬁa@amﬂ
AMUABILIY LAZFNUTANII AT TIUNIANUAIUNINGAANNAIVDILTIIAN PZT lagen
1 a { a W ] ol v & v 1 4
ANMVAWILUUYDILTINI NN T qm%nﬂumnmaﬁ"l,ml,amlumﬁa 3.1 GuaaslwiAwILia
vmadulSuim SBT Tut/Sunm 0.1 09 0.3 eeswlastinnin adldle PZT wudi d1anw
1 a A a' g A =3 1 cl) d'l a a a'
wLkwsaIrNIndanAngilu uazazlidraaasauisdrdiga teadiunmmady SBT i
& @ o a & A a a a £ . a
gwuﬁo X WU 0.7 WazaLNaUNIANANATILIaUSuIwNTLAY SBT lWNAWAY X LYiNAU 0.9
Taan151Ua s w892 09810N ALK LTSI NTzUL PZT-SBT Hhazvinnisandsieln

= a N ] 1 3
‘nﬂa:LaU@Lmaﬂ@lavlﬂlumwnawaimaaiﬂafgamﬂ
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10.0

Bulk density (g/c:113)
\
a
|
/
b |

5.0 4
—@—1000°C
—0—1050°C
2.5+ —v—1100°C
—3—1150°C
—e—1200°C
—&—1250°C
0.0 T Y T ¥ T v T Y T T T
0.0 0.2 0.4 0.6 0.8 1.0

XSBT
31 3.1 ANURLUULBILDIEIN (1-X)PZT-XxSBT NN o qmﬁgﬁ%umaf@mq

a

1379 3.1 ANURWILUWVDILTINAN (1-X)PZT-XxSBT ﬁm%uma%ﬁqmmu 1200 846N

u

LTRLTER
USN1unIsLAN SBT ATHRW TN
(x) (n%’usiﬂgﬂmﬁﬁmuﬁmm)
0 7.67 £ 0.04
0.1 7.88 £ 0.02
0.3 7.78 £ 0.07
0.5 7.44 +0.07
0.7 7.46 * 0.09
0.9 8.1 1 0.03
1.0 8.06 £ 0.01

3.2 Han1Insvda gV LI NN PZT-SBT
L8N PZT-SBT ﬁv‘hmmm%umas‘ﬁqmﬁgﬁ 1200 BIALTRLTEE NN
A & o A kg o A ¢ & g o A &
Aienziidg  lasandoinafienadpiuweesiifiend  Segdununmaidsauuesisiiend
posandnlduanidizd 3.2 neanInasewudt  JUkuumMBADILUIaITIfenduas
a a £ s ;é
wiin PZT uignt flanuseandesnulndunasgu JCPDS wanuiay 330784 @ad
Tassasaaaselnuaaraslaaiminassaws lny Iy Nlosin SBT waadlatigiaasing

aniinvastuisiin laggaaasadny JCPDS wuNeLat 49-0609 Liavinn1stéan SBT ludSanms

1 Q 1 o v § { J & 1 o v
X WNNU 0.1 sdNavlvneuadwa PZT Lﬁau"lﬂmavl,ﬂsgu 20 g FIFINAYIN A
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Amwniiaasuaafauazananuiduiaaszlnues (c/a) aaad LEAIAIANTIE 3.2 1a8N1IAAAT
A & A & & A A o
vasnniiaesuaafiauazanuiduaaszlnuaait dnaiiasunanlessuain SBT azansitn
o A o . [ o {
Tululassasnaves PZT 49 Sr** (1.18 89aasay) waz Bi®* (1.03 asaasaw) axdn lununly
G Pb? (1.19 8398@T0N) 8% Ta™ (0.64 d9aaTay) 3z lunuiludunis zr* (0.72
898A50N) W38 Ti** (0.605 84&@say) [11] Jaduarnlimnndnesiaafiouazaianudue
dl o e dl L 1 = - | v QI &, l:gl v
aszlnuesanas AdAyNgadinuiievasns PZT daflanuniiuindn disunsnsyld
' { &/ =) 1 Y . H ! =2 2
s PZT Adnngdnlwandnuma® 1Ju PZT-based solid solution tlaU3unmnisLdy
Q' é’ 1 :‘ a 1 . .
SBT 1WNAuG4 0.3 tauaiulassinnin wuin e PZT-based solid solution az PTT-based
solid solution HinsdsInglugduuumaisIuuresTIFang udaugivasiazauns PZT
a [ [l nid n‘ J 1 I~ > 1 nql‘ v
fehaaauduatoann lwsnziasas PTT Wnduademiaiy wadenaniaunsaszyld
a A &£ \ @ v & @ a Aaa
USunasaanWg PTT Liadu udiwgaes PZT nauaasy ugadlvitiuin PZT whlifadisen
o ) \ i Y X A o A a '
AU SBT luaanaiwnunduniuies nifilayinmawndSuno SBT lUauds 0.7 iawainlas
Wwin wundnngieveans PTT iwanan usslifavas SBT Unngiigaiantios lag
{ a g v 1 é 1 a ~a
WAvad SBT Miadulauinavadszwiu (115) uag (200) TiuaadinySunos SBT luimsnd
1 ;d 1 v A a Aa A =3 [ ] A
nailenstasann udladinansiay SBT s 0.9 naUWUIIANNgITaINALAE

o a a & A A v A ° A Y \
AMUWIBNA SBT LW&JQGT% luﬁlmszﬂﬂlad PTT ﬂall&lﬂ')']l]q@LLazﬁnu'ﬂ%Wﬂa@lad VNUUINUIN

a ai J di o a a s d‘y a a n‘
WaVYad SBT 20ﬂgﬁ]%m@'ﬂqﬂﬂﬂﬂiﬂﬂL'Y]El']Jﬂ'lJEﬂLLUUT‘I']?LGEI'JLU%‘IJE’NL%T]&JH SBT Uiﬁg‘ﬂﬁ
mMItfeuvaInNalmwguas SBT asnarinliawiniinasuaafis (NIunu a, b, ¢) uazd3unas

YAIRILLTARAARS LUaNANTNA PTT W‘ud’]gﬂuuumnﬁmLumﬁ@mnﬁau"l,ﬂluqu 20
ﬁ@‘haaLﬁanﬁﬂuLﬁﬂuﬁ"ugﬂmefmﬁmLuumaﬁaﬁtﬁﬂsﬁmauwgq PTT lwesdn  0.3PZT-
é 1 o v = =) 09: = ] QI J
0.7SBT Gsdsnarinliewisndinasuaadia (NIunu a, b, ¢) kazUIuNaT28dniIsLTaat AN
miliaudzesnawg SBT uaz PTT swnsasylainaa SBT uaz PTT fidsinglu
TuIN 0.1PZT-0.9SBT Aa W& SBT-based solid solution way PTT-based solid solution
o > 2 a 1 = ni | ]
ANRIAY IMNIANEIWFLWIANIZUY PZT-SBT wui iWadnstdfsuiiladiiwatineuin
I@miJﬁsJumﬂImaa%NLwasaWavl,ﬂﬁ"uaaLLa@ﬁﬁnmmﬂﬂuaavlﬂgﬂmaa‘fnLLUU‘*ﬁ'uﬁau”maa
=) =) & 1 dl dl =) J t;/ 1 1 e [
waafimaaslssendn Jsmainmaddsuudaififieduiezdinalasasideaniifangg lainas

Huand@ ladidannin wslsBiannIn TunInganssuidsanuavasaniinszuy PZT-SBT
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A A A A, W 1 O —-—

(a) JCPDS file no. 49-0609: Orthorhombic SBT (b)
cc8 glfe © & & 8§88 8s 6
e == Bl & 3 = 2 94 a = o
e e~ 8 = 8 S 3B
x=10

_*? x=09
£
3 |x=07 A A A
£ |x=05 { I A A
=]
x=03
g J — A ah ]
=
£
(=]
V4

H311)

A _NA B ) | W—
JCPDS file no. 76-0177: Pb_ ,Ti, , Ti, O

~ 12 0.4 M6V
J 3| 18

(222)

001)
" (100)

& 29
JCPDS file no. 33-0784:Tetragonal PZT

S - = a N =
=) s =

(101)

[010)

=3
= g
Iz l:

(11

Nomalized intensity

20

40
26 (degrees)

S 4w

44 5
20 (degrees)

45

46

31 3.2 (a) jUuuUMIABILUBEITIRIONF VB DTN (1-X)PZT-XSBT itk Fuinan

WANE 1200 p9ALTALTHR (b) LXAINA (002) LAz (200) VadlaTaainaaaselnues luuus

g
ffavas (020) iluinvaslaseasievenludasea (020) Nyn 20~ 43-46 s VoA
a
3

X WiNAU 0 0149 0.3

A1519 3.2 Ndlaasuaafioraasin (1-x)PZT-xSBT

Wsanm wa PZT wla PTT & SBT
nn9
VAN
sBT |a() | ch) | oa |VIA) | a(h) | V) |ald) | b | ch) | V)
(x)
0 | 4024|4131 | 1027 | 66901 | - ] ] ; ; ;
01 | 4.031|4.093 | 1.015 | 66.497 | 10.654 | 1209.506 | - ; ; ;
03 | 4.009 | 4.095 | 1.021 | 65.820 | 10.639 | 1204.305 | - ; ; ;
05 ; ; ; 10.621 | 1197.991 | -* * * >
07 ; ; ; 10562 | 1178216 | -* * * >
0.9 ; ; ; 10.582 | 1184.943 | 5519 | 5.524 | 25.125 | 765.877
1.0 ] ; ] ; ] 5523 | 5.528 | 25.110 | 766.662
a 6 a a 6 a a 1 6 9
wanma a =nnieesuaafio a, b =mnaaiuaaiia b, V =USunmvasmiioiaas, A

fa 0980303, c/a AadrauLdwiaaszlnwan * s:qdw%mm@“’\ma'n"l,&imm'mm

Awindinasuaafisvaans SBT la tiasanduanmnaitlsnngiaues SBT WaaadIne

AANLYINI
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3.3 Naﬂﬂ‘i@l‘i')%ﬁaﬂtﬂﬁdﬂ%’l\‘lﬂqaﬂ’lﬂﬂa\‘lL‘Ii‘i'lilﬂ PZT-SBT

MCRERLIGER! #3199an1A289L N WslsBiannIndinalagasedaguianie Wi

v
@ o &

FoinsslavinmsdneRuiivesonidn (1-x)PZT-xSBT I(ﬂmmaaau‘[@mﬁaagamwﬁﬁ
WANNIOULLLFBINING fﬁ'aNamsmnaaﬂﬁl,l,am@”agﬂ 3.3 mﬂgﬂﬁ]:l,ﬁuvl,@ﬁwmwﬁﬂ PZT
u?qﬂﬁiﬂ:ﬁmmmmmﬂmﬁiﬂgw lumm:ﬁimmgﬂs’waLLNua:ﬂﬁﬂglmmwﬁﬂ SBT u’%gm%;
LLam@i‘lgﬂ 3.3(a) WAz (g) MUEAL Harnnsidy SBT ludSum 0.1 9 0.3 tawsiulas
Wnen wudwﬁs’]ﬁﬂﬁﬂ'smaﬁ’uawamaﬂmaa%ogamﬂmﬂifu vﬁf:ﬂ'aﬂﬂﬂgmmmmm
winwas PTT a%iluﬁuﬁwaamﬁﬁﬂﬁﬂﬁw SymannsasnunamseziinanleaAlnele
wate 3.1.2 udiilodSunmn1alda SBT iRudud 0.7 wui ﬁuﬁwam&nﬁﬁﬂ%ﬁmﬂgmwwz
INTW89 PTT afonatiiasntanndummnanidysunn SBT Anestinldiuies udile
USinmmaifia SBT tAndwaudls 0.9 ﬂswngdwﬁuﬁ'sﬁﬁumugﬂiwLLw'wnao SBT Waztns
nraneninaes PTT agrelsfenudarinisiinmedaniainsusasudasng asuaasl
@1919 3.3 WuInILe SBT Tugas 0.1 f19 0.3 aztrsaaamwiansuvaaws PZT daduns
dasnnanmsunuivaslasaunuuaaiin (donor-like substitutions) lwlassasrsuas PZT
91nWa XRD FlkiAuin PzT Avsminglwaninnail 1w PZT Aflosauvaana SBT ith
TWazarslulassafranesonalnrives PZT S98dwiluuy SBT-doped PZT-based solid
solution Tagmsunufivasleasumaniiliinazduwloon BR uaz Ta® s=vinlvuSunmtosing
PaILaa (Lead vacancy) Lﬁ'uga*ﬁu T neNUSu 89T 099190980 NTLINNALAART L8
a%waawgaﬂszqﬁuma UNAURIAINUAB LU DILTINANIZUY PZT a:gﬂmquﬁ’m
YT w0 9@ A RLLUT 09719109180 [12] ﬁW%ﬁmvoﬂdﬂaﬁaszﬂiﬂﬁaﬂﬂ%’ﬂﬂg@ﬂ%mmmmws’
Tuszuy Lﬁﬂd%’]ﬂhﬁﬁﬂﬁﬂmmf:ﬁmimﬁmﬁﬂﬁﬂﬁlﬁ@ﬂ%mzwnaaﬁaadwmaua@ﬁgq%u
dlasanusvasmagn ldunuiveslasan B® was Ta® @nWauas SBT) sanarinlwaam
m‘mwimaaazmaulm:uuLﬁlwgaﬁu auluﬁqw%mmﬁmmmuﬁa wanNUIN1 a9

a

ﬁaodwmauam:mﬂmqummLLmi,um”waamswﬁmvxlﬂiﬁl,ﬁnﬂ%m:uu PZT a2 @1
@ﬁﬂéﬂﬁﬂ'ﬁmmmmuqmmmmm‘suvl,@i”ﬁﬂd’w [13] T,@uﬁaodﬁwmmmuiﬂﬂ%q@ﬁ
UILIHVAULNIW (grain boundary) vnlnsedoudaesozaanusiimaunsuinleeniu
SeRININTEUAIwMITWNeY (aazaauAamsunsldmnndu fezdanarinlvmadulaaasnsu
809 ST TN ATUSINIMIEY SBT 71 x iy 0.1 9 0.3 S9fumnainsusasing PZT
Mdnninwndn PZT fu%q‘n%;

WaUSunmmadn SBT Lﬁ'quﬁu IUAS x AU 0.7 WU ARV InTiani:
insugUnTInaentnvaaea PTT I(ﬂElﬁvl,sjﬂi’mgLﬂiuLLUULLNuﬂla\‘i SBT 8194418451910
USunospoatna SBT Iudwanmnanidaniosunniintas nanganuinmsa Wi s1ing
INTHABINIREITAEN é’aLﬂ@]‘lﬁmﬂm‘sﬁgwgﬂuﬁuﬁwaa"fumu fanari kA aNuLiua
A6 SemaanaasnuannunILTRA Al eluiate 3.1.1 lunsdlvesmniniinig

LGN x WINND 0.9 WUINABAITaITINTNTNINTULUDURN UV SBT UAZLNTUNIIRAILNRIN
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&y Yo : Y P N T g A
289 PTT mmmmumummamLaua"naﬂmom’mmmﬂ NIt IE MR luIzuLNLAG
97N PZT-doped SBT-based solid solution L°1T1v|,1J°1hzlﬂ%'uﬂymWLmuﬁwmmﬁﬁﬂﬁ Warh
NININIVWIALNIUVINE SBT-based solid solution 1613719 3.3 WU UWIALNTHIUU
Y > a =) Ag Qq: kg 4 a { 1
aaadlavnnTIsuisunuesUn SBT U3gND nafthasannmsiiaWanaadns1e PTT
TaoiWa PTT #21992191 MUa0219NI2UIBLNTU 05608 Db USLIWUBLLNIWANY I W auad
1 a 6 o U 1 <
SBT 32WINNTEUIWAITWNGS RINAVIN AU AN TWLULLK WY DI SBT aaa9 1hibha-d

+ — 81,

e

<J

-
A A

51 3.3 Imoa%wqamﬂ"naawummaaLqmﬁﬂ (1-X)PZT-xSBT tfla (a) x = 0 (b) x = 0.1 (c) x
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0.1 1.21 £ 0.05 1.50 + 0.09 - -
0.3 1.28 £ 0.08 2.40 £ 0.12 - -
0.5 - 2.93 +0.28 - -
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A1379 3.4 RUUA bABLENNSATaINAN (1-x)PZT-xSBT finwd 1 Alatdsad
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Electric field (kV/cm)
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3.6 HAN1IATNFUANLALNILIDLANNI N3N PZT-SBT
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Electrical fatigue properties of (1-x)PZT-xSBT ceramics (v=0-1.0 weight fraction) were
characterized. It was found that pure PZT ceramic had severe polarization fatigue. This was mainly
attributed to an occurrence of the macroscopic cracks at near-electrode regions. On the contrary, pure
SBT ceramic exhibited excellent fatigue resistance, which was attributed primarily to weak domain
wall pinning. As small amount of SBT (0.1 < x < 0.3) was added into PZT, a small reduction of
remanent polarization after fatigue process was observed. This demonstrated that these ceramics had
high stability during the repeated domain switching due to their low oxygen vacancy concentration.
Therefore, these results suggested that this new ceramic PZT-SBT system seemed to be an alternative
material for replacing pure PZT in ferroelectric memory applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4899237]

I. INTRODUCTION

Ferroelectric materials are used in several electronic
devices including actuators, sensors, and non-volatile ran-
dom access memories." These electronic devices utilize the
polarization switching during their operations. High rema-
nent polarization (P.), low coercive field (E.), high fatigue
resistance, and long lifetime are therefore required. One of
the most popular ferroelectric materials for these applica-
tions is perovskite Pb(Zry 5, Tip 45)O05 (PZT) due to its large
remanent  polarization and  small coercive  field.”
Nevertheless, a critical problem that limits the performance
of PZT is fatigue phenomenon caused by an altemating elec-
tric field.*> The bismuth layered structure like StBiyTa,0q
(SBT) has become an attractive candidate for these ferroelec-
tric applications because of its high fatigue endurance.*
However, the main drawbacks of SBT are low remanent
polarization and high coercive field.? Many research groups
have attempted to combine the fatigue-free properties of
SBT and superior ferroelectric properties of PZT together in
the form of multilayer films.%” Their results suggested that
the combination of two different crystal structures, i.e., per-
ovskite and bismuth layered structure in a form of film,
showed an improvement in fatigue endurance.

However, fundamental research on the combination of
the perovskite and bismuth layered perovskite structures in a
form of ceramic is quite scarce. Therefore, the aim of this
present study is to determine the electrical fatigue properties
of (1-x)PZT-xSBT ceramics (x=0, 0.1, 0.3, 0.5, 0.7, 0.9,
and 1.0 weight fraction). It is expected that this research
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would bring new understanding of this ceramic system for
further use especially in memory applications.

Il. EXPERIMENTAL DETAILS

The conventional solid-state mixed-oxide method was
employed to prepare (1-x)Pb(Zrg s2Tig45)03—xS1Bi;Ta,0g
or (1-x)PZT-xSBT samples. First, PZT and SBT were syn-
thesized separately from raw materials of PbO (99%, Riedel-
de Haén), ZrO, (99%, Riedel-de Haén), TiO; (99%, Riedel-
de Haén), SrCO; (98%, Aldrich), Bi,O3 (99.9%, Aldrich),
and Ta;0s (99%, Aldrich). The starting powders were
weighed, ball-milled in ethanol for 24 h and dried at 120°C.
The mixed powders were calcined at 800 °C for 2h for PZT
and at 950°C for 3h for SBT powders. The calcined PZT
and SBT powders were then weighed, mixed by ball-milling
and dried to produce a powder mixture of (1-x)PZT-1SBT,
where x=0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 weight fraction.
Each mixture was pressed into pellets with 3 wt. % polyvinyl
alcohol added as a binder. The pellets were covered with
their own powders and sintered at 1200 °C in air for 3 h with
a heating/cooling rate of 5°C/min. The firing profile also
included 1 h dwell time at 500 °C for binder burn-out.

X-ray diffraction analysis (Phillips Model X-pert) was
used for phase identification. For fatigue characterization,
the ceramic samples were lapped to obtain parallel faces
which were subsequently coated with silver paint as electro-
des. The densities of the ceramics were determined by the
Archimedes method. A sawyer-tower circuit was used for
the electrical cycling and to measure the polarization hyster-
esis loop. The samples were fatigued under bipolar electric
field of about twice the coercive field magnitude (i.e., ~2E;)
with the frequency fixed at 50 Hz up to 10° switching cycles.
During the bipolar cyclic loading, the polarization hysteresis
loops of the sample were measured at different decades of

© 2014 AIP Publishing LLC
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cycle numbers. The remanent polarization (2P,) and coercive
field (2E.) were computed from the recorded polarization
hysteresis loops during cyclic loading. Fatigue rate is defined
as the change in the remanent polarization as a function of
the switching cycle numbers. For the microstructural obser-
vation, the fracture surfaces of unfatigued and fatigued sam-
ples were observed by a scanning electron microscope
(SEM, JEOL JSM-5910LV). The grain sizes determined
from the as-sintered surfaces of the ceramics.

lll. RESULTS AND DISCUSSION

Phase characteristics as mixed (1-x)PZT-xSBT powders
at different x values are depicted in Fig. 1. The phase of pure
PZT powder showed a composition near the morphotropic
phase boundary (MPB), which consisted of two crystallo-
graphic (i.e., tetragonal and rhombohedral) phases. Pure
SBT powder was identified as a bismuth layered perovkite
material with orthorhombic symmetry. For the compositions
with 0.1 < x < 0.9, two component phases co-existed with
relative intensities corresponding to the relative amount of
each phase. The XRD patterns of (1-x)PZT-xSBT ceramics
sintered at 1200°C are shown in Fig. 2. The pattern for PZT
ceramic contained the tetragonal symmetry as a major phase
and small amount of rhombohedral phase. The reduction of
the rhombohedral symmetry in this ceramic was believed to
be caused by the change in compositional stoichiometry due
to high sintering temperature.® On the contrary, the pattern
of SBT ceramic was nearly identical to its powder but
slightly sharper due to larger crystallite size. When small
addition of SBT (0.1 < x < 0.3) was added into PZT, the
two phases of PZT and a new phase coexisted in the samples.
A new phase can be matched with a standard data of the
cubic structure Pby,TigsTa; 405 or PTT (JCPDS file no.
76-0177) having a centrosymmetric Fd3m space group.
Furthermore, it should be noted that the PZT peaks shifted
slightly to the right, implying that the slight amount of
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FIG. 1. XRD patterns of (1-v)PZT-xSBT powders.
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FIG. 2. XRD pattems of (1-x)PZT-xSBT ceramics sintered at 1200°C.

substituted ions such as S©°", Bi*", Ta’" from SBT dis-
solved into the PZT structure to form PZT-based solid solu-
tions, PZT (s.s.). Further increasing the SBT concentration
from x=0.5 to 0.9 weight fraction, the orthorhombic SBT-
based solid solution (SBT(s.s.)) and cubic PTT phases were
both present in the samples. Fig. 3 illustrates a relationship
between (approximated) various phase fields SBT content in
PZT ceramic. The relative phase content in the sample was
calculated from the ratio between the integrated peak inten-
sities of each phase () and the integrated peak intensities of
all phases (o)’ which can be defined as: %Phase
content = (Ip/l;oy) * 100%. The boundaries between phase
fields though approximate represented the changing point of
phase evolution. Phase field A and E represented PZT-based
and SBT-based solid solutions. Three composite regions
(B, C, and D) were also present. The region B indicated compos-
ite ceramics between PZT(ss.) 4+ PTT phases (0.1 < x < 0.3).
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FIG. 3. The relationship between phase field and SBT content in PZT
ceramic.
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It was found that the amount of PZT(s.s.) decreased while
that of PTT increased with increasing of SBT up to x=0.3.
The region C was the dominant PTT phase (0.3 > x < 0.5)
and the region D was composed of SBT(s.s.) + PTT phases
(0.5 < x £ 09). This phase field vs. SBT content shown
roughly represented the room temperature stable phase dia-
gram of PZT-SBT system. It should be noted that PTT phase
whose existence covered a very wide range of composition
(0.1 < x < 0.9) actually had varying composition inside PTT
phase field (region C). For example, as analyzed by EDS, the
trend showed that the ratio of Pb/(Sr+Bi) in PTT phase
decreased with increasing added SBT. This indicated that the
cubic structure of PTT could tolerate such compositional
variation and was therefore a very stable phase in the phase
diagram. This also implied that PZT had a very limited solid
solubility in SBT and vice versa.

Due to the ferroelectric fatigue properties of ferroelec-
tric materials were known to be effected by the density and
grain size,"" " these parameters of (1-x)PZT-xSBT ceramics
were first investigated as listed in Table 1. It was found that
the addition of small amount of SBT (0.1 < x < 0.3) can
increase density and reduce grain size of PZT ceramic. The
reduction of grain size and increase in density for these
ceramics was caused by donor-like substitution. In these
ceramics, the donor dopants, i.e., Bi*" and Ta*" (in SBT)
was believed to substitute into P> and (Zr**/Ti*") sites,
respectively. These substitutions would lead to increase the
Pb-vacancies or to decrease the oxygen vacancies. As well
known, the main densification mechanism was volume diffu-
sion which was controlled by the concentration of vacan-
cies."” Therefore, the formation of Pb-vacancies in these
ceramics helped to enhance volume diffusion, thereby pro-
moting high density for the ceramics. Furthermore, the crea-
tion of Pb-vacancies can be considered as a main caused for
the reduction of grain size. It was reported that Pb-vacancies
were preferably existed along grain boundaries rather that
inner grains.'* Grain boundaries were then pinned by these
vacancies, leading to obstruct grain boundary migration and
inhibit grain growth.”'” This in tum resulted in small-
grained microstructure for these ceramics. The addition of
SBT in the range of 0.5 < x < 0.7 exhibited low density
which was mainly due to the presence of cubic PTT phase in
the samples. For high SBT-rich composition (0.1PZT-
0.9SBT), it was found that this ceramic showed nearly the

TABLE L. Density and grain size behavior of (1-x)PZT-xSBT ceramics.

J. Appl. Phys. 116, 164105 (2014)

same value of density compared to pure SBT ceramic. On
the contrary, the plate size (both length and thickness) of this
ceramic was lower than that pure SBT ceramic. The reduc-
tion of plate size in this ceramics can be explained by the
secondary PTT phase. This secondary phase could interrupt
grain boundary migration of SBT phase during sintering and
thus retard the grain growth. Therefore, small plate size of
SBT phases was observed in 0.1PZT-0.9SBT ceramic. This
result was in accordance with previous studies"™"? that grain
growth in isotropic perovskite ferroelectrics can be inhibited
by second phase particles. As the results, the variation of
both density and grain size was expected to influence on fa-
tigue endurance of (1-x)PZT-xSBT ceramics.

The normalized remanent polarization of (1-x)PZT-
xSBT ceramics as a function of the number of switching
cycles is shown in Fig. 4(a). For the samples with 0.5 < x
< 0.9, the linear electric-field induced polarization curves were
observed. The linear hysteresis loops of these compositions
did not possess remanent polarization and coercive field.
This behavior indicated that these ceramics exhibited a para-
electric nature. Therefore, these samples were excluded from
further fatigue investigation. The disappearance of hysteresis
loop for these ceramics were apparently dominated by the
occurrence of non-ferroelectric cubic PTT phase, as
observed in X-ray diffraction patterns (Fig. 1(b)). For pure
PZT ceramic, the normalized remanent polarization
increased slightly at 5 x 10° cycles and then began to
decrease after 10° cycles. Finally, it dropped to 43% of the
initial values after 10° switching cycles. The increase in
polarization at 5 x 10° to 10° cycles was possibly due to the
“wake-up” prooessfm22 This wake up process was believed
to occur as a result of locked localized space charges present
at the interfaces between the ferroelectric bulks and electro-
des. It is well known that the volatilization of PbO during
fabrication process of PZT ceramic results in the formation
of defect charges such as lead and oxygen vacancies.” Due
to the lower mobility of lead vacancies when compared to
that of oxygen vacancies, the latter can move more easily
under an external electric field during fatigue test. The
positively-charged oxygen vacancies were driven towards to
domain walls or grain boundaries where they were captured
by space charge. These defect charges obstructed the reversal
of domains and hence limited the reversible domain num-
bers. Since they are easily be removed by the repeated

Average grain size (um)

SBT phase

PZT phase PTT phase
(1-x)PZT-x5BT Density (g cm™) Diameter Diameter Thickness Diameter
PZT 7.67 =0.04 285 £0.14
0.9PZT-0.1SBT 7.88 £0.02 1.28 =0.07 2.08 009
0.7TPZT-0.3SBT 7.78 £0.07 1.75 £ 0.09 2.70 £0.15
0.5PZT-0.55BT 744 =0.07 3.19 £0.19
0.3PZT-0.7SBT 746 =0.09 254 £0.17
0.1PZT-0.9SBT 811 =0.03 2.66 =0.18 0.74 £0.04 203 =0.12
SBT B.06 =0.01 1.14 =007 4.17£0.20
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FIG. 4. (a) The normalized polarization as a function of switching cycles and (b) the normalized coercive field as a function of switching cycles of (1-x)PZT-

xSBT ceramics.

polarization reversals, the normalized remanent polarization
increased at this Sl;ageAm'22 However, after 10° cycles, a
strong loss of polarization was caused by the field screening
effect.”* The field screening effect involves the effective field
that reaches the undamaged regions of the sample signifi-
cantly being decreased because of the voltage drop across the
cracks in damaged regions. In some regions this causes the
field to be too small to switch domains resulting in loss of
polarization but other regions are unaffected, increasing the
coercive field. A more detailed explanation for the increase of
the coercive field will be discussed in the next paragraph.

For the variation of the normalized coercive field as a
function of switching cycle numbers of PZT ceramic shown
in Fig. 4(b), it can be seen that the normalized coercive field
was stable up to approximately 5 x 10% cycles and then it
increased sharply after 10° switching cycles. Such results
agreed well with other studies® >’ in the trend of coercive
field under bipolar cycling. Jiang ef al.'' proposed that such
variation in the coercive field could be used to qualitatively
determine the electrical fatigue mechanism. They suggested
that if the coercive field remained nearly constant, the elec-
trical fatigue was dominated by the interaction between
domains and defects. When the coercive field increased
sharply with increasing switching cycles, the crack formation
became dominant in the fatigue mechanism. From our
experiments, it was found that the electrical fatigue process
was occurred by both domain pinning (at 1-5 x 10* switch-
ing cycles) and crack formation (approximately after 10°
switching cycles). However, the normalized coercive field at
higher cycles (after 10° switching cycles) showed much
higher change (with a 59% increased) than the value at lower
cycles (for less than 5 x 10* switching cycles). This signifi-
cant difference in the variation between these two stages sug-
gested that the crack formation was the major mechanism for
the bipolar fatigue of PZT ceramic. The presence of cracks
was apparent as shown in SEM images (Fig. 5). The unfa-
tigued sample in Fig. 5(a) showed a typical fracture surface
of PZT with mainly transgranular fracture mode. Whereas in
fatigued PZT sample, a damaged layer (i.e., crack) could be

RSA5780032
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seen on the fractured cross section Fig. 5(b). This cracking
layer was formed in regions underneath the electrode. The
showing results were in agreement with the previous obser-
vations on several PZT-related sys.tem.tyn‘m"'30 The crack
that forms under bipolar fatigue loading was due to the strain
incompatibility between the near electrode regions and the
bulk materials.*"** These strain mismatches occurred
because of heterogeneous switching of domains or from the
incompatible deformation of grains.'" The repeated domain
switching caused a large strain incompatibility, resulting in a
high stress intensity. When the stress intensity exceeded the
elastic limit of the material, the cracks were initiated.”
The relationship between the damaged near electrode regions
(i.e., cracks) and the electrical fatigue behavior can be
explained by the field screening them'},L24 By this field
screening effect, the appearance of crack resulted in a drop
of the applied electric field across the cracks. This caused the
effective field acting on the grains adjacent to cracks to be
reduced to a level less than the coercive field (E.), thereby
limiting the orientation of domains in the grains. The lack of
switching led to the reduction of the remanent polarization
of PZT ceramic as shown in Fig. 4(a). In addition, these
domains required the higher external field for polarization
switching which was reflected by the observed increase the
coercive field in fatigue measurement as shown in Fig. 4(b).
As the small amount of 0.1SBT was added to PZT, the fa-
tigue started after 10° cycles and the normalized remanent
polarization dropped to 9% of the initial values after 10°
cycles with no apparent change in the normalized coercive
field. When the amount of SBT was increased to x=0.3, the
normalized remanent polarization started to decrease after
10° cycles and reduced by about 10% at 10° cycles, while a
slight reduction in the normalized coercive field was also
observed. Compared to pure PZT and (1-x)PZT-xSBT, pure
SBT ceramic showed excellent fatigue endurance up to 10°
switching cycles with no significant change in the normal-
ized coercive field. As the results, PZT-SBT and SBT
ceramics showed high fatigue resistance characteristic and a
small change in the normalized coercive field. It was
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suspected to be caused by weaker domain wall pinning in
these samples. To confirm this hypothesis, the fracture surfa-
ces near electrode/ceramic regions of the fatigued and unfa-
tigued samples were compared to pure PZT ceramic, as
displayed in Figs. 5(c)-5(h). For the composition with
x=0.18BT, the fracture mode of both unfatigued (Fig. 5(c))
and fatigued samples (Fig. 5(d)) was mainly transgranular.
The intergranular fracture mode was also partially observed.
When the concentration of SBT increased to x=0.3, the
fracture surface became a mixture between intergranular and
transgranular modes (Figs. 5(e)-5(f)). From these observa-
tions, the addition of SBT caused the transformation of the
fracture mode from mainly transgranular in pure PZT ce-
ramic to the mixed-mode between intergranular and trangra-
nular in the PZT-SBT ceramics. This phenomenon might be
due to the heterogeneous microstructure and different orien-
tation between the PZT and PTT grains. In the case of pure
SBT ceramic, both unfatigued and fatigued samples exhib-
ited the plate-shaped grains with the mixed-mode of intergra-
nular and transgranular fracture. When compared to pure

FIG. 5. Fracture surfaces of unfatigued (left) and fatigued samples (right)
for (1-x)PZT-xSBT ceramics, where (a-b) x=0, (c-d) x=0.1, (e-f) x=03,
and (g-h) x = 1.0, respectively.
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PZT ceramic, the PZT-SBT and SBT ceramics showed no
significant difference between the fracture surfaces of the
unfatigued and fatigued samples. In addition, in fatigue sam-
ples, there were no cracking layer at the electrode/ceramic
interface. This indicated that high fatigue endurance in these
ceramics was mainly due to the unpinned domain walls
whereas the cracking mechanism did not influence to the fa-
tigue performance of these ceramics.

The strong fatigue effect in PZT ceramic after 10° switch-
ing cycles was also illustrated by the distorted hysteresis loops
(ie., the remanent polarization decreased while the coercive
field increased) as represented in Fig. 6(a). The remanent
polarization and coercive field values before and after fatigue
test are also listed in Table II. The reduction in the remanent
polarization and increase in the coercive field was mainly due
to the field screening effect as explained above. Only small
change in the shape of the hysteresis loops before and after
fatigue test was observed in 0.9PZT-0.1SBT and 0.7PZT-
0.35BT ceramics (Figs. 6(b) and 6(c)). In the case of 0.9PZT-
0.1SBT, it could be said that the decrease in domain wall
pinning mechanism played an important role for controlling
the fatigue process in the sample. The improvement in fatigue
resistance was mainly owing to the donor-like substitution. It
has been widely accepted that the polarization degradation of
normal perovskite PZT mainly originates from oxygen va-
cancy accumulation near-electrode regions“ and domain wall
pinning by oxygen vacancy planes.*™** In this sample, the do-
nor dopants like Bi** and Ta>* ions (from SBT) induced Pb-
vacancies in PZT lattice for charge compensation and the oxy-
gen vacancies concentration was greatly reduced. Reduction
in oxygen vacancies helped to reduce the possibility of their
accumulation at the ceramic bulk-electrode interface or the
pinning of the domain walls or grain boundaries during the
repeated switching cycles. This could result in the high stabil -
ity of domain switching process, and thereby less fatigue was
observed. Another important factor that influences the fatigue
rate for this sample was the small grain size. The influence of
grain size on the fatigue behavior has also been studied.' L12
As the agglomeration of defects (i.e., oxygen vacancies) pre-
dominantly underneath the electrodes was a primary cause for
fatigue behavior, the fraction of grain touching the electrode
can be used to determine the mechanism of the electrical fa-
tigue.'2 In small gain size, the fraction of grains touched the
electrodes would reduce. During electric cycling, the positive
space charge and charged point defects near the ceramic/elec-
trode interfaces would move to the electrodes and then accu-
mulate at those sites. Therefore, low fraction of grains
touched the electrodes led to reduce the possibility of oxygen
vacancy accumulation at the ceramic/electrode interfaces and
then increase fatigue resistance.

For the 0.7PZT-0.3SBT ceramic, the smaller magnitude
of the remanent polarization was the main cause of the
improvement in fatigue endurance. Since the remanent polar-
ization magnitude can be used to determine the trapped
charges density at a domain wall (or domain wall pinning
rate),39 the relatively low remanent polarization for this ce-
ramic (2P, ~ 4.46 ,uC,"CmZ, see Table II) led to relatively
small trapped charge concentration at domain wall sites of
ferroelectric PZT phase, which resulted in a weaker domain
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wall pinning strength. Thus, a small loss in the normalized
remanent polarization after fatigue test was observed, imply-
ing that the sample was more stable under a conditions cyclic
driving electric field than pure PZT ceramic. In addition, it
should be observed that this ceramic had higher density than
that of PZT ceramic as listed in Table I. Therefore, this rea-
son was also contributed to high fatigue endurance for this
ceramic. [t has been reported that pores inside the ceramics
can be considered as reservoirs of space charge due to they
can create a large area of internal free surface.'” In this case,
the density of this ceramic was higher than that of pure PZT
ceramic which suggested that this ceramics exhibited lower
pore concentration. With a lower pore concentration, there
was a reduction in the number of trap sites by space charge
at domain walls, allowing domains to orientate continuously
by the cyclic applied field. This in turn resulted in a small
reduction of polarization.

Fig. 6(d) displays the hysteresis loops before and after
the fatigue test for SBT ceramic. Clearly, the P-E loop
showed a little change in the shape and became squareness.
This result implied that this ceramic had a high switching
stability through the fatigue process due to their low number
of pinned domains. The fatigue free behavior of the layered
perovskite SBT was predominantly related to the weak

Electric field (kV/cm)

domain wall pinning‘39 For bismuth layered perovskite like
SBT, the absence of a volatile cation on A-site (Sr-site)
resulted in lower oxygen vacancy concentration in the
(SrTa,0,)>~ perovskite blocks while higher oxygen vacancy
concentration appeared in the (Bi,0,)*" layers due to the
volatilization of Bi,05;. However, the ability to pin the do-
main walls of oxygen vacancies at the (Bi,0,)*" layers was
less effective than oxygen vacancies in (StTa,04)*~ perov-
skite blocks.*’ Therefore, the pinning of the oxygen vacan-
cies at domain walls became much less pronounced in SBT
ceramic, which resulted in no net loss of the switchable
polarization. This research therefore demonstrated that
improved fatigue properties of PZT ceramic could be
achieved by small addition of SBT compound.

IV. CONCLUSIONS

Ferroelectric fatigue endurance under bipolar electric
field cycling was investigated for the (1-x)PZT-xSBT
ceramics. The perovskite PZT showed a strong degradation
of the remanent polarization and increase the coercive field.
Fatigue macrocracking was a major contribution to electrical
fatigue in PZT. Whereas, the bismuth layered perovskite
SBT ceramic exhibited no obvious reduction of switchable

TABLE II. Remanent polarization (2P,) and coercive field (2E;) of (1-x)PZT-xSBT ceramics measured before and after fatigued tests.

2P, 2E,
(1-x)PZT-x5BT Before After % ot decrease Before After % of change
PZT 34.96 20,05 42.79 68.10 Increased by 59%
0.9PZT-0.1SBT 5137 46.96 36.07 3478 Decreased by 4%
0.TPZT-0.3SBT 446 4 2370 2228 Decreased by 6%
SBT 349 347 50.17 5202 Increased by 4%
a
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polarization at 10° cycles. The fatigue-free behavior of SBT
was mainly attributed to the unpinned domain walls. The fa-
tigue behavior of PZT ceramic was improved after small
amount of SBT (0.1 < x < 0.3) incorporation. The improve-
ment in fatigue endurance of these ceramics was mainly
attributed to unpinned domain walls. The unpinned domain
walls caused less residual ferroelastic stress, resulting in the
reduction of the probability of crack propagation. Less
cracks led to less field screening effect and greater fatigue re-
sistance for these ceramics. Based on our results, the ferro-
electric properties of 0.9PZT-0.1SBT ceramic with fatigue
free characteristics could be further improved for being
employed particularly in ferroelectric memory applications.
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Abstract In this research, the effects of ZnO modification on
ferroelectric order of Pb (Mg;3Nbas3)yeTip 105 (PMNT) ce-
ramics were studied through characterizations of dielectric
and ferroelectric properties. The PMNT/xZnO (where x=0,
0.4,2.0,4.0 and 11.0 mol.%) ceramics were prepared by solid
state reaction and sintering process. The lattice parameter a
and unit cell volume of pure PMNT ceramic were increased
with ZnO modification. The temperature of maximum dielec-
tric constant (7., the freezing temperature (7)), the depo-
larization temperature (7}) and the polar ordering temperature
(Tp) increased while the diffuseness parameter (8) decreased
with the increase in ZnO content, indicating an enhancement
of ferroelectric ordering and a decrease in a degree of relaxor
behavior of PMNT ceramics by ZnO modification.
Polarization-electric field hysteresis loop and butterfly-like
strain-electric field curve were displayed around room tem-
perature in the 11.0 mol.% ZnO-modified PMNT sample,
which indicated an establishment of polar macro domains.
Electrostrictive coefficient (M) reached a highest value of
22.22x10'° m*V? for the PMNT/4.0 mol.%ZnO ceramic,
which made it a promising material for applications as
electrostrictive actuators.
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1 Introduction

Complex perovskite solid solution compound of Pb
(Mg1/3Nba3).0Tip 105 (PMNT) is a well known relaxor
ferroelectric material that shows good electrostrictive prop-
erties around room temperature which make it suitable to
use as electrostrictive actuators [1, 2]. Because of the excel-
lent properties of this family of materials, their structure and
physical properties have been widely and continuously stud-
ied [3-5]. The origin of their excellent properties has often
been explained in term of polar nano-regions (PNRs) which
nucleated as the material is cooled down below the Burn’s
temperature (Ty) [6, 7]. The size and volume of PNRs
increase as the temperature decreased further, leading to an
increase in dielectric permittivity. However, the dynamic of
PNRs slows down with further decreasing the temperature,
resulting in a decrease in dielectric permittivity and thereby
creating the maximum dielectric permittivity at the temper-
atre T,,. The dynamic of PNRs is frozen when the tem-
perature is decreased below the freezing temperature (77 [8].
Below T polar macro domains can be established by an
application of electric field. The induced polar macro do-
mains persist until the material is heated above the depolar-
ization temperature (7) [9]. It is interesting to note that a
large longitudinal induced strain and high electrostrictive
coefficient (M) are observed above and near T; due to the
coexistence of micro- and induced macro domains [10, 11].
Therefore, it is expected that a high electric field-induced
strain and electrostrictive coefficient around room tempera-
ture of PMNT ceramics can be achieved by shifting its T,
(~0 °C [12]) toward room temperature.
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Fig. 1 XRD patterns of the PMNT/xZn0O ceramics

Zn0 is known to be an affective sintering aid for dielectric
and ferroelectric materials. From previous results, ZnO addi-
tion could promote the formation of a liquid phase which
expedited mass transfer of ceramics during a sintering process,
resulting in an enhancement of density and grain size, and an
improvement in the dielectric, ferroelectric and piezoelectric
properties of ceramics [13, 14]. Moreover, ZnO was also used
as a substituent for ferroelectric ceramics such as PMW-PNN-
PT-PZ [15], PZN-PZT [16], BNT [17, 18], PMaN-PZT [19]
and NKN ceramics [20]. These results suggested that Zn" ion
could enter the lattices of the ceramics, which led to the unit
cell distortion. The distortion of unit cell could in turn affect

the phase transition temperature and electrical properties of
the ceramics. Forexample, ZnO doping resulted in an increase
in the phase transition temperature, an enhancement of the
piezoelectric properties, and a decrease in the degree of
relaxor behavior of ceramics [21]. It can be seen that ZnO
acts as an effective sintering aid and a substituent, which
causes an improvement in the electrical properties of dielectric
and ferroelectric ceramics. These advantages make ZnO an
interesting compound to be used as both an additive and a
substituent for the PMNT ceramics. In this study, the PMNT
ceramics modified with ZnO were fabricated. Ferroelectric
ordering of the PMNT/ZnO ceramics was studied through
characterizations of the dielectric and ferroelectric properties.
Effects of ZnO modification on ferroelectric ordering and
electrical properties of PMNT ceramics were also discussed.

2 Experiment

Pb (Mgy/3Nb23)oTio.1 O3 (PMNT) powder was prepared by a
columbite precursor method [22]. Different amounts (x=0,
04, 2.0, 4.0 and 11.0 mol.%) of ZnO were added into the
PMNT powder. The mixed and ground powders were
uniaxially pressed into pellets and then sintered at 1150 °C
for 2 hrs. Phase formation of the PMNT/AZnO ceramics was
characterized by an X-ray diffractometer (XRD, Model X-
pert, Panalytical B.V.). The temperature dependences of di-
electric constant (=,) and loss tangent (tand) of the unpoled
samples were measured at frequencies of 1-10° Hz using a
computer-controlled alpha dielectric analyzer (Novocontrol).
In this study, a soft polar nano-region model proposed by
Bokov and Ye [6, 7] was adopted to describe the dielectric
behavior of the samples. In this model, the dispersion of the

Fig. 2 Plots of lattice parameter 4.054 66.4
and unit cell volume as a function r
of ZnO content of the 4.052 ° I 66.3
PMNT/xZn0 ceramics / r .
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Table 1 Dielectric properties and the quadratic fitting parameters of the PMNT/AZn0 ceramics

Zn0 content x o tand T (°C) &4 T, (°C) 4(°C)
(mol %)

0 12,106 0.066 43 11,569 31+1 57+1
04 10,499 0.056 48 10,203 39=1 561
20 10,499 0.060 52 10,294 412 55+1
40 0,958 0.057 58 9,750 49=1 531
11.0 15,395 0.050 68 15214 59=3 45+2

Emax a0d fand represent dielectric constant and dielectric loss tangent values measured at the temperature of the dielectric peak (T,,.,). The measurements
were carried out at the frequency of 1 kHz. 6 and T, represent the diffuseness parameter and the temperature of the static conventional permittivity

maximum, respectively, extrapolated from the quadratic law

temperature of maximum dielectric permittivity (7,,,,) in term
of the frequency of altemating field (f) was described by a
Vogel-Fulcher (F-F) relationship [8]. Moreover, a quadratic
law was introduced to describe the temperature dependence of
dielectric permittivity in the temperature range above T,,,.
[23]. Therefore, in this study, the experimental data was fitted
to the F-F relationship and the quadratic law in order to
determine the fitting parameters such as the freezing temper-
ature (T;) and the diffuseness parameter (d). In order to deter-
mine the depolarization temperature (7;), above which in-
duced polar macro domains are eliminated by thermal activa-
tion, the sample was firstly poled at room temperature with an
electric field of 20 kV/em. While the sample was being poled,
it was cooled down to —50 °C. At =50 °C, the applied electric
field was removed. Then the temperature dependence of the
dielectric properties was measured upon heating. The polari-
zation—electric field (P-E) curves were displayed using a ferro-
electric testing instrument (Radiant Technologies RT66A). In
order to determine the polar ordering temperature (), at which
the polarization is abruptly increased upon cooling, the temper-
ature dependence of the remnant polarization (PAT)) was
established. The strain versus electric field (S-E) curves were
measured using a Fotonic sensor (MTT 2000, MTT Instruments)
in conjunction with a computer controlled electrometer/voltage
source (Keithley 2517A).

3 Results and discussion
3.1 Phase formation

X-ray diffraction patterns of the PMNT/xZnO ceramics were
shown in Fig. 1, which were found to match the standard
inorganic crystal structure database (ICSD) file No. 99710 of
Pb (Mgg 3sNbg 6Tig )O3 in Pm3m cubic space group [24]. No
secondary phase was found in the patterns. From the patterns,
the lattice parameter @ and unit cell volume were determined
and plotted as a function of ZnO content, as shown in Fig. 2.
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The lattice parameter @ and unit cell volume of pure PMNT
ceramic wereabout4.038 A and 65.85 A%, respectively, which
increased to 4.044 A and 66.15 A®, respectively, with an
addition of 0.4-2.0 mol.% ZnO. They slightly increased to
4052 A and 66.25 A3, respectively, as the ZnO content was
increased to 4.0 mol.%. The increases in the lattice parameter
a and unit cell volume were attributed to the substitution of
Zn®" ion for the smaller ions on the crystal lattice of PMNT.
From the crystal chemistry requirements (the tolerance factor),
for the stability of the perovskite structure, A-site has to be a
large cation (i.e. Pb>*) while B-site requires a relative smaller
cation (i.e. Mg™", Nb*" and Ti*"). Based on ionic radius of
Zn" ion (rzm=0.74 A), it was clear that Zn>" could only
substitute for the smaller cations on the B-site, i.e. Mg>", Nb**
and Ti*" ions (rug2+=0.72 A, ryps+ 0.64 A and ;4. =0.605 A
[25]) in the lattice of PMNT. This was consistent with previ-
ous results obtained in PNN-PFN-PZT [26], PZNT [27], PZT-
PMaN [28], PZT-PFW-PMN [29], BNCT [30], PZN-PZT
[16], PZT-PMS-PZN [13], PT [31] and PZN-PT-BT [32]
ceramics modified with ZnO. These suggested that the Zn>*
ion could substitute the ions located on the B-site lattice of the
ceramics, which led to the structural change and unit cell
distortion. It was proposed that this substitution was mainly
due to the ionic radius of Zn" that was similar to that of the B-
site ions. Therefore, it was reasonable to deduce that added
Zn™" jons entered the B-site lattice of the PMNT ceramics.

3.2 Dielectric properties

The selected values of dielectric properties, i.e. the maximum
dielectric permittivity (e;n_“), the temperature of maximum
dielectric permittivity (7T,,,,) and the loss tangent at T,
(tand), of the ceramics were given in Table 1. The e'nm of
pure PMNT ceramic was found to be 12,000, which was
decreased to 10,000 with an addition of 0.4—4.0 mol.% ZnO.
However, the e;m significantly increased to 15,000 with
further increasing the ZnO content to 11.0 mol.%. The loss
tangent of pure PMNT ceramic was 0.06, which did not
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significantly change with the ZnO modification. The improve-
ment in dielectric properties, i.e. the increase in £, and the
decrease in tand, was believed to be arisen from an increase in
grain size of the ceramics [33, 34]. Apart from this, the result
showed that T, tended to increase with increasing the ZnO
content.

In order to investigate the effects of ZnO on the dif-
fuseness of the dielectric permittivity peak, the high tem-
perature (T > T, slope of dielectric peak measured at
10° Hz was fitted to the quadratic law introduced by
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Bokov and Ye to describe the dielectric permittivity peak
of relaxors in general [23]:

(T-T,)

— 14—
267

(1)

m |£_’

where T and £, represent the temperature and value at the
peak of static conventional permittivity of relaxors, re-
spectively, which are extrapolated from the quadratic law,
and ¢ (to be distinguished from the & in tand) represents
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the diffuseness of the dielectric peak. The quadratic fitting
curves of the selected compositions, x=0, 2.0 and
11.0 mol.%, were shown in Fig. 3(a-i), (b-i) and (c-i),
respectively. It could be seen that the experimental data
was fitted well to the quadratic law. The fitting parameters
were listed in Table 1. It was found that the variations of
the =, and T, values with ZnO content had the similar
trends with those of the zrnm and T, values, respective-
ly. The diffuseness parameter (&) tended to decrease with
increasing ZnO content. This suggested that the degree of
relaxor behavior of PMNT ceramics was attenuated by
Zn0 modification.

In order to study the effects of ZnO on the dynamics of
dielectric relaxation in relaxors, the frequency dependence of
Tae was fitted to the Vogel-Fulcher (V-F) relationship to
describe the dispersion of T,,,,, [8]:

f=1 em{ (2)

Tax = Tf]

where f, is the Debye frequency, E, is the activation energy
and Tis the freezing temperature below which the dynamic of
polar nanoregions (PNRs) is frozen. The V-F fitting curves of
the selected compositions, x=0, 2.0 and 11.0 mol.% ZnO,
were shown in Fig. 3(a-ii), (b-i1) and (c-ii), respectively, and
the fitting parameters were listed in Table 2. The f,, E, and T;
of pure PMNT ceramic were found to be 2.94x10'* Hz,
0.0475 eVand 15 °C, respectively, which were consistent with
the previous results obtained by Viehland et al. [8]. The £, and
E,, tended to decrease while T,increased with an increase in
Zn0 content. The increases in T, T; and T and the de-
crease in § were indicative of the increases in size and inter-
action strength of polar clusters. It was believed to be arisen
from the substitution of Zn>" ion for the ions located on B-site
lattice of PMNT. This was consistent with previous results
obtained in PZT-PMS-PZN [13], PZN-PZT [16], PNN-PFN-
PZT [26], PZT-PMnN [28] and PZN-PT-BT [32] ceramics
modified with ZnO. In these studies, in addition to the struc-
tural change and unit cell distortion, the observed change in

Table 2 The F-F fitting parameters of the PMNT/xZnO ceramics
ZnOcontentx  f, (Hz) E, (V) T (°C)
(mol.%)

0 (2.94£1.15) % 10" 0.0475£0.0011  15+3
04 (249+1.14)x 107 0.0455£0.0008  20+2
20 (2.84+4.60) % 10" 0.0388+0.0014  25+2
40 (1.02+1.31) % 10"' 0.0222+0.0011  41+2
11.0 (1.70:£0.90) x 0.0107£0.0005 601

[, and E, represent the Debye frequency and the activation energy,
respectively. T represents the freezing temperature below which the
dynamic of polar nanoregions (PNRs) is frozen
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the phase transition temperature and decrease in the diffuse-
ness parameter were also attributed to the effects of the sub-
stitation of Zn®" ion for the ions located on the B-site lattice of
the perovskite structure,

The temperature dependences of the dielectric properties of
poled PMNT/xZnO samples were measured at the frequencies
0f 10°-10° Hz. The results of the selected compositions, x=0,
0.4, 11.0 mol.%, were shown in Fig. 4(a-i), (b-i) and (c-i).
respectively. At temperature range above T4, the frequency
dispersion of dielectric properties was observed at low fre-
quencies, ie. 10% and 10° Hz. This was believed to be the
response of charge defects which could be moved by thermal
activation [35]. The depolarization temperature (7,), at which
the field-induced polar macro domains decay abruptly upon
zero-field heating, was indicated by a sharp increase in the
temperature variation of the dielectric properties [9], as shown
in Fig. 4(i). The transition at T}; corresponds to the transfor-
mation of the induced polar macro domains into micro-/
nanodomains [26]. The T, values were given in Table 3; T,
value of —4 °C for pure PMNT increased to 6, 11, 15 and
34 °C with the additions of 0.4, 2.0, 4.0 and 11.0 mol.% Zn0O,
respectively. The increase in T, was also attributed to the
effects of Zn”" substitution, as described above.

3.3 Ferroelectric properties

The polarization-electric field (P-E) curves of PMNT/xZn0O
samples were displayed at various temperatures at the fre-
quency of 1 Hz. The remanent polarization (P,) red from the
P-E curve was plotted as a function of temperature (7). The
PAT) curves of the pure PMNT ceramic and the samples
added with 2.0 and 11.0 mol.% ZnO were shown in
Fig. 4(a-i1), (b-i1) and (c-ii), respectively. The polar ordering
temperature (7p) was defined as the temperature at which P,
increased suddenly upon cooling, i.e. the temperature of the
maximum first derivative of the P,(T) curve. The T} values
were listed in Table 3. The Tp value of =3 °C for the pure
PMNT ceramic increased to 4, 11, 16 and 28 °C with the
additions 0f 0.4, 2.0, 4.0 and 11.0 mol.% ZnO, respectively. It
could be seen that the T values were close to those of T; for
every sample. The P-E curves of the pure PMNT ceramic and
the PMNT/11.0 mol.%Zn0O ceramic measured around room
temperature were displayed, as shown in Fig. 5(a) and (b),
respectively. The P-E curve of the pure PMNT sample ap-
peared to be slim loop with a low P, and a small coercive field
(E.). However, the P-E loop of the PMNT/11.0 mol.%Zn0O
sample was opened up, which revealed a characteristic of
normal ferroelectric behavior [36]. The P, and E, values were
given in Table 3. The P, and E, values for the pure PMNT
sample were found to be 1.8 uC/em” and 0.6 kV/em, respec-
tively. They slightly increased to 2.5 |,1Cf“¢m2 and 0.7 kV/cm,
respectively, with an addition of 0.4 mol.% ZnO. The P, value
tended to increase to 3.8 uC/em” with increasing ZnO content
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Fig. 4 Temperature dependences of (1) dielectric properties and (i1) remanent polarization of (a) pure PMNT ceramic and the ceramics modified with (b)

2.0 and (¢) 11.0 mol.% ZnO

to 4.0 mol.% ZnO, while the E. value did not significantly
change. The P, and E, values remarkably increased to 17.6
p,LC;’cm2 and 2.0 kV/em, respectively, with further increasing
Zn0 content to 11.0 mol.%. The increases in P, and E, were
attributed to the increase in the ferroelectric order, which was
believed to be resulted from the effects of the substitution of
the Zn®" ion for the Mg®" ion on the B-site lattice of PMNT.
Compared with Mg®" ion, the Zn®" ion possesses a 3d"
electronic configuration, which favours covalent bonding with
the 2p° electrons of oxygen ion when it occupies the

RSA5780032

68

octahedral site of perovskite structure. This makes the Zn*
jon more ferroelectrically active than the Mg®* jon. This can
be attested by the fact that Pb (Zn;3Nb,s;) O3 (PZN) based
solid solution with PT (PZN-PT) exhibits a higher degree of
ferroelectric ordering and a lower degree of relaxor behavior
than PMN-PT solid solution system at a relatively low PT
concentration [37, 38]. The chemical analysis by energy dis-
persive X-ray spectroscopy (EDX) showed that Zn*" was
presented in the grains of the PMNT/xZnO ceramics (the
EDS result is not shown here). It was believed that the ionic
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Table 3 Depolarization temperature, polar-ordering temperature, ferroelectric and electrostrictive properties of the PMNT/xZnO ceramics

Zn0 content x T,(°C) Ty (°C) P, (uClem?) E. (kV/cm) Strain (%) M (% 107" m*/v?)
(rnol.“ n)

0 —442 346 1.8 0.6 0.06 7.29+0.03

04 6+2 4+3 25 0.7 0.08 10.93+0.11

20 1143 1145 33 0.7 0.10 19.62+0.26

40 1546 16+10 38 0.7 0.10 22.22+0.48

11.0 34+1 2842 17.6 20 0.08

T and Tp represent the depolarization temperature and the polar ordering temperature, respectively. P, and E. represent a remanent polarization and a
coercive field, respectively. M stands for electrostrictive coefficient. Ferroelectric and electrostrictive properties were measured at a frequency of 1 Hz

substitution could contribute to the formation of (PZN-PT)-
type solid solution which had a higher degree of ferroelectric
order and a lower degree of relaxor behavior [39, 40].

3.4 Electrostrictive properties

The strain-electric field (S-E) curves measured at room tem-
perature at 1 Hz of the pure PMNT ceramic and the ceramic
modified with 11.0 mol.% ZnO were shown in Fig. 5(a) and
(b), respectively. The S-E curve of the pure PMNT ceramic
showed a parabolic-like shape which was a characteristic of
electrostrictive response [36]. However, a butterfly-like curve,
typical of piezoelectric response [41], was observed in the
PMNT/11.0 mol.%Zn0 sample. From the S-E curves, the
maximum induced strain and the electrostrictive coefficient
(M) determined from the slope of the linear S-E* curve as
shown in Fig. 6, were given in Table 3. The maximum strain
and M values for the pure PMNT ceramic were found to be
0.06 % and 7.29%107'® m*/V?, respectively. They slightly
increased to 0.08 % and 10.93x107"® m%V?, respectively,
with an addition of 0.4 mol.% ZnO and tended to increase to
0.10 % and 19.62x10"® m*/V?, respectively, when the ZnO
content was increased to 2.0 mol.%. The coefficient M in-
creased to 22.22x10'® m*V? with further increasing ZnO
content to 4.0 mol.%, while the strain level remained the same.

0.07
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20 L 0.06
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- L 0.05
E’ he 0.04
R :
E 0 10.03
m
% =] 0.02
E -10 4
5 0.01
204 - 0.00
25+
T ™1 T T T T T T T T T '0-01
4240 4 6 4 2 0 2 4 & 8 10 12

Electric field (kVicm)

uens %

The enhancement in the electrostrictive properties was attrib-
uted to the increase in the size of polar clusters, which was
consistent with previous results obtained by Wang et al. [10]
and Hao et al. [11]. From the slope of the strain-unipolar
electric field curve of the PMNT/11.0 mol.%Zn0 ceramic
(the result is not shown here), the piezoelectric coefficient
(d33) of the ceramic could be determined and was found to
be 310 pm/V. Together with the dielectric, ferroelectric and
electrostrictive properties, it could be concluded that the fer-
roelectric ordering of PMNT ceramics was enhanced while the
degree of relaxor behavior was attenuated with ZnO modifi-
cation. Moreover, the characteristics of normal ferroelectrics,
i.e. the ferroelectric P-E hysteresis loop and the butterfly-like
S-E curve, were observed around room temperature in the
PMNT/11.0 mol.%Zn0O ceramic.

4 Conclusions

ZnO-modified Pb (Mg sNbs3)09Tip 105 (PMNT) ceramics
were prepared by solid state reaction and sintering process.
Lattice parameter ¢ and unit cell volume of pure PMNT
ceramic were increased by ZnO modification. The character-
istic temperatures 7., Ty, T Ty and Tp tended to increase

254 Lo.08
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o 0.06
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o
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Fig. 5 P-E (black line) and S-E (red line) curves measured at room temperature at a frequency of 1 Hz of (a) pure PMNT ceramic and (b) the ceramic

modified with 11.0 mol % ZnO
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Fig. 6 Plots of strain (5) as a function of squre of electric field (E%) of (a) pure PMNT ceramic and the ceramics modified with (b) 0.4, (¢) 2.0 and (d)
4.0 mol.% Zn0O. The slope of a linear fitting line (@ red line) is equal to an electrostrictive coefficient (M)

with increasing ZnO content while the diffuseness of the
dielectric peak ¢ decreased. These were indicative of the
enhancement of ferroelectric order and the decrease in the
degree of relaxor behavior of the PMNT ceramics by ZnO
modification. The improvements in ferroelectric and
electrostrictive properties, e.g. the increases in a remanent
polarization, a maximum induced strain and an electrostrictive
coefficient, were observed as ZnO was incorporated into
PMNT ceramics. The polar macro domains were established
around room temperature, as the observed characteristics of
normal ferroelectrics, i.e. a P-E hysteresis loop and a butterfly-
like S-F curve, with an addition of 11.0 mol.% ZnO. The
PMNT ceramic modified with 4.0 mol.% ZnO showed the
high values of an electric field induced strain and an
electrostrictive coefficient (0.10 % and 22.22x10°"® m*/V?,
respectively), which made it a promising material for applica-
tions as electrostrictive actuators in various technological
applications.
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Biy Dy, Ti;0;; (when x = 0, 0.25, 0.5, 0.75 and 1.0) powders and ceramics were pre-
pared by solid-state mixed oxide method. The calcination was carried out at 900°C for
4 h with heating/cooling rate 5°C/min. The ceramics were then sintered at a temper-
ature between 950-1100°C for 4 hrs. The optimum sintering temperature was found
to be 1000°C. X-ray diffraction indicated the existence of orthorhombic phase for all
sintering temperatures. Scanning electron micrographs of ceramic surfaces showed a
plate-like structure with different grain size. The results of room temperature dielectric
constant revealed that Dy dopant could dielectric constant of BiyTi; O ;> ceramic where
it was optimized at x = 0.25.

Keywords Solid-state mixed oxide; calcination; sintering; dielectric properties

Introduction

Ferroelectric materials have attracted considerable attention because of their possible uses in
device applications such as sensors, micro-electromechanical system, nonvolatile random
access memories, etc. [1]. Bismuth layer-structured ferroelectric (BLSF) materials have
attracted great interest in the last few years because of their lead-free compositions with
excellent piezoelectricity and ferroelectricity [2, 3]. The crystal structure of BLSFs consists
of the interleaved bismuth oxide (Bi»O,)** layers and pseudo-perovskite blocks containing
BOg octahedra. The BLSF chemical formula is generally expressed as (Bin0;)* (A,
BnOsm >~ where A represents a mono-, bi- or tri-valent ion, B denotes a tetra-, penta-
or hexa-valent ion, m is the number of BOg octahedra in each pseudo-perovskite block
(m=1,2,3, ...) [4]. Among BLSFs, bismuth titanate (BiyTi;O,: BIT) has attracted
much attention for potential utilization due to its large spontaneous polarization (Py),
low processing temperature, high Curie temperature (675°C) and high fatigue endurance
[5]. This material has domain pinning due to defects such as Bi vacancies accompanied
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by oxygen vacancies. It is well known that oxygen-vacancy migration in BIT produces
significant degradation problems associated with the dielectric and ferroelectric properties
such as low dielectric constant (&,), high leakage current low remanent polarization (Py)
and high coercive field (E.) [6, 7]. In order to minimize these defects, Bi-site substitution by
replacement of the volatile Bi ion with less volatile ions is required. Recent studies revealed
that substitution of Bi*+ ions in BIT structure using trivalent lanthanide ions, e.g. La [8], Sm
[9],Nd [10] or Pr[11] have been explored for the improvement of dielectric and ferroelectric
properties of BIT. However, fundamental study on phase formation, structure and properties
of Dy-doped BIT powder and ceramic system has not yet been fully investigated.

Therefore, in this present study Biy Dy, Ti30;, with x = 0, 0.25, 0.50, 0.75 and
1.0 powders were prepared by a solid state mixed-oxide method and characterized in
terms of densification, phase formation, dielectric properties and ferroelectric properties.
The optimum composition of BiyyDy,Tiz0, (BDT) ceramic will also be reported and
discussed in detail. It is expected that this research will bring more understanding and give
useful information on these ceramics which can be further employed in actual applications;
particularly in multi-functional device such as sensors and actuators.

Experimental Procedure

Bis«DyTi3012 (BDT) powders (when x = (), 0.25, 0.50, 0.75 and 1.0) were prepared
using the solid state mixed-oxide method. The starting chemical used were Bi;O3 (98%,
Fluka), Dy;05 (99%, Cerac) and TiO, (99%, Riedel-de Haén). The powders were weighted
in stoichiometric ratios, mixed and ball-milled for 24 hrs and dried. The mixed powders
were calcined at various temperatures between 500-900°C for 4 hrs with a heating/cooling
rate of 5°C/min. The calcined BDT powders were pressed into pellets to form disc-shape
pellets 10 mm in diameter and 1 mm thickness with 3 wt% PVA (polyvinyl alcohol) added
as a binder. The pellets were covered with their own powders and sintered at temperatures
ranging from 950 to 1150°C for 4 hrs. with a heating/cooling rate 5°C/min. The firing
profile also included 1 hr dwell time at 500°C for binder burn-out.

Phase analysis of mixed powders and sintered ceramics were carried out using an X-ray
diffractrometer (XRD. Phillips Model X-pert). Densities of the ceramics were measured by
Archimedes™ method. The samples were polished and thermally etched at 1050°C for 10 min
prior to microstructural investigation using a scanning electron microscope (SEM, JEOL
JSM-6335F). For electrical property characterization, the sintered samples were lapped
to obtain parallel faces, which were subsequently coated with silver paint as electrodes.
The dielectric properties were studied with an automated dielectric measurement system,
LCZ-meter (Hewlett-Packard 4194A). The capacitance and the dielectric loss tangent were
determined at room temperature at a frequency of 1 kHz. The dielectric constant was then
calculated from &, = Cd/gyA. where C is the capacitance of the sample, d and A are the
thickness and the area of the electrode, respectively, and &g is the dielectric permittivity of
vacuum (8.854 x 10712 F/m).

Results and Discussion

X-ray diffraction patterns of calcined Bis Dy, Ti3O1; powders at 600°C are shown in
Fig. 1. The patterns for all samples with different concentrations of Dy,03 dopant were

matched with ICSD file number 87810 of BiyTi;Oy; (BIT) database. The patterns showed
that powders were identified as a single-phase material having an orthorhombic structure
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Figure 1. X-ray diffraction patterns of Bis 4Dy, TizO, calcined powders for x = 0, 0.25, 0.5, 0.75
and 1.0.

without a detectable second phase. Diffraction data did not show any evidence of Dy>0O3
or associated compounds that contained bismuth or titanium. Therefore, the fabricated
powders were expected to maintain the layered structure similar to the bismuth layer
structure of BIT even under extensive modifications by Dy*+. However. as the amount of Dy
increased, the X-ray diffraction patterns shift to higher 26 angles. indicating a decrease in the
lattice parameters in the crystal structure. The distortion of unit cell could be partly due to a
substitution of Dy** into Bi** position. Based on the ionic radius of Dy*+ (rp,°+ = 0.912 A)
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Figure 2. Density of Bis«Dy,Ti;O, ceramics sintered at several different temperatures.

RSA5780032 16 dnw1uw 2557
74



Layer-structured Biy Dy, Tiz;O;> Ceramics [1257]/79

Table 1
Physical and dielectric properties of Biy Dy, Ti3Oy3 ceramics
Dielectric

Grain size (pum) properties*
Materials Density ( g,fcnﬁ) Diameter (¢¢)  Thickness (1) ey tan &
BisTizOq9 7.554+£0.02 1.88 £0.63 0.44 +£0.09 110 0.0036
Bi3 75Dy025Ti302 7.78 +£0.01 3.334+0.99 0.87+£0.22 137  0.0038
Biz sDygsTizOq2 7.754+0.01 3.16+£0.92 0.77+£0.18 123 0.0042
Bi325Dyp75Ti3012 7.6040.01 3.034+£1.05 0.86+£0.22 125  0.0034
Bi; Dy Tiz;0y, 7.534+0.01 3.334+1.09 0.81+£0.19 130  0.0037

*Dielectric properties of 10 kHz at room temperature.

and Bi** ions (rp° T = 1.03 /i{) [12]. this ionic size difference appears to dominate this cell
distortion.

Densification behavior of Biy Dy, Ti;0;, ceramics sintered at temperature ranging
from 950-1150°C are shown in Fig. 2. Variation of density for each composition of Bis x
Dy, TizOq, for x = 0, 0.25, 0.5, 0.75 and 1.0 different sintering temperatures indicates
similar tendencies. The results for that the optimum sintering temperature to be 1000°C
indicate for maximum sample densification (Table 1). Therefore, the samples sintered at
this temperature were selected for further characterization. Moreover, in Biy Dy, Ti;0;
increasing Dy content consistently decreased the densification of the ceramics. The highest
density of Big Dy, Ti30;, was achieved at x = 0.25 ceramic (7.78 g/cm?). Figure 3 shows
XRD patterns of Big 4Dy, TizO;> ceramics sintered at 1000°C for 4 h. The pattern of all
ceramics indicates single phase orthorhombic structures nearly identical to their powders
but with sharper peaks indicative of larger crystallite size.

Bi, Dy, Ti,O,,

Bij 55D¥( 75Ti30;,

T

Bi; 55D¥g 551150

P

Intensit

Bi 4Ti301 )

{ICSD No. 87810

(171)

S 875 & 8= ;? oE Sh@gsfe ==
§ T SI2% | & 8BF 28 E&s8s =
10 20 30 40 50 60
20(degrees)

Figure 3. X-ray diffraction patterns of Biy Dy, TizO;; ceramics sintered at 1000°C.
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Figure 4. SEM micrographs of Biy 4Dy, Ti3;O,; ceramics; (a)—(e) for x =0, 0.25, 0.50, 0.75 and 1.0,
respectively.

Typical surface morphology of polished and thermally etched surfaces of Bisy
Dy, Ti;O, ceramics are shown in Fig. 4. All compositions show plate-like morphology with
different grain size and orientation. The grain sizes of all ceramic samples were measured
in terms of diameter and thickness as listed in Table 1. With increasing addition of Dy3+
the grain diameter and thickness of the crystallites increase. The size of plate-like grains
increases from 0.437 to 0.87 pem in diameter and from 1.88 to 3.33 xzm in thickness. Dy;03
appears to play an important role in increasing surface anisotropies through an increase in
grain boundary energies and mobilities as suggested by Horn and Messing [ 13].

Dielectric properties of Biy_y Dy, Tiz O, ceramics sintered at 1000°C were investigated.
The room temperature dielectric constant (&,) and dielectric loss tangent (tand) were mea-
sured at frequency of 10 KHZ with values reported in Table 1. It is experimentally observed
that an increase of Dy>+ substitutional content consistently increases the dielectric constant
of the ceramic. The maximum of dielectric constant was found in Bi3 75Dy 25Ti3015 ce-
ramic (&, = 137). The dielectric constant appears be dependent upon grain size and density.
Namely, increasing Dy substitution for Bi content causes the grain size of Biy Dy, TizO,
ceramics to increase gradually. It is generally accepted that for such conditions space
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charges decrease which result in the enhanced dielectric constant. Moreover, the higher
density of Biy 4Dy, TizO, yields higher dielectric constant ceramics.

Conclusions

Biy Dy TizO¢, or BDT (where x = 0, 0.25, 0.50, 0.75 and 1.0) ceramics were successfully
prepared using the solid-state mixed oxide method. The optimum sintering temperature for
Bis Dy TizOy2 (BDT) ceramic was found to be 1000°C for 4 hrs with a heating/cooling
rate 5°C/min for highest sample densification. All prepared ceramics were identified by
X-ray diffraction method as single-phase with orthorhombic structure. The pattern peaks
in the diffraction shift to higher angles of 2 theta with increasing Dy** substitution for
Bi** and indicates in a decreasing lattice parameter which is consistent of the smaller
ionic radii of Dy>* as compared with Bi*+. Microstructure of ceramics show plate-like
erains with grain size increasing with increasing substitution of Dy*+ for Bi**. Dielectric
properties of ceramics in terms of dielectric constant and dielectric loss were investigated.
The results indicate that an increase of substitution of Dy** for Bi*+ causes the dielectric
constant of ceramic to increase. An increase in grain size leading to space charge decrease
is believed to be responsible for the increased dielectric constant of ceramic. This study
clearly indicates a correlation between the crystal structure, microstructure and dielectric
properties of Bis 4Dy, TizO;> (BDT) ceramics.
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Lead-free piezoelectric ceramics (1—x)Bips(NapsKp2)osTiOsz-x(BagosNdpp: )TiO; or
(1 —x)BNKT-xBNdT (x = 0.05-0.15 mol fraction) were synthesized by conventional
mixed-oxide method. All samples had relative densities more than 98% of theoretical
values. All compositions had pure perovskite structure and BNdT effectively diffused
into BNKT lattice during sintering to form solid solutions. Grain size and shape were
slightly affected by BNdT addition. The addition of BNdT into BNKT was also found to
affect dielectric, ferroelectric and piezoelectric performances with the maximum values
(T, =328°C, e, = 1736, tand = 0.0714, P, = 21.91 uClcm?, d;; = 228 pC/N) observed
in 0.89BNKT-0.11BNdT composition.

Keywords Lead-free piezoelectric; phase; microstructure; electrical properties

1. Introduction

It has been well accepted that the most widely used piezoelectric materials are PZT-based
ceramics [ 1]. However, the toxicity of PbO when it is at high vapor pressure during sintering
process causes a serious ecological problem [1]. A promising way to solve this problem
is to develop environmentally friendly lead-free piezoelectric ceramics to replace PZT-
based ceramics. This has become one of the main trends in the present development of
piezoelectric materials.

Among recently investigated piezoelectric materials, BNKT has considerably attracted
many researchers as they have no lead pollutant. Bigs(Na;_;K,;)TiO3 is one of the most
interesting compounds owing to an existence of a rhombohedral-tetragonal MPB in a range
of x = 0.16-0.20 with relative high remanent polarization (P, = 38 uC/cm?), piezoelectric
coefficient (d33 = 167 pC/N) and electromechanical coupling coefficient (k33 = 0.56) [2-3].
In order to further enhance the properties of BNKT to meet requirements for practical
uses, it is necessary to develop new BNKT-based ceramics. It has been proved that it is
relatively easy to form solid solutions of BNKT with other perovskites such as BaTiO; [4-5]
and Ba(Zrp4Tipges)O3 [6]. These newly formed solid solutions had better piezoelectric
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properties and were easily poled when compared with pure BNKT ceramic. It is well know
that barium neodymium titanate or BNdT as well as modified BaTiO;. In 2008, Yao et al.
[7] investigated phase and dielectric behavior of Ba;_;Nd,TiO3 ceramics. XRD indicated
that Ba;_Nd,TiOj3 ceramic had tetragonal phase when x < 0.05, while it had cubic phase
at x = 0.05. The Curie temperature (T,.) was shifted to lower value when Nd3+ was added.
(BagegNdg,02)TiO3 ceramic had a maximum room temperature dielectric constant (~8000)
in tetragonal phase region with 7, around 76°C.

In this work, (BagogNdpg2)TiO; was added into Bips(NaggKp2)os5TiO3 ceramic ac-
cording to a formula of (1—x)Bips(NaggKop2)osTiO3-x(BagegNdpo2)TiO3, herein x =
0.05-0.15 mol fraction. The focus on the search for new lead-free piezoelectric ceramic at
MPB composition where it is considered to show superior electrical properties.

2. Experimental

Bigs(NaggKp2)osTiO5 and (BagggNdg g2)TiO5 powders were prepared by a conventional
mixed-oxide method. The dried BNKT and BNdT powders were separately calcined
at 900°C for 2 h and 1100°C for 2 h, respectively. Both calcined powders were then
weighed and mixed to produce the mixed powders of (1—x)Bigs(NaggKg2)osTiO5-
X(BagogNdp,02)TiO3 or (1—x)BNKT-xBNdT (x = 0.05, 0.07, 0.09, 0.10, 0.11, 0.13 and
0.15 mol fraction). After drying, the powders were granulated by adding a few drops of
3 wt% PVA and then pressed into disks with 10 mm in diameter. The green disks were
preheated in air at 500°C for 1 h to remove organic binders and then sintered at 1125°C for
2 h with a heating/cooling rate of 5°C/min.

X-ray diffractometer was used to identify phase of the ceramics. Bulk density of all
ceramics was measured with Archimedes™ method. The theoretical density was calculated
based on the theoretical densities of BNKT (5.84 g/cm?®) [8] and BaTiOs (6.01 g/cm?) [9].
Scanning electron microscope was used to determine microstructure of the samples. Grain
size was determined by a mean linear interception method. For electrical characterizations,
dielectric constant as function of temperature was measured in a range of 25-500°C at
10 kHz using 4284A LCR-meter connected to a high temperature furnace. A standard
Sawyer-Tower circuit was used to measure ferroelectric hysteresis loop. The samples in a
disk shape with 10 mm in diameter and 1 mm in thickness were poled in silicone oil at
60°C under 5 kV/mm for 15 min. The piezoelectric coefficient (dz;) was recorded from
I1-day aged samples using dszz-meter (KCF technologies, Model S5865) at a frequency of
50 Hz.

3. Results and Discussion

After sintering the pellet-shaped samples at 1125°C for 2 h, it was found that the addition
of BNdT into BNKT ceramic caused a slight decrease in sample density (see Table 1).
However, their relative densities were more than 98% of the theoretical values for all
compositions.

X-ray diffraction patterns of all ceramics scanned with wide and narrow 26 range are
shown in Fig. 1. All compositions exhibited a single phase of perovskite structure. No
secondary phases could be detected, confirming that BNdT diffused into BNKT lattice to
form homogeneous solid solutions of end compounds. With increasing BNdT content, the
diffraction peaks gradually shifted to lower angle. This was attributed to the differences
in the ionic radii between Bi*+ (1.17 A), Na* (1.18 A), K+ (1.33 A), Ba>* (1.42 A) and
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Figure 1. X-ray diffraction patterns of BNKT-BNdAT ceramics where (a) 260 = 10-80° and (b) 260 =
44-48°. (Color figure available online.)

Nd3+ (1.109 A) in A-site [10] which induced structural distortion and resulted in an en-
largement of unit cell size. Similar peak shifting behavior by partial substitution of Ba>* for
[Big.s(Nag.soKo20)]>* and Zr*t for Ti*t was also observed in BZT-modified BNKT ceram-
ics [6]. The results of more detailed XRD analysis performed in 26 = 44-48° are shown in
Fig. I(b). BNKT-0.05BNdT ceramic presented features of mixed rhombohedral-tetragonal
symmetry but showed a domination of rhombohedral over tetragonal structure. This mix-
ture of phases was maintained even when up to 11 mol% of BNdT was added into BNKT.
It seemed that the sample at x = 0.11 became close to the morphotropic phase boundary
(MPB) composition of BNKT-BNAT system. Further BNdT addition over 11 mol% inten-
sified the separation of the (200) and (002) peaks which suggested a tetragonal-rich phase.
This behavior became clearer after the analysis of calculated lattice parameters (a and c¢)
indicated an increase in tetragonality (c/a) as shown in Table 1.

Figure 2. SEM micrographs of (1—x)BNKT-xBNdT ceramics where (a) x = 0.05, (b) x = 0.07,
(¢)x=10.09, (d)x =0.10, (e) x =0.11, (f) x = 0.13 and (g) x = 0.15.
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Figure 3. Plots of temperature dependence on dielectric constant and dielectric loss of BNKT-BNdT
ceramics measured at a frequency of 10 kHz. (Color figure available online.)

From SEM images shown in Fig. 2, it could be seen that the grains had regular shape and
crystalline boundaries were clearly observed in all samples. Almost no pores were found
on the surface, suggesting well densified specimens. BNKT-0.05BNdT contained cubic-
like shape with average side length ~0.4 pm. A small addition of BNdT (7-10 mol%)
into BNKT had no significant influence on grain size and the values were rather similar
(0.39-0.41 pm). At higher content of BNdT (11-15 mol%), the grain size slightly increased
and rather coarse grains were formed.

Room temperature dielectric constant (g;) and dielectric loss (fané) of BNKT-BNdT
ceramics measured at a frequency of | kHz are listed in Table 1. The &, initially increased
with increasing BNdT content and reached a maximum value of 1736 at x = 0.11, then
decreased with further increasing BNdT content to a minimum value of 1284 at x =
0.15. Variation of dielectric loss with increasing BNdT content followed that of &,. The
variation of piezoelectric behavior with increasing BNdT also showed similar trend to that
of dielectric responses. Based on the data listed in Table 1, the piezoelectric constant (d33)
increased with increasing of BNdT fraction up to x = 11 (0.89BNKT-0.11BNdT) near the
MPB-like composition, possessing the highest value of 228 pC/N. As the free energy of
rhombohedral phase was close to that of tetragonal phase, these two phases easily changed
to each other when an electric field was applied. This helped promote the movement and
polarization of ferroelectric active ion, leading to the increase of both &, and d3;3 in this
particular composition [6]. With further increasing BNdT atx > 0.11, aslight decrease in ds;
value was observed, indicating that the compositions slightly deviated to BNdT tetragonal-
rich phase. The change in crystal structure to be more tetragonal-rich may also contribute to
the reduction in dielectric and piezoelectric performance of BNKT-BNdT ceramics similar
to the reduction of both &, and d3; observed in previous work on BNKT-BZT system [6].

Figure 3 shows the temperature dependence of dielectric constant (&,) and dielectric
loss (tand) as a function of BNdT concentration. Since it has been reported that BNT-based
ceramics exhibited two dielectric anomalies corresponding to the maximum dielectric con-
stant temperature (7,,: temperature at which dielectric constant reaches the maximum, T,
could be considered as the Curie point, T,) and depolarization temperature (T4: temperature
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Figure 4. Plots of polarization and electric field of (1—x)BNKT-xBNdT ceramics where (a) x =
0.05, (b) x = 0.07, (¢) x = 0.09, (d) x = 0.10, (e) x = 0.11, (f) x = 0.13 and (g) x = 0.15. (Color
figure available online.)

at which the phase transition from rhombohedral to tetragonal). The &, versus temperature
curves of all samples were similar. Two transition temperatures of T; and T, were observed
from a room temperature (25°C) to a higher temperature (500°C). From Table 1, the Tz and
T, of BNKT-0.05BNdT ceramic were found to be 136°C and 320°C, respectively. Both T,
and T}, increased with increasing BNdT content, however, the T, reached the maximum
value of 328°C at x = 0.1 1. For further increasing in BNdT content, T}, started to decrease.
The enlargement of unit cell size was thought to play an important role in this observed
trend. Chen et al. | 6] studied an addition of Ba(Zrg s Tig.06)O5 into Bigs(NagssKa 16)0.5TiO3
also found similar enlargement of unit cell and a decrease of T),.

Room temperature measurement of polarization-electric field (P-E) hysteresis loop
was performed on the samples in order to determine remanent polarization (P;), coercive
electric field (E) and loop squareness (Ry,). The samples were exposed to an external
electric field of up to 55 kV/cm. It could be seen that the saturated and normal P-E
hysteresis loops were observed for all samples. As seen from the hysteresis curves, BNdT
had significant influence on loop shape as shown in Fig. 4. For more details, the values of
P, E. and R, are also listed in Table 1. The hysteresis loop of BNKT-0.05BNdT exhibited
a typical ferroelectric behavior having values of P, ~ 16.30 uC/cm?, E,. ~ 11.87 kV/cm and
Ryq ~ 0.57. The ferroelectric performances increased with increasing of BNdT and reached
the maximum values of P, = 21.91 pC/cm? and Ry, = 0.99 at x = 0.11. Because of the
MPB-like behavior, improved ferroelectric performances where P, and Ry, were maximized
could be achieved for 0.89BNKT-0.11BNdT sample. Further increasing in BNdT content,
a slight decrease in P, and Ry, were then observed while E. gradually increased with
increasing BNdT.

4. Conclusions

Lead-free piezoelectric ceramics (1—x)Bigps5(NagsKp2)os5TiO3-x(BagoegNdpp2)TiO3 or
(1—x)BNKT-xBNdT (when x = 0.05-0.15 mol fraction) were successfully synthesized by a
conventional mixed oxide method. All compositions exhibited a single perovskite structure
without detectable secondary phase and MPB region with coexisting rhombohedral and
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tetragonal structures was found to occur at around x = 0.11. The sample at this composition
showed an improved dielectric (T, = 328°C, ¢, = 1736, tand = 0.0714), ferroelectric
(P, =21.91 ,qucml, Ry, = 0.99) and piezoelectric properties (dz; = 228 pC/N) compared
to the other compositions.
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Effects of CuO on dielectric, ferroelectric and electrostrictive properties of Pb(Mg/3Nby)3)p9Tip 103(PMNT)
ceramics were studied. The PMNT/xCuO (with x=0, 0.2, 0.4, 2.0 and 4.0 mol.%) ceramics were prepared
by using solid state reaction and sintering process. It was found that the pseudo-cubic lattice parameter,
a, gradually increased while the angle o decreased with increasing CuO content. Maximum dielectric con-
stant showed a decreasing trend with increasing CuO with an abrupt increase in value at x = 2.0 mol.%.
The temperature of maximum dielectric constant and depolarization temperature tended to increase

‘é:’::‘n‘:iq while the diffuseness of dielectric peak decreased with increasing CuO concentration. Remanent polari-
Ferrcelectrics zation and coercive field of pure PMNT sample were ~1.8 uCfcm? and 0.6 kV/cm, respectively, which
Sintering were increased to ~3.5 pCfem? and 1.8 kV/em when x =02 mol%, With x > 02 mol.%, coercive field grad-

ually decreased with increasing CuO content while remanent polarization did not significantly change.
With x < 2.0 mol.%, induced strain and electrostrictive coefficient tended to increase with increasing
Cu0 content, with maximum values of 0.09% (at 10kV/cm) and 19.90 x 1078 m?V?, respectively, for
the PMNT/2.0 mol% CuO sample. An enhancement in polar order of PMNT ceramics due to an addition

Microstructure

of Cu0 was observed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Complex perovskite solid solution compound of Pb(Mg;;sNby,
3)ogTig 104 (PMNT) is a well known relaxor ferroelectric material
that shows good electrostrictive properties around room tempera-
ture. This makes PMNT suitable for applications such as electro-
strictive actuators. The origin of its excellent properties has often
been explained in terms of polar nano-regions (PNRs) or polar
microdomains [1-3] which nucleated as the material was cooled
down below Burn's temperature (T). The size and volume of PNRs
grew as the temperature was decreased further, leading to an in-
crease in dielectric permittivity. However, with further decreasing
the temperature, the dynamic of PNRs slowed down. This resulted
in a decrease in dielectric permittivity and thereby creating the
maximum dielectric permittivity and the temperature of dielectric
maximum (T, ). The dynamic of PNRs was frozen when the tem-
perature was decreased below the freezing temperature (Ty) [4]. At
T<Tj, polar macrodomains could be induced by an application of

* Corresponding author at: Department of Physics and Materials Science, Faculty
of Science, Chiang Mai University, 239 Huay Kaew Road, Muang, Chiang Mai, 50200,
Thailand. Tel.: +66 53 941921x631; fax: +66 53 943445,
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0925-8388/3 - see front matter @ 2013 Elsevier BV. All rights reserved.
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electric field, which led to the exhibition of piezoelectric response,
i.e. polarization versus electric field (P-E) hysteresis loops and but-
terfly-like strain versus electric field (S-E) curves [5]. However, the
induced polar macrodomains disappeared as the materials were
heated above the depolarization temperature (T;). Therefore, at
T, atransition between an induced polar macrodomain and a polar
microdomain was observed [6]. Interestingly, a large longitudinal
induced strain and high electrostrictive coefficient (M) were
observed around the temperature above and near T,. As observed
in the study of Hao et al., they found that an enhancement of
strains in Bigs(Nag goKg20)osTi0s-based materials around room
temperature corresponded to the T; near room temperature. This
was due to the response of the coexisting polar macro- and micro-
domains [3,6,7].

Based on these recent studies on PMNT, it was expected that an
electric field induced strain and electrostrictive coefficient of this
compound could be enhanced by shifting T; toward room temper-
ature (T4~ 0 °C[8]). lonic substitution was found to contribute to a
unit cell distortion, leading to an increase in Ty [2]. In a study by
Hou et al, the substitution of Cu®* ion for the ions located at
octahedral site caused unit cell distortion due to asymmetric
distribution of electrons of Cu®* exhibiting a Jahn-Teller ion [9].

16 ﬁqmﬂu 2557



M. Promsawat et al {Journal of Alleys and Compounds 587 (2014) 618-624 619
(a) PMNTI4.0mol%Cu0 «_ Position of (200)
paak of PMNT
— .Y )
PMNT/2.0mol%Cu0 PMNT/4. 0'"0'%0"0
1 \ R_\_JL
PMNT/0.4mol%Cu0 J PMNT/2.0mol%Cu0
- | 3
= A I} o 3
5 PMNT/0.2mol%Cu0 > PMNm AmolCu0
- b
';"._: — ) Jl\__A_JK_ %
& PUNT | & : \ PMNTI0.2moR4Cu0
t - | S—————
= J A ) | | :
CuO (JCPDS No, 02- 1040] ' PMNT
Ly |
g g .§‘ g g
b T | PMNT (Icsn No. 99710)
5 PMNT {ICSD No. 98710] =
g s P s s g
T l . T J T t I‘?" J X T i T Y T
10 20 30 40 50 60 44 45 46 47 48
26 (degrees) 20 (degrees)

Fig. 1. (a) XRD patterns of the PMNT/xCuO ceramics sintered at 1150 ‘C. (b) Enlarged views of the (200) peaks at 26 = 45°,

Table 1
Lattice parameters and sintering results of the PMNT/xCuO ceramics.

CuD contentx  Lattice 90 - x(*) Grain size Bulk density
(mol.%) parameter, a (nm) {g!cm‘]
(A

0 40373 £00002 0012+0003 13+0.1 7.87+002
02 40387 £0.0002 0.015+0003 15+0.1 7.88+0.01
04 4.0386 £0.0001 0016+0002 15401 7.90+001
20 40394 £0.0002 0021 +0003 66+£07 7.83+003
40 4,0385 £0.0001 0023 +£0003 94+07 7734003

Note: o Represents the angle between the lattice parameters a of pseudo-cubic
lattices.

Several other studies also employed CuO as a substituent in relaxor
and electrostrictive ceramics. Beside its use as a sintering aid, Cu0
was found to affect dielectric, piezoelectric and ferroelectric prop-
erties of some piezoelectric and relaxor compounds. As examples,
Fang et al. found that CuO caused an increase in dielectric permit-
tivity and remanent polarization of 0.8 PMN-0.2PT (80/20) ceramics
[10]. Kang et al. found that CuQ addition resulted in an improve-
ment of electrostrictive coefficient (Qs3) of Bi;;p(NaK);2TiO5
ceramics with Qg5 0f0.023 m* C-2[11]. In these studies, the sinter-
ing-aid effect of CuO seemed to play a large part in improving the
materials’ density, and therefore improved properties. In our previ-
ous study on PMNT (90/10), which possesses highest electrostric-
tive coefficient among PMNT compositions, its dielectric and
electrostrictive properties were enhanced by Zn0O modification
with electrostrictive coefficient (M) of 12.94 x 10~ m?/V? [12].
Therefore, this present study attempted to investigate the effect
of CuQ addition in PMNT (90/10) ceramic on its phase, crystal
structure and microstructure, as well as to elucidate in details a
relationship between these factors and measured dielectric, ferro-
electric and electrostrictive properties.

2. Experimental details

Pb{Mg; sNbay3 )a o Tig O3 (PMNT) powder was prepared by using the columbite
precursor method [13]. Different amounts (x=0, 0.2, 0.4, 2.0 and 4.0mol.%) of
spherical shaped Cu0 nano-particles (99%, Nanostructured & Amorphous Materials)
with particle size in between ~30 and 50 nm were added into PMNT powder. Poly-
vinyl alcohol was added to the mixed powder as a binder and then pressed uniax-
ially into pellets using ~5.5 MPa pressure. Each pellet (10 mm in diameter, 2 mm in
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thickness and the density of ~4.84 g/cm®) was sintered in a PMNT atmaosphere at
1050 °C for 2 h. Bulk density of the ceramics was determined by the Archimedes’
method. Structure, phase and chemical composition were characterized using
X-ray diffraction method (XRD, Model X-pert, Panalytical B.V.,, The Netherlands)
with Cu Ka radiation of 1.5405 A wavelength and energy dispersive X-ray technique
(EDX, JSM-6335F, JEOL, Japan). Microstructure of the ceramics was observed using a
scanning electron microscope (SEM, JEOL J[SM-6335F, Japan ). Average grain size was
determined by employing a mean linear interception method on SEM micrographs.
Temperature dependent dielectric constant (') and loss tangent (tan4) of unpoled
samples were measured at 1 kHz using a computer-controlled alpha dielectric ana-
Iyzer (Novocontrol). In order to reveal the depolarization temperature (Ty), a sample
was firstly poled at room temperature with an electric field of 20 kVjem. While the
sample was being poled, it was cooled down to —50 C. At ~50 °C, the applied field
was removed and the temperature dependent dielectric constant of the poled sam-
ple was then measured upon heating. Polarization versus electric field of unpoled
samples was measured using a ferroelectric testing inscrument (Radiant Technolo-
gies RTGEA). Strain versus electric field curves of unpoled samples were measured
by using a Fotonic Sensor (MTI 2000, MTI Instruments) in conjunction with a com-
puter controlled electrometer/voltage source (Keithley 2517A).

3. Results and discussion
3.1. Phase formation and microstructural analysis

XRD patterns of PMNT/xCu0Q ceramics are shown in Fig. 1(a),
which were found to match the standard ICSD file no. 99710 of
Ph(Mgg sNbggTig ;)05 with Pm3 m cubic space group [14]. It could
be seen from the enlarged patterns in Fig. 1(b) that the position of
(200) peak at 260 =45° slightly shifted to lower angles with
increasing CuO content. Based on the position of XRD peaks, the
lattice parameter a and o (representing the angle between the lat-
tice parameter a of pseudo-cubic lattice) were calculated and the
results are given in Table 1. The pseudo-cubic parameter a of
~4.0373 A of pure PMNT ceramic gradually increased to 4.0394 A
with increasing CuO content up to 2.0 mol.%, which could be attrib-
uted to the substitution of the larger Cu®* ion for smaller ions
(Fews= 073 A, Iyg. =072A, Ty, =0.64A and rpq. = 0605 A
[15]) on the B-site of PMNT lattice. This was consistent with our
previous study as reported in Ref. [16]. However, the lattice param-
eter a did not increase further with higher amount of CuQ. This
suggested that the solubility limit of CuO in PMNT was 2.0 mol.%.
The angle o was found to decrease with increasing CuO concentra-
tion. It was believed that the substitution of Cu®* jon into the B-site
of the perovskite structure of PMNT would lead to structural
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Fig. 2. SEM images of fractured surfaces of (a) pure PMNT ceramic and the ceramics added with(b) 0.2, (c) 0.4, (d) 2.0 and (e) 4.0 mol.% CuO. Circle indicates secondary phase.
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Fig. 3. Variation of dielectric constant (¢) and loss tangent (tans) of unpoled PMNT/xCuO ceramics as a function of temperature measured at 1 kHz.
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Table 2

Dielectric properties of the PMNT/¥CuD ceramics.
CuO content x {mol.%) Enax tans Toax (*C) 4 (°C) T4 (°C)
0 10473 0065 40 57 3
02 9079 0073 41 51 0
04 6300 0065 41 53 2
20 11,897 0078 43 48 5
40 6270 0106 45 49 i}

Note: £y, and tand represent dielectric constant and dielectric loss tangent values
measured at the temperature of the maximum dielectric constant (T, ) at 1 kHz. &

is diffuseness parameter and T, represents depolarization temperature.
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distortion because Cu?* ion has an asymmetrical electronic config-
uration (d®) under octahedral field, and hence the lattice would un-
dergo Jahn-Teller distortion. This agreed with the previous result
of Hou et al. [9].

Average grain sizes of the ceramics determined from SEM
images, as shown in Fig. 2, are listed in Table 1. Compared to the
PMNT/CuO ceramics sintered at 950 °C [16], the grain size of the
PMNT/Cu0 ceramics sintered at 1050 °C apparently increased. This
suggested that an increase in sintering temperature could enhance
atomic diffusion and sinterability of the ceramics [17]. It was found
that an average grain size of the ceramics tended to increase with

8000 7 0.30
—®—10" Hz
** (b)
—&=10" Hz
—v—utn 028
6000
4000 -
2000 4
T,=0C
0 T T T T T T U o'ou
40 -20 0 20 40 60 80 100
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Fig.4. The temperature dependent dielectric constant (¢') and loss tangent (tand) measured upon heating after poling of (a) pure PMNT ceramic and the ceramics added with
(b) 0.2, (c) 0.4, (d) 2.0 and (e) 4.0 mol.% Cu0. T, represents depolarization temperature
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Fig. 5. P-E loops of unpoled PMNT/xCuO ceramics measured at room temperature and a frequency of 1 Hz.

increasing CuO content; the values were about 1.26, 1.52, 1.54,
6.60, and 9.38 pm for pure PMNT ceramic and the ceramics added
with 0.2, 0.4, 2.0, and 4.0 mol.% Cu0, respectively. Density of pure
PMNT ceramic was ~7.87 glem?, which was consistent with the
value of ~7.70-8.00 g/cm” in previous reports [18,19] and it grad-
ually increased to ~7.90 g/cm’ with increasing CuO content up to
0.4 mol.%. It appeared that an addition of CuO enhanced grain
growth and densification of PMNT ceramics. This could be attrib-
uted to the formation of low-melting point compound or solid
solution induced by CuO doping, leading to the appearance of
liquid phase at relatively low temperatures, enhancement of mass
transport and improvement in a sintering capability of a reaction
sintering process [20-22]. At x> 0.4 mol.%, the density decreased
with increasing CuO concentration. It was probably attributed to
an increase in an evaporation of raw component or re-emergence
of gas pores, leading to a decrease in density of the ceramics
[10]. A secondary phase was observed in the PMNT/4.0 mol.%
CuO sample, which was indicated with a circle in Fig. 2(e).
Chemical analysis by means of energy dispersive X-ray spectros-
copy (EDX) revealed that the secondary phase was Pb-rich. This
was believed to be related to the formation of liquid caused by
PbO because it has a low melting point (888 °C [23]). However,
an exact composition of this Pb-rich phase could not be
determined reliably.

3.2. Dielectric properties

Temperature dependent dielectric constant (¢) and loss tangent
(tand) of unpoled PMNT/xCu( samples measured at 1kHz are
shown in Fig. 3. Selected values of dielectric properties are listed
in Table 2. Maximum dielectric constant (&,,,) value of ~10,000
of pure PMNT ceramic decreased to ~6,000 as Cu0 content was
increased to x=0.4 mol.%, while tané did not significantly change.
& reached the maximum value of ~12,000 for the sample with
2.0mol% CuO. However, ¢, was found to decrease and tand
increase when CuO content was increased to 4.0 mol.%. An increase
in dielectric constant could be attributed to a significant increase in
grain size of ceramics [24]. This was consistent with the previous
work in which the grain size of the 0.8PMN-0.2PT ceramics
increased with CuO doping, leading to an enhancement of &,
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[10]. The temperature of maximum dielectric constant (T,,,,,) of
PMNT/xCuQ ceramics is given in Table 2. The result showed that
Tinax tended to increase with increasing CuO content. In comparison
to CuO-doped 0.8PMN-0.2PT ceramics [10], T4 of PMNT/CuO
ceramics in this study were lower than those of CuO-doped
0.8PMN-0.2PT ceramics. This was due to the fact that the PMNT/
CuO ceramics had a lower degree of interaction strength between
polar clusters [19].

In order to investigate effects of CuO on the diffuseness of
dielectric peak, high temperature slope of dielectric curve of unp-
oled samples was fitted to a quadratic law introduced by Bokov
and Ye [2526] to describe dielectric permittivity of relaxors in
general, i.e.
a/e=1+ [T-Ta7] 28 (1)
where T, and &, represent the temperature and value at the peak of
static conventional permittivity of relaxors, respectively, which are
the values extrapolated from the quadratic law. 4 (to be distin-
guished from the é in tan ) represents the diffuseness of dielectric
peak. The values of & are given in Table 2 and they tended to
decrease with increasing CuO content.

Temperature dependent dielectric constant, #(T), of poled
samples measured upon heating is shown in Fig. 4. Depolarization
temperature (T;), above which an induced macroscopic polariza-
tion is extinguished by thermal energy, was observed as an abrupt
increase in ¢ as indicated in Fig. 4. T, value of pure PMNT ceramic

Table 3
Ferroelectric and electrostrictive properties of the PMNT/xCuD ceramics.
Cul content P, (uCfem?)  E (kVjem)  Stain(%) M (=108 m*V?)
x(mol%)
] 18 0.6 0.06 7.65
02 3.5 1.8 0.07 8.72
04 28 13 0.08 15.10
20 3.0 11 0.09 19.90
40 - - - -

Note: Ferroelectric hysteresis loops and bipolar electrostrictive properties were
measured at room temperature at 1 Hz. P, and E, represent remanent polarization
and coercive field, respectively. Strain and M represent maximum induced strain (at
10 kV/em) and electrostrictive coefficient, respectively.
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Fig. 6. 5-E loops of unpoled PMNT/xCuO ceramics measured at room temperature and a frequency of 1 Hz.

was —3 “C which increased to 0, 2, 5 and 6 °C for 0.2, 0.4, 2.0 and
40 mol.% CuO-added samples, respectively. An increase in Ty,
T;and a decrease in § were indicative of an increase in size of polar
clusters and their interaction strength, which was believed to be
caused by lattice distortion. Displacement of the ions located on
B-site of PMNT lattice could be much easier due to an increase in
lattice parameter a and a decrease in angle x, leading to an in-
creased polar order and degree of ferroelectric order of the ceram-
ics. It can also be seen from Fig. 4 that at temperatures lower than
T,, frequency dispersion of dielectric properties of PMNT ceramics
was enhanced with 4.0 mol% CuO addition. In all samples, at tem-
peratures higher than T, the frequency dispersion of dielectric
properties measured at low frequencies (10%-10° Hz) was present.
This was expected to be due to a response of charge defects [27].

3.3. Ferroelectric properties

Plots of polarization as a function of electric field (P-E curves) of
unpoled PMNT/xCuQ ceramics measured at room temperature and
a frequency of 1 Hz are shown in Fig. 5. The selected values of fer-
roelectric properties, i.e, remanent polarization (P,) and coercive
field (E.), are tabulated in Table 3. Compared to a typical Pb(Mg;,
3Nbyj3)03 (PMN) relaxor, which showed almost linear P-E curves
[28,29], the PMNT/CuO ceramics showed the P-E loops with higher
P, and E. This was attributed to an increase in the interaction
strength between polar clusters due to an effect of PbTiO,
incorporation [19]. It could be confirmed by similarly higher P,
and E, values of CuO-doped 0.8PMN-0.2PT ceramics [10]. It can
be seen from the inset in Fig. 5 that the PMNT/4.0 mol.%CuO
sample showed a lossy loop, which revealed that the sample was
rather conductive. It was believed that Pb and oxygen vacancies
were created due to a formation of Pb-rich phase and a substitu-
tion of Cu®* ion for the ions that have higher valency (i.e, Nb**
and Ti*"), respectively. These Pb and oxygen vacancies acted as
mobile charge carriers, causing an increase in leakage current
and thus resulting in a lossy loop [27]. For pure PMNT ceramic,
P, and E, values were ~1.8 |.1C|h:m2 and ~0.6 kV/em, respectively,
which were increased to ~3.5 p[?;’l:m2 and ~1.8 kV/cm, respec-
tively, for the sample added with 0.2 mol.% CuO. It was believed
to be due to an increase in polar order and degree of ferroelectric
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order of the ceramics. With x> 0.2 mol.%, P, did not increase fur-
ther. However, E, gradually decreased with increasing CuQ content,
which could be attributed to an increase in grain size of the ceram-
ics [30-32]. From a previous study of CuO-doped 0.8PMN-0.2PT
ceramics [10], the doping of CuO also resulted in an increase of
P, and a decrease of E, of the ceramics in agreement with the result
of our study.

3.4. Electrostrictive properties

Plots of strain as a function of electric field (S-E curves) of unp-
oled PMNT/xCuO ceramics measured at room temperature and a
frequency of 1Hz are shown in Fig. 6. Compared to the typical
Pb(Mgi/3Nbaj3)02 (PMN) electrostrictive material, which showed
almost parabolic S-E curves [28,29] or linear S-E* relationship
[31] for low field region (<2 kV/cm) which was in agreement with
PMNT/CuO ceramics in this study. Since much higher electric field
was used in this investigation, P-E behavior showed hysteresis
loop with corresponding non-parabolic $-E (or non-linear S-£%)
relationship. This was mainly due to an increase in the interaction
strength between polar clusters [19]. Electrostrictive properties of
the 4.0 mol.% CuO-doped PMNT sample could not be measured
because it broke down when high electric field was applied.
Maximum induced strain and electrostrictive coefficient (M) of
pure PMNT sample were found to be 0.06% and 7.65 x 107 m?/
V2, respectively, as shown in Table 2. The values increased to
0.09% and 19.90 x 107" m*)V?, respectively, at x=2.0 mol.% It
was believed that a distortion of unit cell, an increase in density
and grain size all contributed to an enhancement of electrostrictive
properties of PMNT/xCuO ceramics.

4. Conclusions

CuO-modified ceramics, ie. 0.9Pb(Mg;3Nby3)04-0.1PbTi0y
(PMNT/xCu0), with densities of ~7.73-7.90 g/cm®, were prepared
by a solid state reaction method. Lattice parameter of pseudo-cubic
structure increased while the angle between lattice parameters
decreased with increasing CuQ content. Grain size of the ceramics
increased with increasing CuO content. Maximum dielectric con-
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stant of the ceramics decreased with increasing CuO content up to
04 mol.% but then abruptly increased to highest value with an
addition of 2.0mol.% CuO. Dielectric loss tangent did not
significantly change with an addition of CuO up to 2.0 mol% but
it significantly increased in PMNT/4.0mol% CuO sample.
Temperature of maximum dielectric constant and depolarization
temperature increased while diffuseness parameters decreased
with increasing CuO content. Remanent polarization and coercive
field showed an increasing trend up to x=02 mol% CuO. For
x> 0.2 mol.%, remanent polarization did not increase further while
coercive field gradually decreased with increasing CuO content.
Maximum induced strain and electrostrictive coefficient increased
with increasing CuO concentration and reached maximum in
PMNT/2.0 mol.% CuO sample, With an addition of CuO, polar order
of PMNT ceramics was enhanced while relaxor behavior was
reduced. The enhanced long-range polarization and the resulting
properties were attributed to effects of lattice distortion by partial
substitution of Cu®* for the ions on B-site of PMNT lattice.
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Lead-free piezoelectric ceramics of (1 — x)Bios(Nao.solo20)osTiO3-¥Ba(TineoSng10)03 or (1 — x)BNKT-
ABTS (when x=0-0.20 mol fraction) were investigated. Optimum sintering temperature was found to
be 1125°C at which all compositions had relative densities 98-99% of their theoretical values. All
compositions exhibited a single perovskite structure. The unit cell size expansion was observed as BTS
content increased. A slight reduction of grain size was noticeable when small amount of BTS was added.
The BNKT-0.05BTS sample had a large electric field-induced strain (Smay) of 0.36% which corresponded to
the normalized strain coefficient (d3; ) of 649 pm/V. The highest piezoelectric coefficient (d3 =215 pC/N)
with good dielectric (¢-=1721, tand = 0.0724 and T, =333 °C) and ferroelectric properties (P-=2049 uC/
em?, Ry =0.87) were obtained for BNKT-0.10BTS sample, suggesting that this composition had a poten-
tial to be one of the promising lead-free piezoelectric candidates for further use in actual applications.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

At present, the most widely used piezoelectric materials are
Pb(Zr, Ti)0s-based ceramics because of their superior piezoelectric
properties [1]. PZT with high dielectric and piezoelectric exists at
the morphotropic phase boundary (MPB) between rhombohedral
and tetragonal phases [2]. Therefore, MPB composition ceramics
for piezoelectric transducer, sensor and resonator have been
widely utilized due to their excellent piezoelectric effect [3-5].
However, devices made from these compounds pose some envi-
ronmental concerns. Many manufacturers are currently being con-
strained to reduce and ultimately eliminate lead content in their
devices [6]. Moreover, upcoming environmental regulations in Eur-
ope, parts of Asia, and US prohibit the use of lead-based materials
because of their toxicity. For this reason, alternative lead-free pie-
zoelectric systems analogous to PZT are urgently desired [78].

Compared to PZT-based piezoelectric ceramics, bismuth sodium
potassium titanate, Bigs(Na;_,K,)psTiO3 or BNKT is currently of
interest as a candidate for lead-free piezoelectric applications

# Corresponding author at: Department of Physics and Materials Science, Faculty
of Science, Chiang Mai University, Chiang Mai 50200, Thailand. Tel.: +66 53
941921x631; fax: +66 53 943445,

E-mail address: sukandajian@cmu.ac.th (S. Jiansirisomboon).

http: //dx.doi.org(10.1016/j.jallcom.2014.01.183
0925-8388/@ 2014 Elsevier BV. All rights reserved

[9]. It has received considerable attention due to its excellent
ferroelectric and piezoelectric properties near rhombohedral-
tetragonal MPB region. Sasaki et al. [10] have already reported
on BNKT solid solution. This system's MPB structure at
0.16 < x < 0.2 showed relatively high piezoelectric coefficient with
piezoelectric constant das of 151 pC/N and d3; of 469 pC/N. In or-
der to further improve piezoelectric properties of BNKT ceramic,
incorporation of various dopants and formation of solid solutions
with other compounds such as SrTiOs [11], Ba(ZrgpaTiges)03 [12],
MnCO3 [13] and CeO [14] have been intensively carried out.
Previously, barium stannate titanate, Ba(Ti;_,Sn,)03 or BTS, as
well as doped-BaTi0; compounds were studied by Smolensky
[15] as prototypes of ferroelectric material with diffused phase
transition. BTS had a perovskite structure with ABO; formula.
Replacing partially Ti** with Sn** was found to decrease Curie tem-
perature (T.) and improve dielectric behavior. The BTS ceramics
may be used in various applications because the Curie temperature
(T;) can be widely shifted by changing Sn content. In 1996,
Ba(Ti;_,Sn, )05 ceramics had been extensively studied by Yasuda
et al. [16]. They reported that at x> 0.10, a change in phase transi-
tion from normal ferroelectric to relaxor was observed. In normal
ferroelectric region (x <0.1), the maximum dielectric constant at
room temperature (&) of 7500 and T. of 60°C was found for
Ba(TipgSng1)04 sample. Later in 2011, Cai et al. [17] investigated
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phase, microstructure, dielectric and ferroelectric properties of
Ba(Ti,_,Sn,)0; ceramics. They found that BTS ceramics had a
tetragonal structure when x = 0-0.10 but transformed to cubic at
x=0.15-0.30. The incorporation of Sn** limited grain growth in
BTS ceramics and T, decreased with increasing amount of Sn. For
ferroelectric measurement, an enhancement in the diffuseness of
phase transition and coercive electric field (E.) was observed when
x=0.10-0.20 while the remanent polarization (P,) decreased with
increasing Sn content. The highest room temperature dielectric
constant (g,) of 7000 and 2P, of 1.4 uCjcm? and 2E, of 0.5 kV/cm
with lowest dielectric loss were obtained for Ba(TiyeSng ;)05
sample. Singh et al. [18,19] also found the decreasing trend in elec-
tromechanical coupling factor (k,)} and unipolar strain as Sn con-
tent increased. An increasing trend in bulk density and
piezoelectric charge constant (ds) with increasing Sn content were
also observed in these ceramics.

However, detailed investigation on the binary system of
Big s(NagsoKo20)asTiO5-Ba(Tig 508Ny 10)05 or BNKT-BTS compared
with pure BNKT ceramic have not been done so far. This research
thus aimed to fabricate the binary system of BNKT-BTS ceramics.
The role of BTS concentration on density, phase evolution,
microstructure, electrical properties (dielectric, ferroelectric and
piezoelectric) and electric field-induced strain behavior of BNKT
ceramic were investigated and discussed in details.

2. Experimental details

Big s{Nag goKo 20)05 TiOs or BNKT and Ba(TigaoSna 10 )05 or BTS powders were sep-
arately prepared by a conventional mixed oxide method. The analytical grade re-
agents of B0y (98%, Fluka), Na,CO; (99.5%, Carlo Erba), TiO, (99%, Riedel-de
Haén), K;CO; (99%, Riedel-de Haén), BaCO; (98.5%, Fluka) and 5n0, (99.9%, Sig-
ma-Aldrich) were used as starting materials. All carbonate powders were firstly
dried at 120C for 24 h in order to remove the residual moisture. The raw materials
of BNKT and BTS were stoichiometrically weighted, ball milled for 24 h in an etha-
nol solution and dried in an oven. Dried BNKT and BTS powders were separately cal-
cined at 900 °C and 1200 °C for 2 h, respectively. BNKT and BTS calcined powders
were then weighed, mixed and dried again to produce the mixed powders of
(1 — x)Big s(Nap soKo 20 )o.sTi03-¥Ba( TigagSNg1p)0s  oF (1 —x)BNKT-xBTS (when
x=0,0.05,0.10,0.15 and 0.20 mol fraction). A few drops of 3 wt polyvinyl alcohol
(PVA) binders were then added to the mixed powders before being uniaxially
pressed into 10 mm diameter discs. These pellets were covered with their own
powders and then sintered at 1050-1175 °C for 2 h with a heating/cooling rate of
5 *Cfmin.

¥-ray diffractometer (XRD-Phillip, X-pert) was used to identify phase of both
powders and ceramics. Bulk density was measured in accordance with Archimedes'
method. Theoretical densities of all samples were calculated based on the theoret-
ical densities of BNKT (5.84 g/cm®) [20] and BT (6.01 gjcm®) [21]. Linear shrinkage
of all samples was also measured. Scanning electron microscope (SEM, JEOL JSM-
6335F) was used to determine microstructural features of the ceramics. Grain size
was determined by a mean linear interception method. Before being subjected to
electrical characterization, all samples were carefully polished to 1 mm thickness
to obtained parallel scratch-free surface. Silver paste was fired onto two sides of
each sample at 600 “C for 15 min to form electrodes. Dielectric properties as a func-
tion of temperature (25-500 °C) were carried out using 4192A LCR-meter con-
nected to a high temperature furnace. A standard Sawyer-Tower circuit (Radiant
Precision High Voltage Interface) was used to measure polarization-electric field
(P-E) hysteresis loop. The AC electric field of 55 kV/cm and a frequency of 1 Hz
was applied to each sample. Remanent polarization (P,), maximum polarization
(Piay), coercive field (E), maximum electric field (Eyq.) and loop squareness (Ry)
values were determined from hysteresis loops. Prior to the measurement of piezo-
electric properties, each sample was poled in silicone oil bath at 60 “C under DC
electric field of 5kV/mm for 15 min. Piezoelectric coefficient (dy3) was recorded
from 1-day aged samples using ds3-meter (KCF technologies, S5865). Room temper-
ature strain-electric field (S-E) were obtained using an optical displacement sensor
(Fotonic Sensor, MTI-2100) combined with radiant ferroelectric system. The high
electric field of 55 k¥/cm and frequency of 0.1 Hz was applied for each sample
determine the butterfly curve.

3. Results and discussion
After sintering the pellet-shaped samples at various tempera-

tures (1050-1175 °C), it was found that at 1175 °C, doped samples
containing 5-20 mol% BTS started to melt. Thus, these sintered
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Fig. 1. (a) Plots of density as a function of sintering temperature and (b) plots of
relative density as a function of composition of (1 — x)BNKT-xBTS ceramics.

samples were excluded from further characterization. Fig. 1(a)
shows density variation of (1 — x)BNKT-xBTS ceramics plotted as
a function of sintering temperature. The data clearly showed that
variation of sintering temperature had significant influence on
sample density. As the temperature was increased, the density of
all samples rapidly increased, especially for doped samples, and
reached their maximum values at 1125 °C. Above this temperature,
the high density values were maintained for doped samples while
it started to drop for pure BNKT. The evaporation of volatile alkali
metal oxides and partial melting at high temperature were likely
the main causes for density reduction. Therefore, the optimum sin-
tering temperature of BNKT-BTS system was found to be 1125 °C
at which all samples had densities ranging in between 5.79 and
581g/cm’, corresponding to 98-99% of their theoretical values,
In addition, the variation of linear shrinkage with increasing sinter-
ing temperature showed similar trend to that of density value. The
maximum linear shrinkage of 17-19% was also found at 1125 °C.
Plots of relative density as a function of composition of
(1 — x)BNKT-xBTS ceramics are shown in Fig. 1{b). Based on den-
sity data at the optimum sintering temperature of 1125 °C, the
data clearly showed that the variation of composition had no sig-
nificant influence on sample density. The addition of BTS into BNKT
ceramic caused a slight decrease in samples’ relative density. This
result was also correlated with linear shrinkage values as shown in
Table 1. The linear shrinkage value slightly decreased with increas-
ing BTS content. However, all sample achieved their maximum
density values at this temperature and the values were rather sim-
ilar (see Table 1), Thus, the samples sintered at 1125 °C were se-
lected for further characterization.

X-ray diffraction patterns of optimally sintered (1 — x)BNKT-
xBTS ceramics with 26 = 10-80° are shown in Fig. 2(a). All studied
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Table 1

Physical, microstructure and dielectric properties of (1 — x)BNKT-xBTS ceramics sintered at 1125 °C.
X Density (g/cm®) Relative density (%) Linear shrinkage (%) cla Grain size (pm) & tan & T (°C) T (°C)
0 5814001 99.48 +0.06 18.80£0.01 1.0110 0.60+0.09 1419 0.0479 179 320
0.05 5.80+0.02 99.14 £+ 0,09 18.16£0.09 1.0122 0.40+0.04 1600 0.0600 153 n
0.10 5794004 08.88 +0.08 17.52+0.02 1.0137 044 0,04 1721 00724 159 333
0.15 5794002 98.77 £0.09 17.03 £0.06 1.0176 057 +0.08 1482 0.0698 178 322
020 5794001 98.66 +0.09 17.00+0.03 10191 0.60+0.09 1465 00723 181 295
* Dielectric data obtained at room temperature and a frequency of 1 kHz.
" Dielectric data obtained at high temperature (25-500 °C) and a frequency of 10 kHz.

(a) JCPDS No. 05-0626_BT Tetragonal x=0.20

Intensity (a.u.)

20 (degrees)

Fig. 2. X-ray diffraction patterns of (1

compositions possessed a single phase of perovskite structure. No
second phases or impurities could be detected, confirming that the
starting reagents completely reacted to form the final compounds.
This suggested that BTS had diffused into BNKT lattice to form
complete solid solutions during sintering process [22]. The position
of all peaks slightly shifted to lower 26 angles in comparison with
those of pure BNKT. This observation implied an expansion of lat-
tice constant, resulting in an enlargement of unit cell size. It was
expected that Ba** (1.42 A) successfully substituted into A-site
position [Bi** (1.17 A), Na* (1.18 A), K* (1.33 A)] and Sn* (0.81 A)
successfully entered into B-site position [Ti** (0.74 A)] to form
BNKT-BTS solid solutions [23]. An increase of peak shift resulted
in an increase of lattice energy and finally induced a phase trans-
formation in order to stabilize the structure. Similar peak shifting
behavior by partial substitution of Ba®* for [Bigs(NaggoKozo)**
and Zr* for Ti* was also observed in BNKT-BZT system studied
by Chen and Hu [12]. They found (110) peak shifted to lower 26
angles, indicating a consecutive increase in lattice constant with
increasing BZT fraction. Lower X-ray scan speed in narrower ranges
was performed particularly at 26 = 38-42° and 26 = 44-48° and the
results are shown in Fig. 2(b) and (c), respectively. BNKT ceramic
presented features of mixed rhombohedral-tetragonal symmetry
but showed a domination of rhombohedral over tetragonal struc-
ture as evidenced by a slight splitting of (111)/(111) rhombohe-
dral peaks at 26 ~40° [2425]. This result was consistent with
previous work on BNT-BKT ceramics reported by Sasaki et al.
[10] who found a relatively broad MPB region in the range of
x=016-020 between rhombohedral BNT and tetragonal BKT
phases. The mixed rhombohedral-tetragonal phases were main-
tained even when BTS was added into BNKT up to 10 mol%. At this
composition, the peak at 26 ~ 46° was slightly asymmetrical and
featured with slightly splitting of (200)/(002) peaks. The separa-
tion of (002)/(200) peaks were significantly intensified with fur-
ther increasing BTS up to 15-20 mol%. The (002) peak became
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X)BNKT-xBTS ceramics sintered at 1125 °C where (a) 26 = 10-80°, (b) 26 = 38-42° and (c) 26 = 44-48°,

more dominant whereas (200) peak became weaker which indi-
cated the crystal structure transformed to tetragonal-rich phase.
This behavior became clearer after lattice parameter analysis
which indicated an increase in tetragonality (c¢/a) value as shown
in Table 1. This increasing trend in ¢/a value clearly indicated that
the addition of BTS increased the lattice anisotropy of BNKT-BTS
systems [26].

Typical surfaces of (1 - x)BNKT-xBTS ceramics sintered at
1125 °C are shown in Fig. 3. It can be seen that all samples were
well sintered and dense with having relative density higher than
98% of their theoretical density. The regular grain shape and grain
boundaries clearly occurred in all samples. Average grain size val-
ues of all samples are listed in Table 1. Grain sizes were measured
and calculated based on a mean linear intercept method. This
method was the quantitative measurement of grain size within
dense uniform structures and it was best suited where the bound-
aries of each grain were relatively easy to determine. The determi-
nation of the linear intercept for each line on each image was taken
along with overall average values. Based on the XRD results, BNKT
showed mixed rhombohedral (major) and tetragonal (minor)
phases and had a cubic-like shape grains with side length of
around 0.60 pm. Addition of 5 mol% BTS caused small expansion
of overall crystal structure with a reduction in grain size from
0.60 pum to around 0.40 pm. Noticeably, grains with sharp corners
were still present. We believe that the observed grain morphology
and slightly reduced grain size for this sample were due the solute
drag effect of dissolved BTS [27 28] since diffusivity of solute atoms
was normally different from those of host atoms. From 10 mol%
and higher content of BTS, it seemed that tetragonal phase started
to have more influence on grain morphology and grain size. There-
fore, with further increasing BTS concentration, the grain size was
slightly bigger with more equiaxed grain morphology.

Temperature dependence of dielectric constant (&) and dielec-
tric loss (tand) of all samples measured at various frequencies
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nm

Fig. 3. SEM micrographs of (1

are shown in Fig. 4. All specimens showed two transition points
similar to other works on BNT-based ceramics which corresponded
to the depolarization temperature (T,) and maximum temperature
(T,,) [10,24]. There was still a controversy in the interpretation of
T, but it was long believed to be the ferroelectric to antiferroelec-
tric phase transition point on heating. However, T; was recently
interpreted as the nonergodic relaxor (NR) to ergodic relaxor (ER)
phase transition point [29,30]. For some BNT-based piezoelectric
ceramics, T, was also frequently reported in the literature although,
because of the relaxor behavior of these materials, the temperature
of maximum dielectric constant, T,,, could not be considered as the
Curie point since there was no structural phase transition involved
and Curie-Weiss law did not apply above this temperature [20]. In
some BNT-based systems, it was found that there was a weak polar
intermediate phase of ergodic relaxor (ER), which occurred be-
tween Ty and Ty, and so called nonergodic relaxor (NR) phase be-
low Ty [30]. Although the dielectric constant-temperature curves
for BNKT-BTS system in this study were similar to those of BNT-
based compounds [30], no polar nano-regions had been directly
observed and no freezing temperature (T;) and Burns temperature
(Tp) had been found or calculated. Therefore, the discussion below
still used the values of T4 and T, only to indicate the transition
points observed in the dielectric constant data and how they were
affected by compositional changes. It can be seen that the & in-
creased with increasing temperature, jumped at Ty, reached a max-
imum value at Ty, and then gradually decreased with further
increasing the temperature. This feature intrinsically came from
pure BNT, which was reported to have two diffuse structural phase
transition at ~200 °C and ~320°C [15]. From Fig 4(a), dielectric
curves of pure BNKT ceramic exhibited broad T; and T, peaks.
The addition of 5 mol% BTS slightly shifted T, to lower temperature
of 153 *C while further increasing BTS up to 20 mol% shifted T, to
higher temperature of 181 °C (see Table 1). The slight decrease in
T4 value could be a consequence of ferroelectric order destabiliza-
tion and may be associated with the possible presence of non-polar
phase in this sample [24]. Similar behavior was observed in recent
investigations of Zr-modified BNKT ceramics [5], where T, de-
creased with increasing Zr content in BNKT ceramics, resulting in
the stabilization of non-polar phase. However, T, peak gradually
broadened, suggesting that BTS induced a diffuse phase transition
in BNKT-BTS system and attributed to disordering of A and/or B-
site cation [31,32]. Based on dielectric data at a frequency of
10kHz in Table 1, BNKT ceramic in this study had T; and T, of
179°C and 320°C, respectively. Sasaki et al. [10] also found T,
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X)BNKT-xBTS ceramics sintered at 1125 °C where (a) x=0, (b) x=0.05, (c) x=0.10, (d) x =0.15 and (e) x = 0.20.

value of BNKT ceramic ~317 °C. T, increased to a maximum value
of 333 °C for BNKT-0.10BTS sample. With further increasing of BTS
greater than 10 mol%, T,, started to slightly decrease and T, of all
ceramics varied in between 153 and 181 °C. The reported ionic ra-
dius of Ba® (142 A) was larger than that of Bi** (1.17 A), Na*
(1.18A), K* (1.33A) and Sn** (0.81A) was larger than Ti*
(0.74 A) [23]. BNKT-BTS was a complex system having both A-site
and B-site substitution. [n this case, B-site was isovalent substitu-
tion with larger ion (ie. Sn** replacing Ti**). B-site substitution
alone could resultin a decrease in T, an increased in room temper-
ature dielectric constant and limited grain growth (as observed for
Sn-doped BaTi04 [15-19]). However, the more complicated A-site
substitution in which Ba®* could substitute Na*/K* as donor or
Bi** as acceptor, also played a part in determining the overall effect
on structural changes. It was expected that random site substitu-
tion should occur with possible existence of localized polar regions
and domains. Hence, in our results, the direct effect of ionic site
substitution and charge-compensation induced defects may be dif-
ficult to discern. It was more likely that the effect of structures, do-
mains and domain wall motion largely contributed to observed
piezoelectric, dielectric and ferroelectric properties. Similar effects
from enlargement of unit cell size and phase transition on dielec-
tric properties were observed in (BigsNaps)TiO3-(Ba, Sr)Ti0g sys-
tem previously investigated by Lee et al. [33]. They found that
Ba®* (1.42 A) and Sr** (1.44 A) with larger ionic radii diffused into
BNT lattice, ie. Bi** (1.17A) and Na* (1.18A), resulting in an
enlargement of lattice parameters and consequently reducing the
Tin value.

Fig. 5 shows polarization-electric field (P-E) hysteresis loops of
(1 — x)BNKT-xBTS system obtained at room temperature (25 °C).
The samples were subjected to an external electric field of 55 kV/
cm and a frequency of 1Hz. Higher values of applied voltage
caused the samples to undergo a dielectric breakdown. For more
details, P, E; and Ryq values are also listed in Table 2. The well sat-
urated P-E hysteresis loops were observed for all samples. BNKT
ceramic displayed a typical ferroelectric behaviour with square
shape, indicating strong ferroelectric order. It had maximum val-
ues of P,=3048 pCIcmz, E.=31.49kVfcm and Ry =1.12, which
were all in good agreement with those from the literature [9,34].
Addition of BTS had a significant influence on ferroelectric hyster-
esis loops. This caused the ceramics to show softer ferroelectric
hysteresis behavior which corresponded to decreasing P, and E;
values. When 5 mol% BTS was added into BNKT ceramic, the P,
and E. values rapidly decreased. P, drastically decreased from
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Fig. 4. Temperature dependence on dielectric constant () and dielectric loss (tand) of (1

30.48 p1C/cm? to 12.80 uC/em? and E, decreased from 31.49 kV/cm
to 10.90 kV[cm. It indicated that the ferroelectric order of BNKT
was disturbed by chemical modification with BTS. As of current
data and recent literature reviews related to relaxor-like behavior
of non-lead piezoelectric compounds, the addition of 5 mol% BTS
seemed to induce an existence of non-polar phase (region) and
the formation of defect dipoles in parent BNKT ferroelectric mate-
rial. The presence of defect dipoles generated internal bias field
which resisted and counteracted the effect of external field, caus-
ing P-E hysteresis curve to become constricted [24,35]. This also
corresponded to a significant decrease in both P, and E, values
and resulted in a slight pinched-type loop with relatively small
remanent polarization observed in this composition as shown in
Fig. 5(b). Recently, Jo et al. [36] monitored the total volume change
during the electric field-induced phase transition in (KysNags)
NbO+- modified (BigsNag 5)Ti0s-BaTiO, system. They proposed
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X)BNKT-xBTS ceramics sintered at 1125 °C measured at various frequencies.

that a pinch-type character in P-E loop originated from an exis-
tence of non-polar phase which could induce the destabilization
of ferroelectric order and noticeable change from normal ferroelec-
tric hysteresis loop to a pinch-type hysteresis shape. This behavior
would be expected to cause significant enhancement of electric
field-induced strain response in BNKT-0.05BTS sample. However,
E. and P, values increased considerably with increasing BTS greater
than 5 mol%. The hysteresis loops exhibited back to a typical
square shape, indicating again a strong ferroelectric behavior.
The addition of 10-20 mol% BTS showed rather similar values of
P, (20.49-20.88 uCJem?) whereas Ry, were found to be in a range
of 0.87-0.89.

Temperature dependent polarization-electric field (P-E) hyster-
esis loops of (1 — x)BNKT-xBTS ceramics, measured at 55 kV/cm
and a frequency of 1 Hz, are shown in Fig. 6. All samples showed
a typical ferroelectric shape consistent with other reports [9,37]

16 ﬁqmﬂu 2557



P. Jaita et al./Journal of Alloys and Compounds 596 (2014) 98-106 103
4 . 45 . 45
™~ ™ ™~

£ 30 £ 30 £ 30

£ 2 L

g 15 g 15 / g 15 /

§ ¢ s’ P §°

g 15 § 15 g 15

= = =

S .30 = .30 5 .30

0 0 0

o 45 x=0 o 45 x=0.05 a .45 x=0.10

60 40 20 0 20 40 60 60 40 20 0 20 40 60 60 40 20 0 20 40 60
Electric field (kV/cm) Electric field (kV/icm) Electric field (kV/cm)
~ 45 ~ 45
™ o~

E 30 1 £ 30

¥ 2

o (§]

3, 15 / =1 15 f

€ €

2 0 2 0

8 -5 T 15

s 5

B -30 S 30

& 4 x=015| & 4 x=020

60 -40 .20 0 20 40 60 60 -40 20 0 20 40 60
Electric field (kV/em) Electric field (kV/icm)
Fig. 5. Polarization-electric field (P-E) hysteresis loops of (1 — x)BNKT-xBTS ceramics sintered at 1125 °C, measured at 55 kV/cm and a frequency of 1 Hz.
Table 2
Ferroelectric and piezoelectric properties of (1 — x)BNKT-xBTS ceramics sintered at 1125 °C.

X P (uClem?) E* (kVfem) Ry’ dx (PCIN) Siax (%) Sheg (%) dy; (pm/V)
0 3048 31.49 112 178 023 012 418
0.05 1280 10.90 047 174 0.36 0.02 649
0.10 2049 19.92 0.87 215 0.25 0.07 450
015 20.88 2355 0.89 153 0.23 0.07 409
0.20 2053 23.09 0.89 137 0.21 0.07 383

* Ferroelectric data obtained at room temperature (25 “C) and a frequency of 1 Hz.

and well-saturated P-E loops at room temperature (25 °C). When
the temperature increased to 50 °C, the P, and E, values slightly de-
creased for all compositions but the hysteresis loops still main-
tained the square shape. With further increasing temperature to
100-125°C, the P, E. and P, values dramatically decreased.
The narrower P-E loop was observed while the square loop disap-
peared. With increasing temperature up to 150 °C, the P, and E,
values further decreased close to zero and led to a narrower
pinched-type P-E loop. The observation of pinched-type loop at
high temperature may be due to the weakening of nonergodic
relaxor (NR) state and enhancing ergodic relaxor (ER) state. The
constricted or pinched-type P-E loop have previously been ob-
served in BNT-based ceramics at high temperature [37]. The coex-
istence of nonergodic relaxor (NR) and ergodic relaxor (ER) states
seemed to occur near 150 °C which was close to the measurement
of T, value ~153-181 °C as shown in Table 1. Similar to that ob-
served in the ternary system of BNT-BKT-BT studied by Zhang
et al. [38] who found an appearance of ER state near T, Many
researchers considered an appearance of a pinched-type hysteresis
loop near T; to be nonergodic relaxor (NR) to ergodic relaxor (ER)
phase transition which resulted in a large electric-field induced
strain [29,30].

Fig. 7 displays the bipolar electric field-induced strain curves of
(1 — x)BNKT-xBTS ceramics measured at room temperature. The
measurement was done under an electric field of 55 kV/cm and a
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frequency of 0.1 Hz. The maximum strain (5,4, negative strain
(Sness ie. the difference between zero-field strain and the lowest
strain and only visible in the bipolar cycle [38]), and normalized
strain coefficient (d5; = Spgy/Eng,) are also listed in Table 2. The var-
iation of S, values with increasing BTS content showed a similar
trend to that of d, values. BNKT ceramic without any addition of
BTS exhibited a typical butterfly-shaped strain loop with S, of
0.23% and calculated d, of 418 pm/V, indicating that the ferroelec-
tric domain switching was involved at E, where the largest S, of
~0.12% was observed. On the contrary, BNKT-0.05BTS sample
exhibited drastic deviation from a typical ferroelectric behavior.
This was evidenced by the drastic reduction of S,,, from -0.12%
for pure BNKT to around —0.02% for BNKT-0.05BTS sample. In
addition, a pronounced enhancement in the maximum positive
strain response, i.e. S, of 0.36%, was observed. This could be re-
lated to the degree of an inducible ferroelectric order under an
electric field becoming unstable at zero field due to the chemical
modification with BTS. At a critical chemical modification level of
x=0.05 (BNKT-0.05BTS sample), the onset of non-polar phase (re-
gion) and the formation of defect dipoles in parent ferroelectric
material occurred. These defect dipoles which generated internal
bias field, enhanced the short range interaction at the cost of ferro-
electric long range order and reduced the correlation between ini-
tial ferroelectric domains which, as a consequence, tend to be
randomized (i.e. increasing non-180° domains) in the absence of
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external electric field (E=0). When an external electric field was
applied, the non-polar phase (supposedly co-existing with ferro-
electric region) could reversibly transform into ferroelectric phase,
which was responsible for providing a restoring force for a large
reversible domain switching, thus causing a high apparent strain
(Siq¢) Obtained in this composition [24,39]. This mechanism pro-
vided a general method to achieve a large electric field-induced
strain similarly observed in other reports [25]. The above results
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*)BNKT-xBTS ceramics sintered at 1125 °C, measured at room temperature, under an electric field 55 kV/cm and a frequency

was correlated with a constriction of P-E hysteresis loop at this
critical composition as shown in Fig. 5(b), a decrease of piezoelec-
tric coefficient (das ~ 174 pC/N) and enhancement of converse pie-
zoelectric effect with a large value of d}, ~ 649 pm/V as shown in
Table 2 [26]. Recently, Jo et al. [35,36] observed the working mech-
anism for the large strain response in KNN-modified BNT-BT sys-
tem. They also proposed that the giant strain originated from the
presence of a non-polar phase at zero electric field. Non polar
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phase destabilized and randomized any electrically induced ferro-
electric order, and caused an easy transition between non-polar
and ferroelectric phases due to their comparable free energies.
Thus, a high unipolar strain of 40.5% was observed in this system.
It could be noted that the observed large strain seemed to exist
only in a narrow compositional region where ferroelectric and
non-polar phase order coexisted and had competitive free energy.
Away from this narrow region, either the free energy of ferroelec-
tric phase or a non-polar phase would dominate. Each of these
phases alone could not deliver a strain as large as that measured
from the compositions close to this region, at which the strain
got contribution from both domain switching and electric field in-
duced phase transition. If the composition was too far in a non po-
lar phase, an electric field required to induce the transition to
ferroelectric phase might exceed the dielectric breakdown
strength, impeding the development of large strain in the ceramics
[40]. In this study, therefore with further increasing BTS content
greater than 5 mol#%, the presence of non-polar phase seemed to
gradually decrease and eventually a normal butterfly-shaped strain
loop was obtained again. It seemed that beyond narrow region of
x=0.05of (1 - x)BNKT-xBTS system, non-polar phase disappeared
while ferroelectric phase became dominant again which corre-
sponded to an increase in P, and E, values (see Table 2). One pos-
sible explanation for this reversed ferroelectric behavior might be
due to an increasing trend in tetragonality (c/a) value which clearly
indicated that the addition of BTS greater than 10 mol% increased
the lattice anisotropy of BNKT-BTS ceramics (i.e. rhombohedral
phase decreased while tetragonal phase increased) [25,26]. The
increasing trend in lattice anisotropy which showed slight distor-
tion of XRD patterns was attributed to larger sized Ba>* (142 A)
ion diffused into BNKT lattice to replace Bi** (1.17A), Na*
(1.18 A) and K* (1.33 A), and Sn** (0.81A) replaced Ti** (0.74 A)
[23], resulting in the enlargement of lattice constant and lattice en-
ergy which induced a phase transformation in order to stabilize the
structure [33]. The increasing trend in lattice anisotropy indicated
the presence of ferroelectric order over non-polar regions. In addi-
tion, the decrease of non-polar phase at higher concentration of
BTS likely suppressed reversed domain switching ability. Thus,
the material in a single ferroelectric phase would be unable to de-
liver a strain as large as that previously obtained from the critical
composition of x =0.05 [40]. Therefore, a slight decrease in S,
and d3, values were observed at a higher concentration of BTS.
The S,y and dy; values then dropped to a minimum value of
0.21% and 383 pm/V, respectively for BNTK-0.20BTS sample. 5,
also increased again to around —0.06 to —-0.07% with increasing
BTS content as expected.

The piezoelectric constant (dy;) of the optimally sintered
ceramics are summarized in Table 2. The d3; values were found
to be in a range of 137-215 pC/N. Pure BNKT ceramic had d; of
178 pC/N which was close to the value reported earlier by Hiruma
et al. [41]. The highest ds5 value of 215 pC/N was observed for
BNKT-0.10BTS sample. This value was higher than that observed
earlier in 0.94Biys(Nag gy 16)05Ti02-0.065rTi0; ceramic near
MPB composition by Yoo et al. [11] who obtained d5; of 205 pC/
N. With further increasing BTS greater than 10 mol%, a slight de-
crease in dyy was observed. The variation of piezoelectric behavior
with increasing BTS content also showed similar trend to that of
dielectric response. Based on room temperature dielectric constant
(¢,) and dielectric loss (tand) values in Table 1, pure BNKT ceramic
had &, of 1419 with tand of 0.0479. The &, increased to the highest
value of 1721 for BNKT-0.10BTS sample. It was understood that
the MPB-like compositions of this studied BNKT-BTS system with
coexistence of rhombohedral and tetragonal structures at opti-
mum relative fraction may be located near BNKT-0.10BTS compo-
sition, Thus, the optimal dielectric and piezoelectric properties
would occur near this composition. The highest & and dy, values
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of BNKT-0.10BTS sample could be attributed to an increasing num-
ber of possible polarization directions because of the coexistence of
more than one anisotropic crystal structure. The tetragonal phase
has 6 different polarizations in the (100) direction for reorienta-
tion, while there are 8 different polarizations in (100) for rhombo-
hedral phase. The large number of polarization directions cause
enhanced crystallographic orientations under electric field, thus
resulting in high polarization and piezoelectric properties [12,24].
Thus, BNKT-0.10BTS sample enabled the dipole moments to align
efficiently with electric field, resulting in higher polarizability and
an increase in both ¢ and dyy values [24]. However, the & and day
values then dropped to the minimum value of 1465 and 137 pC/N
for BNKT-0.20BTS sample. Because of the crystal structure changed
to tetragonal-rich phase of BTS, thus resulting in lower dielectric
and piezoelectric response. This result was also similar to that ob-
served previously by Lee et al. [33]. On the other hand, £, values
tended to increase and the relative density values tended to de-
crease with increasing BTS while P, showed nearly the same values
of 2049-2088 uC/cm> The higher E, seemed to agree with the
lower dy; values due to more difficulties in poling [2]. This also
played a significant role in the reduction of dielectric and piezo-
electric performance. However, the observed values of P, may have
some contribution from domain wall motion of tetragonal phase
(with remaining rhombohedral phase) and interaction among
them. This point will need further concrete proof of domain struc-
ture and possible presence of polar nano-regions.

4. Conclusions

Lead-free (1 — x)Bigs(NaggoKo 20)osTiOs-XBa(Tig 995N g.10)05 OF
(1 — x)BNKT-xBTS piezoelectric ceramics with x = 0-0.20 mol frac-
tion were successfully synthesized by a simple conventional
mixed-oxide method. The maximum density was obtained for
the ceramics sintered at 1125 °C. A pure perovskite structure was
achieved for all studied composition range, suggesting the com-
plete solid solutions between BTS and BNKT phases. The addition
of BTS slightly affected grain size and shape of BNKT ceramic. A
large electric field-induced strain of 0.36% corresponding to d:, of
649 pm/V were found in BNKT-0.05BTS sample. BNKT-0.10BTS
sample was found to have relatively good piezoelectric
(d33=215pCIN), dielectric (5=1721, tand=0.0724 and
T, =333 °C) and ferroelectric (P, = 20,49 pCfem?, Ry, =0.87) proper-
ties. Moreover, ferroelectric hysteresis behavior also indicated that
addition of BTS caused BNKT ceramic to become softer. Based on
our results, it was suggested that BNKT-BTS ceramics have poten-
tial to be one of a promising lead-free piezoelectric candidate for
piezoelectric applications.
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Ferroelectric fatigue induced by cyclic electric loading of the (1-x)PZT-
xSBN ceramics (0.1 <x <0.3) have been investigated in comparison with
pure PZT and SBN ceramics. The results showed that pure PZT ceramic
possessed severe polarization fatigue afler long bipolar switching pulses.
This was mainly attributed to the appearance of microstructural damage
at the near-electrode regions. Whereas, pure SBN ceramic exhibited no
fatigue at least up to 1 x 10° switching cycles. The fatigue-free behavior
of SBN ceramics was due primarily to weak domain wall pinning. PZT-
SBN ceramics showed less polarization fatigue up to 1% 10° switching
cycles than pure PZT. This could be attributed to their low oxygen
vacancy concentration. Therefore, this new ceramic PZT-SBN system
seems to be an altemative material for replacing PZT in ferroelectric

PR gt

memory applications.

Keywords: fatigue, ferroelectric, dielectric, PZT, SBN

1. INTRODUCTION

Polarization switching in ferroelectrics has been considered
for anumber of potential applications; i.e. actuators and non-
volatile random access memories. One critical limitation on
the performance of these applications is the polarization
fatigue associated with repeated electrical cycling. To
overcome the fatigue problem in these applications, a new
ferroelectric material with high fatigue endurance is thus
required. It is commonly known that a popular ferroelectric
material for ferroelectric applications is Pb(Zry s Tins)Os
(PZT). PZT exhibits high remanent polarization and small
coercive field."” However, it is very prone to electrical
fatigue degradation.”’ On the contrary, the bismuth layered
structure compounds such as SrBi-Nb,O, (SBN) has become

*Corresponding author: sukanda.jian(@cmu.ac.th
©KIM and Springer
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attractive candidates for these ferroelectric applications
(especially in memory application) because of its excellent
fatigue endurance.”! Nevertheless, SBN has only limited
applications due to its low polarization value and high
coercive field™ In order to solve the problem associated
with PZT and SBN, therefore, the new ceramic of PZT-SBN
system 1is investigated here. Also, polarization fatigue
endurance of (1-x)PZT-xSBN (0.1 £x<0.3) ceramics was
analyzed in comparison with pure PZT and SBN ceramics. It
is expected that the PZT-SBN ceramic may provide improved
ferroelectric properties such as large remnant polarization, a
small coercive field and excellent fatigue endurance, which
are the advantage properties for non-volatile random access
memory applications.

2. EXPERIMENTAL PROCEDURE

The ceramics with formula (1-x)Pb(Zrys:Ti.8)Os-
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xSrBi:Nb,Og or (1-x)PZT-xSBN were prepared by a
conventional solid-state mixed-oxide reaction. First, pure
PZT and SBN powders were synthesized separately from
high purity raw materials of PbO, TiO,, ZrO,, SrCO;, Bi;0;
and Nb,Os. The starting powders were weighed, ball-milled
in ethanol for 24 h and dried at 120°C. The mixed powders
were calcined at 800°C for 2 h for PZT and at 950°C for 3 h
for SBN powders. The calcined PZT and SBN powders
were then weighed, mixed by ball-milling and dried to
produce a powder mixture of (1-x)PZT-xSBN, where x = (),
0.1, 0.3 and 1.0 weight fraction. Each mixture was pressed
into pellets with 3 wt. % polyvinyl alcohol added as a binder.
The pellets were sintered at 1050°C in air for 3 h. In order to
avoid compositional deviation from PbO and Bi,O;
volatilization during sintering process, the green pallets were
covered with their own powders.

The crystalline structure was analyzed by using x-ray
diffraction analysis (Phillips Model X-pert). Before fatigue
testing, the ceramic samples were ground and polished by
SiC papers. Then, silver paste was fired on both sides of the
polished samples at 600°C for 10 min as the electrodes. For
fatigue characteristic, the samples were subjected to bipolar
electric field of ~2 times the coercive field (~2£;) with the
frequency fixed at 50 Hzup to 1 « 10° switching cycles. This
fatigue test was examined through a conventional Sawyer-
Tower circuit.” During bipolar electric cycling, the samples
were put in a sample holder and immersed in silicone oil to
prevent flashovers and mounted into a fixture connected to a
high-voltage AC amplifier (Trek 610D) with the input
sinusoidal signal (50 Hz) from a function generator (GAG-
809). Polarization hysteresis (P-£) loops were recorded after
a certain number of switching cycles with a measurement
frequency of 50 Hz by a digital oscilloscope (HP 54645A).
The dielectric properties of unfatigued and fatigued samples
were also studied by an LCR meter (Hewlett-Packard
4194A) at 100 kHz. To investigate the damage at the near-
electrode regions as a result of fatigue process, a scanning
electron microscope (SEM, JEOL JSM-5910LV) was used
to observe the fracture surfaces of unfatigued and fatigued
samples.

3. RESULTS AND DISCUSSION

Figure 1(a) shows x-ray diffraction (XRD) pattems for
pure PZT, (1-x)PZT-xSBN (0.1 £x<0.3) and pure SBN.
The pattern of pure PZT ceramic showed mainly a tetragonal
symmetry. Whereas, pure SBN ceramic was identified as a
single phase bismuth layered structure having orthorhombic
symmetry without significant preferred orientation. For the
PZT-SBN ceramics, it was found that the crystalline phases
of the samples were indexed to be a tetragonal PZT phase
which coexisted with a new multinary phase. This new
multinary compound in the PZT-SBN ceramics matched the

standard JCPDS diffraction data file no. 74-0660 of
Pby(Nb, 3:Tig6)066s (PNT) phase which had a cubic
symmetry. The formation of PNT phase suggested that the
chemical reaction between PZT and SBN phases during
sintering process was occurred. With careful observation, it
can be seen that the diffraction peaks of PZT phase in the
PZT-SBN ceramics shifted towards a higher angle and the
diffraction peak around 26 of 43 - 46° was found to split, as
shown in Fig. 1(b). In addition, the XRD peaks of PZT phase
in these ceramics were broader than those of pure PZT
ceramic. These observations suggested that the PZT phase in
these ceramics was PZT-based solid solution. More importantly,
it was noteworthy that the original SBN phase was not found
in the PZT-SBN ceramics. There were two processes that
account for the disappearance of SBN phases. Firstly, some

@)

.
SBN
. ®
.‘ ,g’.}u w ¢

0.7PZT-0.3SBN

N Y v
* ‘-:r\\/’ur A 2 J N' * 7T e

0,9PZT-0.15BN

Normalized intensity

Normalized intensity

43 44 45 46
26
Fig. 1. (a) XRD patterns of pure PZT, (1-x)PZTxSBN (0.1 £x£0.3)

and pure SBN ceramics (b) tetragonal splitting of the 4346 degrees
peaks of PZT phase.
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Fig. 2. The tetragoanlity (¢/a) of (1-x)PZT-xSBN ceramics as a func-
tion of SBN content.

SBN phase reacted with some PZT phase to form a new
multinary compound such PNT during sintering process.
The other process was the dissolution of SBN into PZT
matrix phase to form the PZT-based solid solutions.

This process was supported by the change of the
tetragonalilty (c¢/a) of PZT phase in PZT-SBN ceramics as

shown in Fig. 2. It was found that the ¢/a decreased rapidly
after 0.1SBN incorporation. However, further increase the
content of SBN to x=0.3 slightly increased c¢/a. This
reduction of ¢/a demonstrated that the crystal structure of
PZT phase in PZT-SBN ceramics transforms from tetragonal
to cubic. Based on the x-ray results, the phase transformation
in PZT-SBN ceramics was expected to influence their
fatigue performance.

The P-E loops of the PZT, PZT-SBN and SBN ceramics
for three different bipolar cycle numbers (1 cycle, 1x 10°
and 1 % 10° cycles) are provided in Fig. 3. The remanent
polarization and coercive field values before and after
fatigue test are also listed in Table 1. When considering the
shape and size of P-£ loops for all unfatigued samples, it was
noteworthy that the hysteresis loop of pure PZT ceramic
showed the square shaped with high remanent polarization
and low coercive field, which was a typical hysteresis loop
of PZT ceramic.”’ Whereas, pure SBN ceramic showed
large degree of hysteresis loop opening with large coercive
field but small remanent polarization. This suggested that the
PZT domains were relatively easier to switch than those of
the SBN domains under the applied electric field, which
reflected as lower coercive field value in Table 1. For PZT-
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Fig. 3. Polarization loops of (1-x)PZT-xSBN ceramics at 1, 1 % 10" and 1 x 10° bipolar cycles, when (a) x =0 (PZT), (b) x=0.1, (c) x= 0.3 and

(d)x=1.0(SBN).
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SBN ceramics, there was a trade-off between the ferroelectric
properties of both perovskite PZT and bismuth layered SBN.
Namely, the PZT-SBN ceramics had a higher remanent
polarization than that of pure PZT ceramic and smaller
coercive field than that of pure SBN ceramic. After the
application of bipolar electric cycling, the results showed
that bipolar cycling led to a strong degradation of the
polarization hysteresis loop of pure PZT ceramic, as shown
in Fig. 3(a). On the other hand, the hysteresis loop of pure
SBN ceramic showed no apparent change of both the
remanent polarization and coercive field after electric
cycling process (Fig. 3(d)). In the case of (1-x)PZT-xSBN
ceramics (0.1 £x £0.3), a small decrease of the remanent
polarization was observed after fatigue measurement (Fig.
3(b-c)). In order to compare the fatigue rate from different
samples, the normalized remanent polarization and coercive
field as a function of switching cycles were investigated (as
shown in Fig. 4(a-b)). The inset in Fig. 4(a) and (b)
represents the change of remanent polarization (2P,) and
coercive field (2£;) with accumulative switching cycles,
respectively. As can be seen from Fig. 4(a), the normalized
remanent polarization of pure PZT ceramics increased
slightly after 1 x 10° cycles and then began to decrease after
5% 10* cycles. Finally, it dropped to 59% of the initial values
after 10° switching cycles. An important mechanism
responsible for an increased remanent polarization at 1 x 10°
to 5% 10* cycles was the ‘wake-up’ process.””"" This wake
up process could be effected by the locked localized space
charges present at the ferroelectric bulks/electrode interfaces.
In general, lead and oxygen vacancy defects are formed due
to PbO evaporation during sintering."” As the mobility of
lead vacancies is lower than that of oxygen vacancies, the
oxygen vacancies can move more easily under the application
of electric field during fatigue proceeds. The positively-
charged oxygen vacancies are driven towards to domain

O. Namsar et al.

walls, grain boundaries and/or PZT/electrode interfaces
because of the relatively lower potential energies at these
sites. They are then captured by space charge. These defect
charges obstruct the reorienation of domains and hence limit
the reversible domain numbers. Nevertheless, they are easily
removed by the repeated domain switching cycles. Thereby,
the normalized remanent polarization of PZT ceramic
increased at this stage. After 1 x 10° switching cycles, a
strong loss of the switchable polarization was caused by the
field screening effect.” By this field screening effect, the
effective field reached the undamaged regions of PZT
sample was significantly decreased because of the voltage
dropped across the cracks in the damaged layer. Consequently,
the field in some regions was too small to switch domains,
resulting in a loss of polarization (Fig. 4(a)). But, other
regions were unaffected, increasing the coercive field. The
next paragraph will discuss the reasons for the increase in the
coercive field after fatigue process.

Figure 4(b) displays the variation of the normalized
coercive field as a function of switching cycles for PZT
ceramic. It was observed that there were three different rates
present in the normalized coercive field. The normalized
coercive field changed slowly before 1 x 10° cycles, rapidly
increased after approximately 1 % 10° - 5% 10% cycles, and
then it decreased slightly after 5 < 10” switching cycles. For
the bipolar fatigue properties in ferroelectric materials,
especially in PZT, the domain wall pinning and microstructural
damage are the main mechanisms atiributed to polarization
degradation. The change in the coercive field can be used to
qualitatively determine the electrical fatigue mechanism as
proposed by Jiang et al.."""! Namely, the electrical fatigue is
dominated by domain wall pinning if the coercive filed
remains nearly constant. When the coercive field increase
sharply with increasing switching cycles, the mechanical
degradation (i.e. crack) become dominant in the fatigue
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mechanism. Our experiments showed that the electrical
fatigue process was occurred by both domain wall pinning (at
1 to 1 10’ switching cycles) and microstructural damage
cracking (after 1 10° switching cycles). In the region
dominated by the domain wall pinning mechanism (up to
1x10° switching cycles), the normalized coercive field
showed a small increase in 8% compared to its unfatigued
value. Whereas in the region dominated by the microstructural
damage cracking mechanism (after 1 x 10 switching cycles),
the normalized coercive field showed an increase in 33%
from its unfatigued value. This suggested that the mechanical
degradation (i.e. crack) contributed more significantly to the
polarization fatigue of PZT ceramic as compared to the
domain wall pinning mechanism. Nevertheless, a slight
reduction of the normalized coercive field at the end of
fatigue process (after 5 % 10° switching cycles) indicated a
decrease in the influence of cracking due to the saturation of
crack growth. In order to confirm that the polarization
switching fatigue of PZT was controlled by cracking
mechanism, the fracture surfaces in regions close to the
electrode of unfatigued and fatigued samples of PZT
ceramic were investigated, as shown in Fig. 5(a-b). The
result provided that the fracture surface of unfatigued and
fatigued samples of PZT ceramic showed a strong change in
the microstructure close to the electrodes. The unfatigued
sample in Fig. 5(a) showed a typical fracture surface of PZT
with mainly transgranular fracture mode. For fatigued PZT
sample, the damaged layer was formed at undemeath the
electrode regions with thickness of approximately 15 mm,
while the microstructure in the bulk ceramic remained
unchanged (Fig. 5(b)). The original of this damaged layer
was due to mechanical stresses during the repeated domain
switching"" The repeated switching of the domains in PZT

electrode

885

ceramic under the large applied alternating field generated
large mechanical stress and led to the formation of micro-
cracking along grain boundaries. This was in accordance
with literatures on several PZT-related systems."”™ The
field screening concept can be used to explain the relationship
between the damaged near electrode regions and the electrical
fatigue behavior.""” Since the difference in dielectric constant
between the damaged layer and the bulk, the applied electric
field would be screened and prevented from reaching the
bulk. This indicated that the electric field amplitude in the
bulk was significantly reduced."™" The lower effective field
in the bulk was not strong enough to complete the domains
switching and consequent decreased of the remanent
polarization of PZT ceramic as depicted in Fig. 4(a). In
addition, these domains required the higher external field
for domain switching which was reflected by the observed
increase the coercive field in fatigue measurement as
shown in Fig. 4(b).

As the small amount of 0.1SBN was incorporated to PZT,
the fatigue started after 1 10° cycles and the normalized
remanent polarization dropped to 13% of the initial values
after 1 x 10° cycles with no apparent change in the normalized
coercive field (Fig. 4(a-b)). This ceramic showed much
improvement in fatigue endurance compared to pure PZT
ceramic. The high fatigue endurance of this ceramic was
controlled by the weak domain wall pinning mechanism as a
result of donor-like substitution. It is well recognized that the
poor fatigue properties in perovskite PZT mainly come from
oxygen vacancy accumulation near-electrode regions”™ and
domain wall pinning by oxygen vacancy planes.” ™ In this
ceramic, Bi’ and Nb™" ions (from SBN) could be considered
as a donor dopants for PZT lattice. As the charge compensation,
the cation vacancies in Pb-sites were created in perovskite

2. electrode S PS

electrode

g ag 20 um

Fig. 5. Fracture cross sections of unfatigued (above) and fatigued samples (below) for (1-x)PZTxSBN ceramics, where (a-b) x = 0 (PZT), (c-d)

x=0.1, (e-f) x= 0.3 and (g-h) x = 1.0 (SBN), respectively.
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PZT structure while the oxygen vacancy concentration was
greatly reduced. The suppression in the concentration of
oxygen vacancies resulted in the decrease the possibility of
their accumulation at the ceramic bulk-electrode interface or
the pinning of the domain walls or grain boundaries during
the repeated switching cycles. This led to the high stability of
domain switching process, and thereby high fatigue resistance
was observed.

When the amount of SBN was increased to x=10.3, the
normalized remanent polarization started to decrease after
1 % 10" cycles and reduced by about 15% of the initial value
at 1x10°cycles (Fig. 4(a)). It should be noted that this
ceramic showed a lower degree of degradation in the
normalized polarization when compared to pure PZT ceramic,
although the value of the remanent polarization (2P;) was
lower than that of pure PZT ceramic (see Fig. 4(a) and Table
1). The enhancement in fatigue endurance can be understood
on the basis of the observed behavior of the tetragonality (¢/
a) as provided in Fig. 2. It is generally accepted that one of
factors leading to ferroelectric fatigue is the internal
(residual) stress.” " Intemnal stress can suddenly induce
microcracking if cycle loading is applied to the ferroelectric
materials***! Also, internal stresses are reported to have a
significant role on domain switching behavior as they affect
the spatial distribution of the stored elastic energy.””
Namely, if the stress level is high enough, it is expected that
the switching of domains is completely suppressed. The
magnitude of the internal stress is dependent on the
transformation strain owing to ferroelectric domain switching,
which in tum is related to the crystal distortion in term of
tetragonality ratio, ¢/a.”" Okazaki”™ reported that internal
stress is proportional to the ratio of ¢/a. In this regard, from
Fig. 2, the ¢/a value of 0. 9PZT-0.3SBN was smaller than that
of pure PZT ceramic, implying that the internal stress
concentration involved in domain switching process should
be quite small. Therefore, less reduction of polarization was
observed for this ceramic. For the variation of the normalized
coercive field as a function of switching cycles for this
sample, as provided in Fig. 4(b), it can be seen that the
normalized coercive field was stable up to approximately
1 % 10* cycles and then began to decrease after 1 x 10°
cycles. Finally, it reduced slightly to 11% of the unfatigued
values after 1 % 10° switching cycles. The decrease in the
normalized coercive field for this ceramic suggested that the
increased mobility of some domains as a result of the applied
electric cycling. ™!

Compared to pure PZT and PZT-SBN, pure SBN ceramic
showed excellent fatigue endurance up to 1 x 10° switching
cycles with no significant change in the normalized
coercive field. The fatigue free behavior of SBN ceramic
was based on the weak domain wall pinning effect of oxygen
vacancies.” ¥ Oxygen vacancy was once believed to be a
major contribution to electric fatigue in normal perovskite

0. Namsar et al.

ferroelectric materials."”’ In the case of bismuth layered
perovskite SrBi,Nb,O, (SBN), the lattice structure consists
of perovskite building (SrNb,O;) blocks separated by
bismuth oxide (Bi,0,) layers (Fig. 6). Oxygen vacancies are
preferably formed in BiO, layers due to the volatility of
Bi,0;. Nevertheless, the efficiency of pinning at domain
boundaries of oxygen vacancies created in Bi,O- layers was
low.™ The degree of domain wall pinning effect due to
oxygen vacancy near the domain walls during the fatigue
process became much less pronounced, hence preventing the
fatigue behavior. According to fatigue measurements, the field
screening effect caused a strong reduction of ferroelectric
properties of PZT ceramics (i.e. decreased in the remanant
polarization and increased in the coercive field, see Fig. 4
and Table 1). This result was supported by the appearance of
the near electrode cracking in fatigued PZT sample after
electric cycling process (Fig. 5(b)), as discussed above. In
the case of the PZT-SBN and pure SBN ceramics, the greater
fatigue resistance was explained by the low number of
pinned domain walls. To confirm this hypothesis, the fracture
surfaces of unfatigued and fatigued samples for these ceramics
were compared with pure PZT ceramic. The microstructures
visible in SEM images, displayed in Fig. 5(c-h), for the
0.9PZT-0.1SBN, 0.7PZT-0.3SBN and pure SBN ceramics
showed no significant difference between the fracture
surfaces of the unfatigued and fatigued samples. There was
no mechanical damage cracking layer noticeable in the near
electrode regions. These observation suggested that polarization
fatigue behavior of these ceramics was not influenced by the
microstructure cracking mechanism. It again confirmed the
finding that the weak domain wall pinning mechanism was
responsible for the high fatigue resistance in bipolar electric
cycling for the (1-x)PZT-xSBN (0.1<x<0.3) and SBN
ceramics. The low number of pinned domains caused less

tho 4+
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Fig. 6. Schematic of the lattice structure of SrBi:B.0.."
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3536

residual ferroelastic stress,”**! resulting in the reduction of
the probability of crack propagation. Less cracks led to less
field screening effect and hence greater fatigue resistance for
these ceramics.

As mentioned previously, the interaction between defects
and ferroelectric domain walls (domain wall pinning) was
one of the main polarization fatigue mechanisms under
bipolar electric cycling of ferroelectric materials. A ferroelectric
fatigue model based on pinning effect had been purposed by
Brernan."” The domain wall pinning effect leads to the
reduction of the polarization as the logarithm of the number
of polarization reversals. This model can be defined as:

2P,(N)=2P(0)~Bln N (1)

where P(N) is the remanent polarization at N switching
cycles, P(0) is the initial unfatigued remanent polarization
and B is a rate factor.

As seen in Fig. 7, the fitting curves based on the Brennan’s
model showed a strong correlation with the experimental
fatigue data. The decay rate factor (B) from different samples
was calculated from fitting of these curves. The decay rate
factor sharply decreased with increasing SBN concentration
until nearly zero in pure SBN ceramic, as shown in Fig. 8.
This implies that the effect of domain wall pinning was
lessened in these ceramics. This result substantiated the
previously hypothesis that the high fatigue resistance in (1-
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Fig. 7. The change of the remenent polarization (2P;) of (1-x)PZ1-
xSBN ceramics with cumulative switching cycles (In N). The dashed
lines are fitting curves calculated by Eq. (1).

887

X)PZT-xSBN (0.1 £x<03) and pure SBN came from the
weak domain wall pinning,

Room temperature dielectric constant (&) before and after
electrical fatigue test of (1-x)PZT-xSBN ceramics are listed
in Table 1. As shown in Table 1, the dielectric constant of
both unfatigued and fatigued samples grew sharply when the
addition of 0.1SBN was added to PZT. High dielectric
constant for this ceramic was dominantly related to effect of
donor-like substitution. In this sample, Nb’* and Bi'* from
SBN was substituted for (Zr/Ti)* and Pb"" sites in PZT
structure, respectively. Theses substitutions would induce A-
site cation vacancies in perovskite PZT,"? which resulted in
a rapid reduction in the positively-charged oxygen vacancy
concentration. As oxygen vacancy can inhibit the polarization
switching by pinning domain walls in ferroelectric materials,
the domain switching ability is largely controlled by oxygen
vacancy concentration. Therefore, within this ceramic, a
rapid decrease in oxygen vacancy concentration due to
donor-like ionic substitutions led to the reduction of the
pinning effect on the domain walls. This in turn increased
the ease of domain movement, resulting in an increase of the
dielectric constant. However, the dielectric constant suddenly
decreased when the amount of SBN was increased to x =0.3.
This degradation in dielectric constant was caused by an
increase in non-ferroelectric cubic PNT phase, as observed
in x-ray diffraction analysis (Fig. 1).

0

Rate factor;: B

0 ° e

Ll
0.0 0.2 04 0.6 0.8 1.0
XSBN

Fig. 8. The absolute values of B for (1x)PZT-xSBN ceramics with
xSBN addition.

Table 1. Dielectric and ferroelectric properties of (1-x)PZT-xSBN ceramics measured before and after fatigued tests.

£ 2P. (uClem’) 2E. (kV/em)
before after % of decrease  before after % of decrease  before after % of change
0(PZT) 922,17 302.79 67 35.48 14.65 59 3345 4438 increased by 33%
0.1SBN  1629.67 1571.39 4 39.78 3471 13 3233 3441  increased by 6%
0.38BN 639.51 583.12 9 25 213 15 2225 19.72  decreased by 11%
LO(SBN)  143.10 142.68 0.3 49 49 0 110.67  110.66 0%
Electron. Mater. Lett. Vol. 11, No. 5 (2015)
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After considering the dielectric constant of fatigued
samples, however, it was observed that the PZT ceramic
showed much reduction in dielectric (dropped by 67% of the
initial value). The strong degradation of dielectric constant
was predominately attributed to the grains deterioration.
This was supported by the occurrence of the cracks in the
near-clectrode regions as shown in Fig. 5(b). It is well
known that the dielectric constant are caused by the
movement of the ferroelectric domain wall®**"! In this
ceramic, some grains were deteriorated due to ferroelectric
fatigue process, leading to reduction of the ability of domain
wall movement in the grains. Hence, a strong reduction in
dielectric constant was observed. For the PZT-SBN and pure
SBN ceramics, there was a smaller decrease in the dielectric
constant. This phenomenon was mainly due to low pinned
domains during bipolar electric cycling. The low number of
locked domain walls led to easy domain wall movement
which in tumn resulted in small loss of dielectric constant
after fatigue process. For dielectric measurements, bipolar
electric cycling did not significantly lead to a degradation of
the dielectric constant of the PZT-SBN and SBN ceramic,
suggesting that these ceramic had high stability of domain
switching than those of PZT ceramic. This research therefore
demonstrated that the PZT-SBN showed an improvement of
fatigue endurance in PZT ceramic after incorporation of the
layered perovskite SBN.

4. CONCLUSIONS

Ferroelectric fatigue due to repeated domain switching
plays an important role for the performance of ferroelectric
applications, especially in memory devices. Perovskite PZT
with high remanent polarization and bi-layered compound
SBN with fatigue-free characteristic are both popular materials
for memory devices. To combine these two advantages, the
new ceramic PZT-SBN system was fabricated. Also,
polarization fatigue under bipolar electric field cycling was
investigated for the PZT, PZT-SBN and SBN ceramics. The
fatigue tests demonstrated that the perovskite PZT showed a
strong degradation of the remanent polarization and increase
the coercive field. Microcracking layer was formed in near
electrode regions after bipolar fatigue, which contributed
significantly to the degradation of the ferroelectric properties
of PZT. Whereas, the bismuth layered structure SBN ceramic
exhibited no obvious reduction of switchable polarization at
1 % 10° cycles. The fatigue-free behavior of SBN was mainly
attributed to the weak domain wall pinning. The fatigue
resistance of PZT ceramic was much improved after small
amount of 0.ISBN incorporation. The improvement in
fatigue endurance of this ceramic was mainly owning to the
low content of oxygen vacancies in bulk ceramic and less
pinning effect to ferroelectric domain walls. For the 0.7PZT-
0.3SBN ceramics, the ferroelectric showed small remanent

O. Namsar et al.

polarization and high fatigue endurance when compared to
pure PZT ceramic. Small internal stress was a primary cause
for the less reduction of remenant polarization for this ceramic.
The dielectric measurement showed small deterioration in
dielectric constant in PZT-SBN and pure SBN ceramics after
1x10° polarization reverse cycles. As the results, the
0.9PZT-0.1SBN ceramic is a new promising ferroelectric
material for memory devices because of its high 2P, low 2E,
and good fatigue performance.
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Lead-free piezoelectric ceramics with compositions belonging to family
of compositions (1-x)Big «(Nag sKq20)0< TiO:-xBa(Ti005n0.10)O; or (1-x)

BNKT-xBTS (when x=0.05 - 0.15 mol fraction) near the morphotropic
phase boundary (MPB) were fabricated by a conventional mixed oxide
method. Sintered samples had relative densities greater than 98% of
their theoretical values. X-ray diffraction data revealed that the MPB
region consisted of coexisting rhombohedral and tetragonal phases in
the BNKT-BTS system was identified over the entire compositional
range. A large electric field-induced strain (S,...) of 0.36% and a
normalized strain coeficient (d;5) of 649 pm/V were observed in the
BNKT-0.05BTS sample. The sample close to the MPB composition
(BNKT-0.11BTS) exhibited the maximum dielectric constant (& =
1770), temperature of maximum permittivity (7., = 333C®) and low-
field piezoelectric coefficient (d; = 227 pC/N), along with reasonable
ferroelectric properties (P, = 20.6 mC/em’, R, = 0.88) and sirain

properties (d 1 =445 pm/V and S, = 0.24%).

Strain (%) P (uCiem’) Strain (%) P (uCiem’)

6030 0 30 G060 30 0 30 5060 30 0 30 GO0 30 0 30 80
Electric field (kV/cm)

Keywords: electric field-induced strain, piezoelectric, dielectric,

ferroelectric, lead free

1. INTRODUCTION

PZT-based ceramics have been the dominant piezoelectric
material for a half century. They are widely used in various
applications such as actuators, sensors and ultrasonic
transducers!" The compositions near the morphotropic
phase boundary (MPB) in PZT-based ceramics have attracted
great attention because of their excellent electromechanical

*Corresponding author: sukanda.jian@cmu.ac.th
©KIM and Springer
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properties.”! However, with the potential for regulations
(RoHS/WEEE) that may restrict the use of hazardous
substances in electronic devices, intensive efforts have been
devoted to search for lead-free piezoelectric materials to
serve as a substitute for PZT-based ceramics. In searching
for high-performance lead-free piezoelectric ceramics, the
MPB between two end members with different crystal
structures has been one of the main strategies.

Within the MPB region, maximum polarization values are
attainable which leads to enhanced electrical properties.”
Much attention has been paid to BNT-based solid solutions™”
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because of their outstanding dielectric, ferroelectric and
piezoelectric properties at compositions near the MPB.
Generally the MPB region of the binary system is constrained
to a very narrow range. For BNT-BKT or Biys(Na,.K,)TiO;
system, the MPB region was found over the range of x =
0.16 - 0.20. The Biys(Nao soKo 20)05 1105 composition near the
MPB possesses excellent ferroelectric (P, = 38 #C/cm’) and
piezoelectric properties (dy; = 167 pC/N, ds; = 46.9 pC/N,
S =0.19%, d 33 =240 pV/m and ks; = 0.56)."* In addition,
BNKT ceramics at the MPB have been modified by ionic
substitution on the A and/or B-site in order to improve the
dielectric and piezoelectric properties; for examples, BiAlOs-
modified Bios(NﬂomKo.zo)o.sTiOs,lil Bio.s(Nao.?gKozz)o.sTios-
(B io.iLﬂo.i)Alos,lﬁl Bin(N aos:Ko, m)o.i-riOs-Bﬂ(zal"om-[‘io.%) Osm
and Bio_j(Nao_goKo_jo)oj-[‘i03-(Bao_;rsro_j;)-[“io_;.‘M All of these
systems have demonstrated improvements in piezoelectric
properties and facile poling. Our preliminary research has
also indicated that Ba(TigeSne0)O; was an effective
additive for improving the piezoelectric properties of
Bigs(Nag ssKo20)05 T105. The results showed that the BNKT-
0.10BST composition exhibited an optimum low-field
piezoelectric coefficient (i) of 215pC/N."”!

However, in this work, Ba(TipeoSng10)0; was added to
Bigs(Nag 50Ko.20)0s TiO; ceramics to form solid solution of (1-
I)Bin(Nﬂo.ono.20)0.5-“03-\TBﬂ(-[‘io.WSTh.|o)03 or (I-X)BNKT-
xBTS. This work is focused on the narrow MPB region x =
0.05 - 0.15 mol fraction. Further study in detail for MPB
region of this system is necessary. The insight on composition
dependent electrical properties would be beneficial to
confirm the composition with the maximum piezoelectric
responses. A systematic investigation on the electrical
properties of refined compositions within the MPB region
may also be helpful for further optimizing and understanding
their functional properties and ultimately highlighting the
most appropriate material for piezoelectric applications.

Moreover, to the best of our knowledge, there are currently
no reports on the binary system of Bigs(Naggoko20)sT105-
Bﬂ(-[‘logosno_ |o)0; or BNKTBTS to date. For Bﬂ(llogosno |op3,
it has been used in various applications such as capacitor,
actuator and microwave phase shifter because of its high
permittivity (~7500) and bias field sensitivity. It was
expected that these new lead-free piezoelectric (1-x)BNKT-
xBTS ceramics near the MPB composition would show
superior electrical properties compared to the unmodified
and previously modified BNKT ceramics.

2. EXPERIMENTAL PROCEDURE

A conventional mixed-oxide technique was used to syn-
thesizes BiOE(NaO.SOKD.ZO)O.S-ﬁO3 or BNKT and Bﬂ(-l‘io.uosm |0)03
or BTS powders. Regent-grade powders of BiO; (98%,
Fluka), Na,COs (99.5%, Carlo Erba), TiO, (99%, Riedel-de
Haén), K;CO; (99%, Riedel-de Haén), BaCO; (98.5%,

829

Fluka) and SnO; (99.9%, Sigma-Aldrich) were used as the
starting raw materials. All carbonate powders were first
dried at 120°C for 24 h to remove any moisture. The raw
materials of BNKT and BTS were stoichiometrically weight
and mixed by ball milling in 99.9% ethanol for 24 h and the
slurry was dried using an oven. Dried BNKT and BTS
powders were separately calcined in a closed ALO; crucible
at 900°C and 1200°C for 2 h, respectively. Both calcined
powders were then weighed and mixed in order to produce
an appropriate stoichiometry for the compositions (1-x)
BNKT-xBTS with x = 0.05, 0.07, 0.09, 0.10, 0.11, 0.13 and
0.15 mol fraction. After drying and sieving, the powders
were granulated by adding a few drops of 3 wt. % PVA as a
binder and then pressed into disks with 10 mm in diameterand
about 1.3 mm in thickness. The pellets were then preheated
in air at 500°C for | h to remove organic binder and then
sintered at 1125°C for 2 h dwell time with a heating/cooling
rate of 5°C/min.

An x-ray diffractometer (XRD-Phillip, X-pert) was used
to identify phase of powder and sintered ceramics in 2= 20
- 70°. Bulk densities of all ceramics was determined using
the Archimedes’ method. The relative density of all samples
was calculated based on the theoretical densities of BNKT
(5.84 g/em’)"” and BT (6.01 g/em®)!"" The surface
morphologies of the sintered ceramics was observed using a
field-emission scanning electron microscope (FE-SEM,
JEOL JSM-6335F). The grain size of each sample was
determined by a mean linear interception method from the
SEM micrographs.

For electrical measurements, all samples were polished to
1 mm thickness and high temperature silver paste was fired
on both sides at 700°C for 15 min to form the electrodes.
Temperature dependence of the dielectric properties was
measured using a 4284A LCR-meter over a temperature
range 0f 25 - 500°C ata frequency of 10 kHz. A ferroelectric
test system based on Radiant Technology was used to
measure the polarization-electric field (P-E) hysteresis
behavior. An AC electric field of 55 kV/cm at a frequency of
1 Hz was utilized in the hysteresis measurement. Electro-
mechanical strain measurements were taken with the
Radiant Technology ferroelectric system in conjunction with
MTI Instruments 2100 Fotonic Sensor. Again, an electric
field of 55 kV/em at a frequency of 0.1 Hz was utilized to
determine the butterfly curve or bipolar strain-electric field
(8-E) curve. The samples were poled in silicone oil at 60°C
under DC electric field of 5.5 kV/mm for 15 min. The low-
field piezoelectric coefficient (d:;) was measured after aging
for at least 24 h using d;;-meter (KCF technologies, S5865).

3. RESULTS AND DISCUSSION

After sintering the pellet-shaped samples at 1125°C for 2 h
dwell time with a heating/cooling rate of 5°C/min, it was

Electron. Mater. Lett. Vol. 11, No. 5 (2015)
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Table 1. Physical, microstructure and electrical properties of (1-x)BNKT-xBTS ceramics.

Relative Grain size T, T, P? E’ d;; Shs Sz ds;
density (%) (4am) Q) (C)  (uChm)  (kViem) © (pPCN) (%) (%) (pm/V)
0.05 99.14+£039  040+0.04 153 321 12.80 10.90 1600 174 036 -0.02 649
0.07 99.08£0.11  040+0.03 154 328 1647 11.75 1654 185 028  -0.06 505
0.09 98.93+£021 040+0.05 155 331 17.22 1340 1699 203 028  -0.08 508
0.10 98.88+£0.68 044004 159 333 20.49 19.92 1721 215 025  -0.07 450
0.11 98.83+£0.01 046+0.08 168 333 20.60 21.05 1770 227 024  -007 445
0.13 98.80+0.01 0.56+0.08 171 323 20.27 21.28 1683 178 023 -007 440
0.15 98.77£039  057+0.08 178 322 20.88 23.55 1482 153 023 -007 409
“Ferroelectric data obtained at room temperature (25°C) and a frequency of 1 Hz
x=0.15 - x=015_ (b)
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Fig. 1. X-ray diffraction patterns of (1-x)BNKT-xBTS ceramics sin- 20 (degrees)

tered at 1125°C for 2 h with 20=20-70°.

found that high relative densities of 98 - 99% were obtained
for all compositions and bulk density values exhibited a
narrow range from 5.77 - 5.82 g/cm’ (Table 1). Based on the
relative density values in Table 1, the data clearly show that
the addition of BTS into BNKT ceramic caused a slight
decrease in samples’ relative density.

X-ray diffraction data on the sintered ceramics are shown
in Fig. 1. All compositions exhibited a single perovskite
phase at room temperature without any secondary phases
within the detection limits of XRD. A series of stable solid
solutions were formed between BNK T and BTS, confirming
that the starting reagents reacted completely. With increasing
BTS content, the diffraction peaks shifted to lower 20 angles
indicating an increase in the unit cell size. The magnitudes of
the shifts were increased proportional to the concentration of
BTS in the sample. This is expected because the ionic radius

Fig. 2. X-ray diffraction patterns of (1-x)BNKT-xBTS ceramics sin-
tered at 1125°C for 2 h where (a) 20=38 -41° and (b) 20=44 - 48°,

of Ba’ (1.42 A) is significantly larger than that of Bi’'
(1.17 A), Na' (1.18 A), K" (1.33 A) and the B-cation Sn*'
(0.81 A) is larger than Ti* (0.74 A)."”

A detailed view of the XRD data in Figs. 2(a) and (b)
suggests that the MPB region consists of coexisting
rhombohedral and tetragonal phases over the entire com-
positional range. The composition BNKT-0.05BTS is likely
a mixture of thombohedral and tetragonal phases but with a
higher volume fraction of thombohedral phase over tetragonal
phase. This is clearly seen by a noticeable splitting of (111)/
(111) peaks at 20~ 40°." With an increase in the BTS mole
content, the splitting in the (111)/(111) peaks decreases and
the peak shape becomes nearly symmetric for compositions
near x = (.15. The compositional trend in the splitting in the

RSA5780032
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Fig. 3. Thermally etched surfaces of (1-x)BNKT-xBTS ceramics sin-
tered at 1125°C for 2 h where (a) x=0.05, (b) x=0.07, (c) x=0.09,
(d)x=0.10,(e)x=0.11, (flx=0.13 and (g) x =0.15.

(002)/(200) peaks is more complex. With an increase in BTS
content, the splitting becomes more apparent however the
peak shape is not clearly attributable to a doublet peak as
expected for a single tetragonal phase. In fact, the integrated
intensity of the (002) peak becomes comparable to the (002)/
(200) peak. This could suggest texturing in the microstructure
or the presence of multiple phases. Nonetheless, the addition
of BTS would be expected to enhance the tetragonal
distortions'®' and the splitting of the (002)/(200) peaks does
increase as shown in Fig. 2(b).

SEM micrographs of polished and thermally etched
surfaces of BNKT-BTS ceramics are shown in Fig. 3. SEM
observation confirmed that all samples were considerably
dense with well-developed microstructure and granular
morphology which were correlated with high relative
densities of 98 - 99%. The average grain size values of all
compositions was found to range from 0.40 - 0.57 gm ( Table
1). The addition of 5 - 11 mol. % BTS into BNKT had no
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Fig. 4. Plot of room temperature dielectric constant (&) and low-field
piezoelectric coefficient (d5;) as a function of BTS content. Xpr =
fitnambatedl/Frevasona, Where f= the fraction of hombohedral and tetrag-
onal phases.

significant influence on grain size and the values were
similar (0.40 - 0.46 tm). However, average grain size values
tended to slightly increase to around 0.56 - 0.57 tam with
further increasing of BTS up to 13-15 mol.% and
somewhat coarse grains formed near these compositions.

A plot of the room temperature dielectric constant (&) and
low-field piezoelectric coefficient (d;;) as a function of BTS
content is shown in Fig. 4. The & initially increased with
increasing BTS content and reached a maximum value of
1770 for the BNKT-0.11BTS composition. It should be
noted that the & value for the BNKT-0.11BTS sample in this
work were much higher than the value observed by Chen et
al. (& ~ 949) for the BNKT-0.06BZT system near the MPB
composition.” With further increase in BTS content above
x=0.11, & decreased to a minimum value of 1482. In
addition, the piezoelectric behavior showed similar trend
with increasing BTS content to that of the dielectric
properties. The low-field d;; value increased from 174 pC/N
for the BNKT-0.05BTS composition to a maximum value of
227 pC/N for the BNKT-0.11BTS composition. At higher
BTS content, the ds; value was found to decrease to a
minimum value of 153 pC/N. It can be seen that the dielectric
and low-field piezoelectric properties exhibited a strong
compositional and phase dependence within the MPB region
of the BNKT-BTS system. While the XRD data was not
conclusive in determining the coexistence of thombohedral
and tetragonal phases, this behavior suggests that an exist at
approximately 11 mol. % BTS due to the enhanced dielectric
and piezoelectric activity"! This results is consistent with
the finding of Lee ef al!™ where the crystal structure
changed from a rhombohedral-rich phase to a tetragonal-rich
phase for BST content at 6 mol. % in the (BiysNays)TiOs-
(BagSro3)T10; system, with a similar enhancement in
dielectric and piezoelectric response.
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Figure 5 shows temperature dependence of the dielectric
constant (&) and dielectric loss (tand) for (1-x)BNKT-xBTS
ceramics measured at a frequency of 10 kHz. Two dielectric
anomalies, designated as 7 and T,,, were observed in the
dielectric spectra of all BNKT-BTS compositions, which
corroborates with the previously obtained dielectric behavior
of BNT and other BN T-based ceramics.”""*"* The depolari-
zation temperature (7;), corresponds to the relaxor transition
from an ergodic to a non-ergodic state. The temperature at
which e, reached a maximum value (7,,) corresponds to a
diffuse transition. It’s generally accepted that there is no
phase transition across T, in relaxors. It's a consequence of
size distribution of polar nano regions, which also gives rise
to frequency dependence."® The dielectric spectra of all
BNKT-BTS ceramics exhibited broad T; and 7, peaks
which could be attributed to compositional fluctuations
occurring at A and/or B-site cations and resulting in disorder
and change in the perovskite unit cell!"™"*! This behavior
suggested that BTS induced a diffuse phase transition in the
BNKT-BTS system. Diffuse phase transitions have commonly
been observed in other BNT-based ceramic systems in which
either the A-site or B-site is occupied by at least two
different cations."" Both 7, and 7,, values increased with
increasing BTS content. The 7,, reached a maximum value
0f333°C for the composition close to the MPB with x=0.10 -
0.11. With further increasing BTS content up to 13-
15mol. %, a slight decrease in 7,, values was observed.
Chen et al." who studied the addition Ba(ZroTiss)Os into

quency of 10 kHz. Bigs(Nags:Kg16)05T105 ceramics also found similar an
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Fig. 6. Polarization-electric field (P-£) hysteresis loops and bipolar strain-electric field (S-£) of (1-x)BNKT-xBTS ceramics, measured at room
temperature, under an electric field of 55 kV/cm where x =0.05 - 0.15.
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enlargement of unit cell and then decreasing T,, value. In
contrast to T, 7, value was found to increase with BTS
concentration up to maximum amount used in this study.
This indicates that ionic substitution with BTS stabilized
ferroelectric ordering. This is also related to the large
tetragonal splitting seen in the XRD data (Fig. 2).

Figure 6 shows polarization-electric field (P-£) hysteresis
data for (1-x)BNKT-xBTS system compositions obtained at
room temperature (25°C). The P, and E, values determined
from the data, were listed in Table 1. All samples showed
well saturated P-£ loops at room temperature. It is clear
from Fig. 6 that BTS had a noticeable influence on the
hysteresis behavior. Bipolar strain-electric field (S-£) curves
of (1-x)BNKT-xBTS ceramics measured at room temperature
under a maximum electric field of 55kV/em and a
frequency of 0.1 Hz are also shown in Fig. 6. The maximum
strain (S, negative strain (S., i.e. the difference between
zero-field strain and the lowest strain™), and normalized
strain coefficient (d's7= Spar/Eme:) are also listed in Table 1. A
large strain of 0.36% and d'5; of 649 pm/V were obtained for
BNKT-0.05BTS composition. The d's; value of this BNK T-
0.05BTS studied was much higher than these reported for
other polycrystalline lead-free systems.”"**"! The emergence
of such large strain was accompanied by a significant
reduction in S, of —0.02%. Giant strain and behavior of
bipolar S-£ loops were similarly found in many recent works
on BNT-based ceramics.”™"***! With further increasing BTS
content up to 7 - 15 mol. %, the bipolar S-£ loops exhibited
back to normal butterfly-like strain loops. An increase in S,
to around - 0.06 to - 0.08% was observed. This corresponded
to anincrease in P, from 12.80 zC/em’ to around 20 - 21 uC/
cm” with increasing £, value (Table 1). Correspondingly, a
slight decrease in Sp. and d's; values were observed at
higher concentrations of BTS. The addition of 15 mol. %
BTS was found to decrease S and d'ss to the minimum
values of 0.23% and 409 pm/V, respectively.

All the above characteristics are typical of BNT-based
ceramics. In the ceramic system studied in this work, in
essence BTS was added to an MPB 80BNT-20BKT or
Bios(NansoKo20)osTiOs composition. As has been reported
earlier, BTS is a stable ferroelectric ceramic with a Curie
temperature of ~60°C.” As Sn replaces Ti in BTS, the
Curie temperature goes down and above 20% substitution
level, it starts to exhibit relaxor behavior™ Therefore, the
BTS in this study (which has 10% Ti substituted by Sn)
should be expected to have ferroelectric ordering at room
temperature. Therefore, addition of more BTS to the solid
solution should impart more ferroelectric characteristics to
the P-E and S-E curves like similar ceramic systems e.g
BNT-BKT-BT and others."*** As was seen earlier, this was
supported by the XRD data (Fig. 1 and Fig. 2) as well where
the (200) peak splitting enhanced as the amount of BTS
content increased. With increase in the content of stable
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Fig. 7. Plots of depolarization temperature as a function of BTS con-
tent.

ferroelectric end-member in the solid solution, an increase in
domain stability should be expected. This could be seen in
Fig. 6, where the polarization curves transitioned from
pinched to more ferroelectric-like behavior as the amount of
BTS increased in the solid solution. A similar characteristic
was observed in S-£ curves as well where negative strain
increased with BTS content. These suggested that the
compositions transitioned from ergodic behavior where
domains are unstable in absence of electric field, to a non-
ergodic relaxor behavior where domains are stable even in
absence of electric field after a relaxor to ferroelectric
transformation has occurred on application of high-enough
electric fields. It was reflected in the P, and E. values as well
as listed in Table 1. A non-ergodic composition is in general
expected to have higher E, and P, values. An increase in
domain stability was also supported by increase in
depolarization temperature with BTS content (Fig. 7 and
Table 1), where it could be seen that 7, increased from
153°C to 178°C as BTS content increased from 3 to 15
mol. % in the solid solution. This indicated that the
compositions with more BTS were more non-ergodic at
room temperature and thus had higher domain stability. A
decrease in d’;; with BTS content could be attributed to
increase in tetragonality in polycrystalline ceramics, where
constraints put by grain boundaries makes it more difficult
for domains to move as the tefragonal behavior increases.
Figure 8 shows the evolution of polarization loops for
various compositions with temperature. It supported the
argument presented above regarding the stability of domains
and non-ergodic to ergodic transition as well. In general, a
pinched P-£ behavior indicates the onset of ergodic behavior.
It could be seen in Fig. 8 that for 5% BTS composition, the
loop was pinched at a temperature as low as 50°C. On the
other hand, for 15% BTS composition, the pinched-loop
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behavior was not evident even at 100°C. It clearly suggested
that non-ergodic to ergodic relaxor transition was pushed to
higher temperatures as the BTS content increased. It was
consistent with Fig. 7, where depolarization temperature
determined from temperature dependence of permittivity
increased as the amount of BTS increased in the solid

solution.

4. CONCLUSIONS

relatively good dielectric (&
ferroelectric (P, =20.60 4C/em’) and piezoelectric properties
(dss = 227 pON, d 53 = 445 pm/V and Snex = 0.24%) were
obtained.

The (I-X)Bio.ifNﬂo quKo.20)05'“03-‘(753(“0905“0.|o)03 or (1-

X)BNKT-xBTS (when x=0.05 - 0.15 mol fraction) ceramics

within the MPB region were successfully synthesized by a

conventional mixed oxide method. In this MPB region,
varying fraction of rhombohedral and tetragonal ferroelectric
phases of this system was found throughout the whole
composition range with tetragonal phase becoming dominant
at higher BTS content. The sample near the region (ie. x =
0.10 - 0.11) showed an improvement of electrical properties
compared to that of other compositions. The relative amount
of rhombohedral and tetragonal structure as well as lattice

RSA5780032
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expansion caused the non-ergodic to ergodic transition
temperature to be higher with increasing BTS content. In this
study, it seemed that the optimum composition (x = 0.10 -
0.11) was obtained when nearly equal fraction of thombohedral
and tetragonal phases was present in the system at which the
temperature of maximum pemittivity (7,, = 333°C) and

= 1770, tand = 0.0746),
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Electrical properties of the ( 1-x)PZT-x5BT ceramics (0.1 =x=0.3) were investigated in
comparison with pure PZT and SBT ceramics. It was found that the dielectric constant
increased with small addition of SBT (x = 0.1} imte PZT. The hysteresis loop
measurement demonstrated that the PZT-SBT ceramics showed larger remanent
polarization than pure PZT and less coercive filed than pure SBT ceramic. Strain
behavior showed a symmetric butterfty curve in the compositions with O0=x=0.3 but
the low strain obtained was found in pure SBT. This research suggested thar 0. 9PZT-
0.18BT ceramic is a promising material to be further urilized in ferroelectric memory
devices.

Kevwords Dielectric properties; ferroelectric properties; piezoelectric properties;
PZT-SBT

Introduction

Pbi{Zry 55 Tip 45)0 or PZT is an important material used in many ferroelectric applications
(actuators, capacitors and non-volatile random access memories) because of its excellent
dielectric, ferroelectric and piezoelectric properties [1]. Nonetheless, one of the problems
with PZT is its low fatigue resistance [2] which is a disadvantage for ferroelectric devices.
Layer-type bismuth compound of SrBi,Ta,0y is considered as an alternative ferroelectric
material which has come to play an important role in many ferroelectric devices due to its
fatigue-free properties [3]. But, SBT still has several drawbacks such as small remanent
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polarization, high coercive field, low dielectric constant and poor piezoelectric properties
[4-5].

Previous researchers have attempted to combine the advantages of PZT and SBT
together in the form of multilayer-structured films. In 2008, Zhang er al. [6] studied
ferroelectric properties of bilayer structured Pb(Zrg s,Tig45)0:/81Bi,Ta,0q (PZT/
SBT) thin films. They reported that the films exhibited larger remanent polarization
than pure SBT and better fatigue resistance than pure PZT. Park er al. [7] studied
ferroelectric properties of four different PZT/SBT multilayer films, i.e. 4-PZT, PZT/
2-SBT/PZT, SBT/2-PZT/SBT, and 4-SBT. They reported that the sandwiched struc-
ture of SBT/2-PZT/SBT exhibited higher remanent polarization value, which was
comparable to that of 4-PZT multilayer films and much higher than that of pure
4-SBT multilayer film. Moreover, the films with SBT layers in contact with Pt elec-
trodes showed improved fatigue behavior compared to the films with PZT layers at
the top and bottom. These results suggested that the combination of PZT and SBT
might lead to better ferroelectric materials. However, fundamental research on the
combination of these two important ferroelectric materials in a form of polycrystal-
line ceramic is quite scarce. Recently, Namsar et al. [8] studied the ferroelectric
properties (1-x)PZT-xSBT ceramics (when x = 0, 0.1, 0.3 and 0.5) at a low electric
field (~25 kV/cm). The results showed that the ferroelectric properties of PZT were
improved after incorporation of a small amount of SBT (0.1=x=0.3) (i.e. increased
remanent polarization and decreased coercive field). But so far, the dielectric, piezo-
electric as well as the saturated ferroelectric hysteresis loops for these ceramics have
not been studied. Therefore, the present study aims to further investigate the impor-
tant electrical characteristics (i.e. dielectric, polarization and strain response) of the
(1-0)PZT-xSBT (0.1=x<0.3) ceramics, in comparison with pure PZT and SBT
ceramics.

Experimental Procedures

The starting powders of (1-x)Pb(Zrg s, Tig45)03-28rBi>Ta,0g or (1-x)PZT-xSBT with x =
0, 0.1, 0.3 and 1.0 weight fraction, were prepared using raw materials of PbO (99%, Rie-
del-de Haén), ZrO> (99%, Riedel-de Haén), TiO> (99%. Riedel-de Haén), SrCO1 (98%,
Aldrich), Bi-O5 (99.9%, Aldrich) and Ta,0Os (999, Aldrich). The starting powders were
weighed, ball-milled in ethanol for 24 h and dried. After that, the mixed powders were
calcined at 800°C for 2 h for PZT and at 950°C for 3 h for SBT powders. The calcined
PZT and SBT powders were then weighed with different weight fraction of SBT, mixed
by ball-milling and dried to produce a powder mixture of (1-x)PZT-xSBT. Each powder
was pressed into disc-shaped pellets with the size of 10 mm in diameter and 1.50 mm in
thickness. In order to avoid compositional deviation from PbO and Bi,O; volatilization
during sintering, the pellets were covered with their own powders and sintered at 1200°C
for 3 h.

The crystal structure and phase evolution of the nominal (1-x)PZT-xSBT ceramics
were identified by an X-ray diffractometer (XRD, Phillip Model X-pert). Microstructural
investigation of the ceramics was observed using a scanning electron microscope (SEM,
JEOL JSM-6335F). The average grain size in the samples was determined using the
Image J program. The polarization - electric field (P-E) and strain - electric field (S5-E)
loops were characterized at a frequency of 50 Hz using an aix ACCT TF2000HS analyzer
equipped with a laser interferometer. The dielectric constant and loss at room temperature
were analyzed by LCR Hitester (Agilent, E4980A) with a frequency of 1 kHz. In
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addition, the LCR Hitester (Hioki 3532-50) connected to a high-temperature furnace was
used to measure the high temperature dielectric properties.

Results and Discussion

The phase formation behavior of the sintered XRD patterns for pure PZT, (1-x)PZT-xSBT
(0.1=x=0.3) and pure SBT ceramics was determined using X-ray diffraction as shown in
Figure 1(a). For the ceramics with 0<x=0.3, the experimental results on the phase evolu-
tion have been discussed extensively in earlier publications [8]. However, some addi-
tional phase characteristics for these ceramics are further discussed here. For pure PZT
ceramic, a tetragonal perovskite structure with a cell volume (V) of ~67.15 A? and tetra-
gonality (c/a) of ~1.017 was observed. The dominant tetragonal structure was confirmed
by the splitting of (112)y and (211} peaks at 26 ~54-56.5° as shown in Figure 1(b). On
the other hand, the SBT ceramic showed a single-phase orthorhombic bismuth-layered
perovskite structure with a large cell volume, high tetragonality (¢/a) and low orthorhom-
bic distortion (b/a). Addition of 0.1SBT into PZT caused a slight shift of the PZT peaks
to higher diffraction angles. The diffraction peak around 26 of 54-56.5° was also found
to split as shown in Figure 1(b). In addition, a small amount of a new multinary phase
was also observed in this sample. The new multinary phase was Pb, ;Tiy 4Ta,; ¢Og (PTT).
As the amount of SBT was increased to x = 0.3, the intensity of the PZT peaks decreased
rapidly while the intensity of the PTT peaks increased markedly. The PZT peaks continu-
ously shifted toward higher angles. In addition, the diffraction peak around 26 of
54-56.5" was found to transform from two peaks of (112)y and (211)7 of tetragonal
phase, into only single peak of (121); (rhombohedral phase) (Figure 1(b)). With careful
observation, it can be seen that the XRD peaks of PZT phase in these ceramics
(0.1=x=0.3) were broader than those of pure PZT ceramic. This suggested that the PZT
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Figure 1. (a) X-ray diffraction patterns of (1-x)PZT-xSBT ceramics and (b) comparison of {112 ).
i(121)g and (21 1)+ peaks reflections for the ceramics with (O=x=(.3.
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phase in these ceramics was PZT-based solid solution. More importantly, it was noteworthy
that the original SBT phase was not present in the ceramics with 0.1<x=0.3. There
were two processes that account for the disappearance of SBT phases. The first process
was the dissolution of SBT into PZT matrix phase to form the PZT-based solid solu-
tions. This process was confirmed by the reduction in unit cell volume (V) and
tetragonality (¢/a) of PZT phase as listed in Table 1. The decrease of the unit cell
volume and tetragonality resulting from SBT addition was attributed to the occupation
of smaller Sr** (1.18 A [9]) and Bi** (1.03 A [9]) ions at the Pb** (1.19 A [9]) sites,
and Ta’* (0.64 A [9]) into Zr** (0.78 AVTi*" (0.605 A [9]) sites of perovskite PZT lat-
tice. Secondly, some SBT phase reacted with some PZT phase to form a new multinary
compound i.e. PI'T during sintering process. As in the XRD results, the addition of
SBT into PZT caused a significant change in phase transformation of (1-x)PZT-xSBT
ceramics which in turn was expected to influence their electrical properties.

The fracture surfaces for pure PZT, PZT-SBT and pure SBT ceramics were also
examined by SEM, as seen in Figure 2. Pure PZT ceramic had equiaxed grains with
mainly transgranular fracture mode, as provided in Figure 2(a). Whereas, the SBT
ceramic was composed of plate-like grains with mainly intergranular fracture mode (Fig-
ure 2(d)). For the samples with 0.1 =x=0.3, the ceramics were composed of both equi-
axed grains of PZT and imregularly-shaped grains of PTT. The PZT phase in these
samples showed mainly an intergranular fracture mode (as labeled by open cycle), which
implied the enhancement of grain strength after SBT incorporation. Whereas, the mainly
transgranular fracture mode was observed in PTT phase. From these observations, the
addition of SBT caused the transformation of the fracture mode from mainly transgranu-
lar in pure PZT ceramic to the mixed-mode between intergranular and transgranular in
the PZT-SBT ceramics. This phenomenon might be due to the heterogeneous microstruc-
ture and different orientation between the PZT and PTT grains. Moreover, the PZT-SBT
ceramics showed dense structures. The increase in the densification of these samples
could be attributed to a donor-like substitution effect. It is well known that the densifica-
tion mechanism of the perovskite PZT is controlled by the concentration of A-site vacan-
cies [10]. In our samples, the Bi and Ta additives from SBT are proposed to substitute
into the A- and B-site of perovskite PZT possibly leading to the creation of Pb (A-site)
vacancies to maintain electroneutrality, which in turn would enhance the diffusion rate
and promote densification of the ceramics. Considering the grain size (see Table 2), it
was found that the addition of SBT (0.1 =x<0.3) led to the reduction in grain size of PZT
matrix phase. This indicated that the grain growth of PZT matrix was effectively limited
by adding SBT. The decrease in grain size in these ceramics could be also described by
donor-like substitution. As mentioned previously, Pb-site vacancies were believed to

Table 1
The crystal structural parameters of pure PZT, PZT-SBT and pure SBT ceramics
PZT phase PTT phase SBT phase
Composition V [ﬁ"'} cla Vv [A"'] Vv [;"—;’;3] b/a cla
PLT 67.154 1.017 — — — —
09PZT-0.1SBT 66.504 1.007 1209.50 — — —
0.7PZT-03SBT 65.337 1.005 1204.30 — — —
SBT — — 767.57 1.002 4.5545
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Figure 2. Fracture surfaces of (1-x)PZT-xSBT ceramics, where (a) pure PZT, (b) 0.9PZT-0.1SBT,
(c) 0.7PZT-0.3SBT and (d) pure SBT.

create in the PZT structure by the donor ions (Bi**, Ta®") of SBT. These vacancies
existed along grain boundaries which was thermodynamically more stable. This pinned
the grain boundaries and limited grain growth, resulting in relatively small grains [11-
12]. Based on these results, the addition of SBT could modify the microstructures of
PZT-SBT ceramics.

The room temperature dielectric constant (g,) and loss (tan §) measured at 1 kHz are
listed in Table 3. It was found that the perovskite PZT and layered perovskite SBT
ceramics exhibited quite different dielectric behavior. Namely, pure PZT ceramic had
high dielectric constant and loss whereas pure SBT possessed low dielectric constant and
loss. When a small amount of 0.1SBT was added into PZT, the dielectric constant and
loss increased significantly. This result was mainly due to smaller grain size of ferroelec-
tric PZT matrix phase. In the sample with smaller grain size, clamping of domain walls at
the grain boundaries from its neighbors caused the relative increase in domain density

Table 2
Average grain size of pure PZT, PZT-SBT and pure SBT ceramics

Average grain size (;#m)

SBT grains

Composition PZT grains PTT grains Thickness Length
PZT 2.72 £ 0.13% — — —
0.9PZT-0.1SBT 1.73 £ 0.07 2.83+0.12 - —
0.7PZT-0.3SBT 1.84 + 0.09 3.63+0.38 — —

SBT — — 0.76 £+ 0.05" 2154011

“The grain sizes were measured from the thermally etched surface.
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Table 3
Dielectric, ferroelectric and piezoelectric properties of pure PZT, PZT-SBT and pure SBT
ceramics
Room temp. High temp. Ferroelectric Piezoelectric
dielectric props. dielectric props. props. props.
ZPT 2E:i_ Smax d33*
x & tan § & tand T, (uClc mz} (kV/imm) (%) (pm/V)
0 996.72  0.006 1943239 3901 387 27.33 3.05 0.16  350.93
0.1 163648 0016 1960594 0.254 239 38.82 3.80 0.14  350.72
03 1005.74 0.031 1569.83 0.060 120 6.52 272 0.03 5849
1.0 117.99  0.007 804.82 1.242 320 2.21 5.46 0.02 —

[13]. Higher domain density also allowed a larger amount of wall movement [14-15],
which in turn resulted in larger dielectric constant and loss observed in the small-grained
sample. With an increase in the nominal SBT content to x = (0.3, the dielectric constant
decreased but the dielectric loss increased sharply. This result seemed to be attributed to
an increase in the non-piezoelectric cubic PTT phase in the ceramics as observed in X-
ray diffraction patterns. Our results shown here were in good agreement with the reduc-
tion in dielectric properties of Pb-based ceramics due to the presence of a non-ferroelec-
tric cubic phase [16-17].

The dielectric properties versus temperature behavior of PZT-SBT ceramic was then
analyzed and compared to pure PZT and pure SBT ceramics, as shown in Figure 3. The
variation of the Curie temperature (7,.) and dielectric data are listed in Table 3. It was
found that pure PZT ceramic showed a high dielectric constant and loss with a single
phase transition at T, of ~ 387°C. However, pure SBT ceramic exhibited a small dielec-
tric constant (~805), low dielectric loss (1.242) and high T, (~~320°C). After the small
amount of 0.1SBT was incorporated into PZT, the dielectric constant did not change sig-
nificantly, while dielectric loss and 7, decreased. Further increase in the addition of SBT
to x = 0.35BT caused a large drop of the dielectric constant, dielectric loss and 7. The
reduction in dielectric constant in this ceramic was mainly due to the occurrence of cubic
PTT phase. Considering 7., the decrease in 7, as a result of the addition of SBT

30000 40 1000 . 40
{(a) —3— pure PET g (b) —A— L TPEZT0ISET
| 018 i 35 —@— pure SET 35
_,‘_}zsunn —a—oorzraiser | BF T o T 1sme i .
= Fa g o x
= RO L E = FHT
= b1 = 5 o
£ 15000 I = @ 10 =
a Ltz & S i
= 1 g L g - a_
210000 (s 8 2 gl s B
E | "= & =
£ soo0] Lo S z E
= ] e 4
g pe—— RS
-394 Lo
-5l - T r - 500 T T * v
100 200 300 400 £ 100 200 300 400 s00
Temperature {"'C) Temperature ('C)

Figure 3. Temperature dependences of dielectric constant (&) and loss (tan &) for (1-x)PZT-xSBT
ceramics, when (a) x=0—-0.1 and (b) x =0.3 and 1.0.
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(0.1=x<0.3) could be explained by their tetragonality (c/a). Since tetragonality
(or tetragonal strain) is the internal strain in the lattice of ferroelectrics, this parameter
can be used to determine amount of internal strain [18]. The lower value of tetragonality
suggested that less thermal energy is required for phase transition. Therefore, the reduc-
tion in T, was observed in the PZT-SBT ceramics (0.1 =x=0.3). In addition, a broadened
dielectric peak was observed in PZT-SBT (0.1=x=0.3) ceramics (Figure 3), which is in
contrast to the sharp transition commonly observed in PZT ceramics. Since the ceramics
with 0.1 <x<0.3 exhibited a mixture of two phases —the PZT-based solid solution and the
PTT-based solid solution—, the compositional inhomogeneity of these ceramics might be
the main cause for the broadening of the dielectric peak. The observed reduction in the
dielectric loss with SBT concentration may be related to donor-like behavior. For insulat-
ing ceramics, a combination of space charge polarization and domain wall relaxation is a
dominant cause of dielectric loss [19-20]. The presence of defects such as oxygen vacan-
cies which act as space charge and contribute to the electrical polarization of perovskite
materials, can thus be related to the dielectric loss. However, in these ceramics, the sup-
pression of oxygen vacancy concentration due to the donor-like ceramics led to small
dielectric loss.

The polarization-electric field (P-E) hysteresis loops of (1-x)PZT-xSBT ceramics
are shown in Figure 4. The corresponding remanent polarization (2P;) and coercive
field (2E,) for the studied ceramics are given in Table 3. From Figure 4, pure PZT
ceramic showed well-developed and symmetric hysteresis loops with larger remanent
polarization and smaller coercive field than those of pure SBT ceramic. This was
due to the fact that the ferroelectric domains of PZT are relatively easy to switch
compared to SBT domains [21]. Namely, the PZT showed larger displacements of
ions than those of the SBT upon the application of an electric field. For the compo-
sition with x = 0.1SBT, the remanent polarization was found to be 38.82 uC/cm’
which was higher than that of the PZT ceramic, while the coercive field did not
change significantly. The increase in remanent polarization was mainly attributed to

30
J 1M & pure SBT
Np'"‘\ 2'] = E
g8 1%
——
B,
O 104
=
= Bl
= E (kV/mm)
R __‘,\..5'53
E tececet (433335
= -104
e
= —3—pure PZT
_20 - —a—0.9PZT-0.1SBT
== 0. TPLT-0.3SBT
—&—pure SBT
=30 T T - - 1 T - T r
-30 =20 -10 0 10 20

Electric field (kV/mm)

Figure 4. Eleciric field induced polanzation response for pure PZT, PZT-SBT and pure SBT
ceramics.
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Figure 5. 5-E'loops of pure PZT, PZT-5BT and pure SBT ceramics.

donor doped behavior. In this sample, donor doping of Bi'" and Ta’* ions from
SBT would be expected to create A-site vacancy into PZT lattice and reduce the
oxygen vacancy concentration for charge compensation. The suppression of oxygen
vacancies led to a rapid decrease of domain wall pinning and hence enhanced
domain reorientation. Thus, the measured remanent polarization was increased.
When the content of SBT was increased to x = 0.3, a very slim polarization loop
with small remanent polarization and coercive field was observed. This was due to
an increased amount of cubic PTT phase. as observed in XRD and microstructural
studies. As materials with cubic symmetry (centro-symmetric) do not possess polar
properties [22], PTT is a non-ferroelectric material. Therefore, this phase could
obstruct the polarization switching process of the ferroelectric PZT phase, which led
to a reduction in the remanent polarization of this sample. Ferroelectric measure-
ments suggested that the presence of cubic PTT phase led to a strong degradation in
the ferroelectric properties of PZT-SBT system.

Figure 5 displays the plots of bipolar strain (5) versus electric field (E) for (1-x)
PZT-xSBT ceramics. Values of longitudinal piezoelectric constant (d33*) determined
from the slope of the $-E plot [23] are listed in Table 3. Pure PZT ceramic exhibited
a symmetric butterfly curve with a larger maximum strain (5,,,,) than that of pure
SBT ceramic, as can be seen in Figure 5. As a small amount of 0.1SBT was added
to PZT, the sample could maintain piczoelectric properties of pure PZT ceramic
with the maximum strain of ~ 0.14% at an extemal electric field of 3.5 kV/mm and
d33* of 350 pm/V. An addition of x = 0.35BT into PZT led to a very slim butterfly
loop with a markedly decreasing stain and d53*. This result was mainly because of
the increasing amount of non-piezoelectric PTT phase. In this research, therefore, it
was observed that 0.9PZT-0.1SBT ceramics exhibited better electrical properties (i.e.
dielectric and ferroelectric piezoelectric) than pure PZT ceramic. Nonetheless, the
strain behavior of the sample was similar to pure PZT ceramic.
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Conclusions

Ceramics with formula (1-x)PZT-xSBT were prepared by a conventional mixed oxide
method. The small addition of SBT (0.1 =x=0.3) into PZT ceramic resulted in a distorted
tetragonal crystal structure toward rhombohedral and pseudocubic, causing observed
reduction of T.. Electrical measurements indicated that the small addition of 0.1SBT into
PZT resulted in an increase of the dielectric constant and remanent polarization. This
could be attributed to the process of incorporation of donor dopants like Bi** and Ti"*
(from SBT) in the perovskite PZT lattice. Further increase in the content of SBT severely
decreased electrical properties of the ceramics due to the presence of the non-piezoelec-
tric secondary phase in this PZT-SBT system. Based on our results, the electrical proper-
ties (i.e. dielectric and ferroelectric) of 0.9PZT-0.1SBT ceramic could be improved
further for ferroelectric memory applications.
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In this work, the relationships between phase development and the properties of a new
relaxor based ferroelectric (1-x)Pb(Mg ;,3:Nb5,3)0 oTi;03+-XBiy s(Nag 74K 26)05Ti05
ceramics (when x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 mole fraction) was studied. The
pseudo-cubic structure was observed in the ceramics with x < 0.7 mole fraction. The
rhombohedral and tetragonal phases were found to coexist when x increased to 0.9,
which transformed into the single tetragonal phase when X increased to 1.0. The
dielectric constant measured at room temperature decreased with increasing X. The
remnant polarization and piezoelectric constant of the ceramics significantly
increased when x increased to 0.9 and 1.0.

Keywords PMNT-BNKT; phase; dielectric; ferroelectric; piezoelectric

1. Introduction

Complex perovskite relaxor-based ferroelectrics are the well-known materials that show
excellent dielectric, ferroelectric and piezoelectric properties, which are suitable for elec-
tronic device applications such as multilayer capacitors, ferroelectric random access
memories, and electromechanical transducers [1-5]. Pb(Mg,;;sNb3)0.9T1o 103 (PMNT) is
a relaxor material that exhibits excellent dielectric and electrostrictive properties [0, 7].
Because of these excellent properties, the relationships between the crystal structures and
physical properties have been widely investigated [8—11].
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As reported in the previous studies, the incorporations of Pb-free ferroelectrics such
as BaTiO5 (BT) and (Big sNag 5)TiO5; (BNT) can improve the phase stability and electri-
cal properties of lead-based relaxor ferroelectrics [12-17]. In the present study,
Big.s(Nap74K0.26)05T103 (BNKT) compound, which is a Pb-free ferroelectric material
showing good electromechanical properties [18-20], was incorporated into the PMNT
material to form a new solid-solution system of PMNT-BNKT. It was believed that the
ferroelectric ordering of PMNT materials will be enhanced with the BNKT substitution.
Moreover, the morphotropic phase boundary (MPB) compositions could be found with
optimum BNKT contents, which makes the materials with excellent dielectric and piezo-
electric properties. Therefore, in this study, the relationships between phase development,
microstructure and electrical properties were investigated and discussed in terms of the
BNKT content in the PMNT-BNKT solid solution.

2. Experimental Procedure

Pb(Mgg 353Nbp 67)0.0T10.105 (PMNT) and Big s(Nag 74Kg26)05T105 (BNKT) powders were
separately prepared by a conventional mixed-oxide method. Different amounts of BNKT
were mixed with the PMNT powders to prepare the (1-x)PMNT-xBNKT powders (when
x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 mole fraction). Polyvinyl alcohol was added into
the mixed powder as a binder which was then uniaxially pressed into a pellet by a pres-
sure of 57 MPa. The green bodies (with 10 mm in diameter, 2 mm in thickness and a raw
density about 4.84 gfcm3) were sintered in a PMNT-BNKT atmosphere at 1125°C for 2
hrs. The densities of the sintered ceramics were determined by the Archimedes™ method.
The phase formations were characterized using X-ray diffraction (XRD, X-pert, Panalyti-
cal B.V., The Netherlands) with CuK,, radiation of 1.5405 A wavelength. The microstruc-
tures of as-sintered surfaces were observed by a scanning electron microscope (SEM,
JEOL JSM-6335F, Japan). The average grain sizes were determined by employing a
mean linear interception method on a SEM micrograph. The temperature dependences of
dielectric properties were measured using a computer-controlled alpha dielectric analyzer
(Novocontrol). The polarization versus electric field curves were displayed by a modified
Sawyer-Tower circuit. The sample was poled at room temperature with the application of
a DC electric field of 40 kV/cm. The piezoelectric coefficients (ds3) were measured using
a dz; meter (ZJ-6B, China).

3. Results and Discussion

The XRD patterns of the (1-x)PMNT-xBNKT ceramics are shown in Fig. 1(a). No impu-
rity phase was observed in the pattemns. The XRD pattern of the pure PMNT ceramic
matched the standard inorganic crystal structure database (ICSD) file No. 99710 of Pb
(Mg 3Nbg 6T 1)O5 with the pseudo-cubic space group of Pm3m [21]. The enlarged pat-
terns of the peaks at 260 = 44-48° are shown in Fig. 1(b). The (200)c peak of a pseudo-
cubic lattice of the pure PMNT ceramic was shifted to higher angles when x increased up
to 0.7 mole fraction. This indicates a decrease in the pseudo-cubic lattice parameters of
PMNT materials with the BNKT substitution, as shown Table 1. The peak split into three
peaks when x increased to 0.9 mole fraction, which is believed to be due to the formation
of the morphotropic phase boundary (MPB), at which the rhombohedral and tetragonal
phases coexisted. The split peaks were fitted into the Gaussian’s function. The fitted peaks
located on the left and right-hand sides correspond to the (002)t and (200)t planes,
respectively, of the tetragonal phase, while the middle peak is from the (020)g plane of
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Figure 1. (a) XRD patterns of the (1-x)PMNT-xBNKT ceramics. (b) Enlarged views of the patterns
at 20 = 44-48°.

the rhombohedral phase. However, the (020)g peak disappeared when x increased to 1.0
mole fraction. This indicates that the pure BNKT ceramic has a single phase of tetragonal
structure. This is consistent with the previous result studied by Otonicar et al. that the
BNKT material exhibited the single tetragonal phase [19]. These observed results can be
attributed to the substitutions of complex [Bi(,.5(Nu(,‘-,4K(,.2(,)(,_5|2+ ions for the Pb>* ions
localejd on the A-site (31‘ the PMNT lulﬂlices (rpp24 = 1.49 A, 'Mg2+ = ().72 A. INbS4 =
0.64 A, rrigp = 0.605 A, rgjz. = 117 A, ryay = 1.39 Aand i = 1.64 A [22]), resulting
in the unit cell distortion and the formation of MPB [16].

Table 1
Lattice parameters, relative densities and grain sizes of the (1-x)PMNT-xBNKT ceramics

Lattice parameter (A) Grain

size (pm)

Relative
density (%)

BNKT content, x,
(mole fraction)

agr art &y
0.0 4.0394 — — 97.12 £ 0.02 4.29 4 0.33
0.1 4.0250 — — 96.69 = 0.01 4.14 £+ 0.17
0.3 4.0005 — — 96.88 £+ 0.01 3.22:40.21
0.5 3.9777 — — 97.08 & 0.01 1.69 = 0.06
0.7 3.9515 — — 97.40 £ 0.01 1.65 & 0.04
0.9 3.9466 3.9212 3.9769 98.38 £ 0.01 1.33 £ 0.04
1.0 - 3.8963 3.9556 99.07 £0.03 0.95 & 0.03

Note: Lattice parameter a of rhombohedral structure is represented by ag. Lattice parameters a
and ¢ of tetragonal structure are represented by a and ¢, respectively.
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The PMNT-BNKT ceramics with a relative density of about 97 %, as shown in
Table 1, were obtained by a solid-state sintering process. The SEM images of as-sintered
surfaces of the ceramics with x = 0.0, 0.3, 0.7 and 1.0 mole fraction are shown in Fig. 2
(a), (b), (¢) and (d), respectively. Irregularly-shaped grains were observed in the pure
PMNT ceramic while more homogenous grains were observed in the ceramic with x =
0.3. Cubic-like grains were observed in the ceramics with x = (0.7 and 1.0. The average
grain sizes were determined and the results are given in Table 1. The grain size of the
PMNT ceramic was reduced by the BNKT substitution. For the BNKT-substituted sam-
ples, the grain size tends to decrease with increasing x. The observed cubic-like and small
grains were attributed to the characteristic morphology of the BNKT ceramics which usu-
ally exhibit smaller and more cubic-like grains compared with the PMNT ceramics sin-
tered at the same temperature [7, 19].

The temperature dependences of the dielectric constant (g,) and dielectric loss (tand)
of the ceramics with x = 0.0, 0.3, 0.7 and 1.0, measured at the frequencies ranging from
10% to 10° Hz, are shown in Fig. 3(a). (b). (¢) and (d), respectively. Typical characteristics
of relaxors, i.e. a decrease in the maximum dielectric constant (&y,4) and an increase in
the temperature of &, .x (Tmax) With increasing frequency, were observed in the ceramics
with x = 0.0 and 0.3. A dielectric shoulder was observed in the ¢ (7T) curves of the
ceramics with x = 0.0 and 0.3 at the temperatures of 100 and 0°C, respectively. These
shoulders are attributed to the responses of charge defects, i.e. cation and oxygen vacan-
cies created during the sintering process. This is consistent with the previous result
observed by Zhong et al. [23, 24]. For the ceramics with x = 0.0 and 0.3, the dielectric

Figure 2. SEM micrographs of as-sintered surfaces of the pure PMNT ceramics (a) and the
ceramics substituted with 0.3 (b), 0.7 (¢) and 1.0 (d) mole fraction of BNKT, respectively.
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Figure 3. Temperature dependences of the dielectric constant and dielectric loss of the (1-x)PMNT-
xBNKT ceramics measured at various frequencies.

constant above Ty, decreased with increasing temperature. Interestingly, for the ceramic
with x = 0.7, the dielectric constant became temperature independent at frequencies
above 10° Hz, when the temperature was above the temperature of dielectric hump (7).
as shown in Fig. 3(¢). In contrast, for the pure BNKT ceramic, at T > T, the dielectric

Table 2
Dielectric, ferroelectric and piezoelectric properties of the (1-x)PMNT-xBNKT ceramics

BNKT content, x, f L y o Ec dss
(mole fraction) &r tand (°C) ( uC/cmz) (kV/cm) (pC/N)

0.0 5050 0.05 45 8.5 2.0 28
0.1 3300 0.02 23 2.5 135 16
0.3 2900 0.02 52 1.5 2.0 15
0.5 2450 0.01 94 2.0 3.0 15
0.7 2500 0.02 105 35 4.0 17
0.9 2250 0.05 133* 14.5 12.0 165
1.0 2150 0.03 150%* 13.0 11.0 155

Note: ¢,, tand and T,,,,, are dielectric constant, dielectric loss and the temperature of maximum
dielectric constant, respectively, measured at 25°C at the frequency of 1 kHz. The temperatures
remarked by * are the temperatures at the dielectric hump (7). P, and E¢ are the remnant polariza-
tion and coercive field, respectively. Piezoelectric constant (d33) was measured after the ceramics
were poled at an applied field of 40 kV/cm.
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Figure 4. P-E curves of the (1-x)PMNT-xBNKT ceramics measured at the room temperature at the
frequency of 25 Hz.

constant increased further with increasing temperature, which is the characteristic dielec-
tric behavior of the BNKT materials [25. 26]. The &, and tané values of the ceramics mea-
sured at room temperature (25°C) at the frequency of 1 kHz are listed in Table 2. The &,
values decreased with increasing x while the values of tand did not change significantly.
The increase in x resulted in the increases in both 7,,,,, and T,.

Polarization-electric field (P-E) curves of the ceramics are shown in Fig. 4. The
P-E curves of the ceramics with x < 0.7 appeared as the slim loops with a low rem-
anent polarization (P,) and a low coercive field (Es), which is characteristic of
relaxor ferroelectric behavior. However, P-E curves opened up when x increased to
0.9 and 1.0, resulting in the abrupt increases in P, and E¢, as shown in Table 2. The
values of piezoelectric constant (d33) are given in Table 2. d33 showed a similar
trend as P, with composition x; it abruptly increased when x increased to 0.9 and
1.0. These variations were believed to be caused by the distortion of pseudo-cubic
lattice and the formation of MPB [27-29].

4. Conclusions

Complex perovskite relaxor-based ferroelectric (1-x)PMNT-xBNKT ceramics were suc-
cessfully prepared by a solid state sintering process. With increasing x up to 0.7 mole
fraction, the pseudo-cubic lattice parameters decreased. A morphotropic phase boundary
was found to exist at the composition of x = (.9. The crystal structure changed into a sin-
gle tetragonal phase when x increased from 0.9 to 1.0. Small and cubic-like grains were
observed in the ceramics of high BNKT concentration. Typical characteristics of relaxor
ferroelectrics were observed in the ceramics with x < 0.3 while the behavior of normal
ferroelectrics was observed in the ceramics with x = 0.9. Interestingly, when the composi-
tion approached the MPB with x increasing to 0.9 and 1.0, the values of P,, E- and ds;
suddenly increased due to the beneficial effects of the MPB. These MPB-enhanced prop-
erties make the (1-x)PMNT-xBNKT ceramics promising materials for electromechanical
applications.
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Lead-free piezoelectric  ceramics with formula of (1-x)Bigs{NapsoKoz20)os
TiOs+xLiNbO; or (1-x)BNKT-xIN (when x = 0, 0.005, 0.010, 0.015 and 0.020 mol
Jfraction) were produced by a solid-state mixed oxide method. The ceramics with
density ranging 5.38 - 5.68 g/m"t'f were obtained by sintering at 1100°C. X-ray
diffraction pattern showed that (1-x)BNKT-XLN ceramics exhibited pure perovskite
structure. X-ray photoelectron spectroscopy analysis was used to identify of chemical
composition, chemical state and binding energy of ionic species in the ceramics.
Dielectric, ferroelectric and piezoelectric properties of all ceramics were investigated
and found to be optimized at the composition of x = 0.005.

Keywords Lead-free piezoelectrics; X-ray diffraction; X-ray photoelectron spectros-
copy; electrical properties

1. Introduction

Piezoelectric ceramics have been widely used in various industries such as automotives,
electronics and medical equipment. Lead-based piezoelectric ceramics especially Pb(Zr,
T1)O5 or PZT has dominated for piezoelectric applications. However, lead is considered
to be toxic and causes environmental problems [1-2]. Thus, the development of lead-free
piezoelectric ceramics is expected as an alternative to PZT-based materials. Bismuth
sodium potassium titanate, Big s(Na,_,K,)osTiO; or BNKT have been known as one of
the consideration due to interesting compounds for replacing lead-based piezoelectric
ceramics. It has received a significant to its excellent piezoelectric and ferroelectric
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properties near rhombohedral-tetragonal morphotopic phase boundary (MPB). Sasaki
et al. [3] have reported that a solid solution of Bigs(Na;_[K,)gsTiO3 or BNT-BKT repre-
sented the development in piezoelectric properties in MPB region at 0.16 < x < 0.20.
The highest of P, = 19.9 ,U.Cfcmz, g, = 1000 and d3; = 46.9 pC/N values were found at
BNT- 0.20BKT composition. For future piezoelectric improvement of BNKT ceramic,
mvestigations in terms of various dopants and formation of solid solutions with other
compounds such as Li,CO;5 [4], MnCOs5 [5], LiSbO; [6] and LiNbOj; [ 7] were carried out.

LiNbO; or LN had a perovskite structure with ABO5; formula. It is a ferroelectric
material for an optic and electronic device applications, such as electro-optical, piezoelec-
tric and nonlinear optical devices [8]. Chen ef al. [4] reported that a solid solution of
[Big s(Nag g Ko 1sLli)os]T1O05 system could increase piezoelectric properties. Then,
Zhou et al. [7] have reported that a solid solution of (1-x-y)Big sNay sTiO5-xBip sKp 5.
TiO5-yLiNbO; showed an improvement in electrical properties. The highest d;5 value of
195 pC/N was obtained at the composition of x = 0.01. Moreover, Mahboob et al. pre-
sented an X-ray photoelectron spectroscopy (XPS) study on (Nagy s K, BiysNd,)TiO5
ceramics. XPS spectra illustrated that the binding energy of Ti 2p and Bi 4f correspond-
ing to only one chemical state, Ti* and Bi™. For XPS spectra of O 1s showed extra
peaks which combined those of adsorbed oxygen and oxygen vacancy [9].

In this study, attempt to combine both Big s(NapgoKo20)0s5T10O3 and LiNbO3 com-
pounds was then carried out. In this research, LINbO3; was employed as an additive for
Big s(Nag gnKp20)T103 ceramic to form (1-x)Bigs(Nag goKp.20)0.5T103-xLINbO5 or (1-x)
BNKT-xLN (when x = 0, 0.005, 0.0100, 0.015 and 0.020 mol fraction). This work thus
aims to study X-ray photoelectron spectroscopy and electrical properties of
Bip.s(Nap 80K0.20)05T103-LiINbO;3 lead-free piezoelectric ceramics.

2. Experimental

The starting materials for preparation of Big 5(Nag goKg20)T1O5 or BNKT and LiNbO; or
LN powder were Bi,O5 (98%, Fiuka), Na,CO5 (99.5%, Carlo Erba), TiO, (99%, Riedel-
de Haén), K5COj3 (99%, Riedel-de Haén), Li,CO3 (99.0%, Sigma-Aldrich) and Nb,Os
(99.0%, Sigma-Aldrich). All powders were prepared by a conventional mixed oxide
method. All carbonate powders (Na,CO;, K>COs3, Li,CO3) were firstly dried at 120°C for
24 h order to remove the residual moistures. All powders were weighed and mixed to pro-
duce the mixed powders of (I-x)BNKT-xLN (when x = 0, 0.005, 0.010, 0.015 and
0.020 mol fraction), ball milled for 24 h in an ethanol solution (99.99%) and dried in an
oven. The mixed powders were calcined at 850°C for 2 h with a heating/cooling rate of
5°C/min. The mixed powders were ball milled again in an ethanol solution (99.99%) for
15 h and were then characterized by XRD analysis. Afterward, a few drops of 3 wt%
polyvinyl alcohol (PVA) binders were added to the mixed powders before being uniaxial
pressed into 15 mm diameter discs. The pellet were then sintered at 1025 - 1125°C for
2 h with a heating/cooling rate of 5°C/min for all BNKT-LN ceramics.

X-ray diffractrometer (XRD-Phillip, X-pert) was used to identify phase of both pow-
ders and ceramics. Bulk density was measured in accordance with Archimedes’ method.
Linear shrinkage of all samples was also measured. The highest density samples were
selected for further characterizations.

The chemical composition, chemical state and binding energy of sample surface
was investigated by X-ray photoelectron spectrometer (XPS:; AXIS Ultra PP, Kratos
analytical, Manchester UK). The base pressure in XPS analysis chamber was about 5 x
10~ torr. The samples were excited with X-ray hybrid mode 700 x 300 gm spot area
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with a monochromatic Al K, ; » radiation at 1.4 keV. X-ray anode was run at 15 kV,
10 mA 150 W. The photoelectrons were detected with a hemispherical analyzer posi-
tioned at an angle of 90° with respect to the normal to the sample surface. NIST XPS
Database was used as reference in this work. Scanning electron microscope (SEM,
JEOL JSM-6335F) was used to determine microstructural features of the ceramics.
Grain size was determined by a mean linear interception method.

For electrical characterization, room temperature dielectric constant and dielectric
loss of (1-x) BNKT-xLLN system were measured at a frequency of 1 kHz by 4263B LCR-
meter. Polarization-electric field (P-E) hysteresis loops were measured at room tempera-
ture (25°C) vsing a Sawyer-Tower Circuit at a frequency of 25 Hz. Remanent polariza-
tion (P,), maximum polarization (P,,,), coercive field (E.), maximum coercive field
(Ejax). and loop squareness (Rg,) values were determined from the hysteresis loops.
For piezoelectric properties, all samples were poled in silicone oil bath at 55°C under DC
electric field of 3 kV/mm for 15 min. Piezoelectric coefficient (d33) was recorded from
1-day aged samples using d;; meter (KCF technologies, S5865)

3. Results and Discussion

X-ray diffraction patterns of (1-x)BNKT-xLLN mixed powders at 26 = 20 - 80° are shown
in Figure 1. The peaks of XRD show perovskite structure without any secondary phase.
Figure 2(a) shows density variation of (1-x)BNKT-xLN ceramics plotted as a function of
the sintering temperature. The densities increase with increasing sintering temperature.
The optimum sintering temperature is found at 1100°C for all BNKT-LN ceramics. The
densities then drop at higher sintering temperature of 1125°C. The density values are
obtained in a range of 5.38 - 5.68 g/cm” which corresponds to 93 - 99% of their theoreti-
cal values. In addition, the variation of linear shrinkage with increasing sintering tempera-
ture shows similar trend to that of density value as shown in Figure 2(b). The maximum
linear shrinkage of 21 - 22% is observed for pure BNKT-LN ceramics sintered at 1100°C
(see Table 1). Thus, the samples sintered at 1100°C for BNKT-LN ceramics are selected
for further characterization.
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Figure 1. X-ray diffraction patterns of (1-x)BNKT-xLN mixed powders with 26 = 20-80°.
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Figure 2. (a) Plots of density as a function of sintering temperature of (1-x)BNKT-xLN ceramics,
(b) Plots of linear shrinkage as a function of sintering temperature (1-x)BNKT-xLN ceramics.

X-ray diffraction patterns of (1-x)BNKT-xLN ceramics at 26 = 20 - 80° are shown in
Figure 3(a). All compositions exhibit a pure perovskite structure without any secondary
phase. This confirms that the starting reagents completely reacted to form the final com-
pounds. This suggests that LN has diffused into BNKT lattice to form complete solid sol-
utions during the sintering process. The solubility limit of LN in BNKT lattice is believed
to be more than .02 mol fraction because no trace of secondary phases are observed in
XRD patterns. BNKT ceramics shows features of mixed rhombohedral-tetragonal sym-
metry but shows a domination of rhombohedral over tetragonal structure. This result is
also correlated with that reported by Sasaki et al. [3]. Addition of LN into BNKT indi-
cates a dominating rhombohedral phase, L()]]t‘\l)()]'ldl]'l“ to a decrease in the tetragonaliy
(C/a} as \hown mn Tclblt‘ 1. Thh believe Li* ions (1.06 A} diffuse to A-site Bi** (1.17 A)
Nat (l 18 A} and K (1.33 A} positions while Nb>* ions (0.64 A} diffuse into B-site of
Tit l)()klll()]'lk (0.61 A} [10].

XPS analysis was carried out to obtain some information about the chemical compo-
sition, binding energy and chemical state of ionic species in (1-x)BNKT-xLN ceramics.
The chemical information are found for five elements, including Na, O, Ti, K and Bi.
However, Li is not detected when LN was added into BNKT. This may be due to the
small concentration of Li in the sample and/or Li loss from the surface of sample. XPS
spectra of Bi 4f, Na 1s, K 2p, Ti 2p, Nb 3d and O 1s are shown in Figure 4. Na shows
highest binding energy values of 1068 eV (BNKT) - 1070 eV(BNKT-LN) illustrating of

Table 1
Physical properties and microstructure of (1-x)BNKT-xLN ceramics sintered at 1100°C

Density Relative Linear Grain range Averange

X (gjcm3} density (%) shrinkage (%) (pm) grain size (pm) c/a

0 5.53+£0.03 94.56 2198 0.97 - 1.02 1.04 £ 0.01 1.0247
0.005 5.68 = 0.01 99.10 22.58 0.62 - 0.89 0.72 £ 0.02 1.0164
0.010 5.62 £ 0.04 96.88 2218 0.73-0.92 0.88 £ 0.05 1.0163
0.015 548 £0.05 95.70 22.09 0.76 - 0.98 0.90 £+ 0.03 1.0160
0.020 5.38 £0.03 93.57 21.73 0.85-0.98 0.95 £ 0.03 1.0122
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Figure 3. X-ray diffraction patterns of the optimal (1-x)BNKT-xLN sintered ceramics where (a) 26
= 20-80°, (b) 26 = 39—41°and (¢) 20 = 45-48°.

the Na'* ion in the perovkite lattice in agreement with the values reported earlier by
Mahboob et al [9]. The small shift in binding energy in LN-doped BNKT seems to indi-
cate a slight change in chemical environment of Na'* ion. The XPS spectrum of K 2p
representing the K*' ion in the perovkite lattice also indicates a small shift from
~ 295 eV in BNKT to lower binding energy in LN-doped BNKT. Hence, it seems that
local defects such as vacancies near Na'* and K'* sites can play some roles in observed
peak shift. The Bi 4f shows two binding energies at approximately 159.500 and
164.445 eV for all compositions. The spectral line of higher and lower binding energy
indicates Bi 45, and Bi 4f5),, respectively [9]. The spin-orbit splitting between the lower
and higher binding energy peak is around 4.945 eV. The Ti 2p peaks indicate mainly
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Figure 4. XPS spectra of (1-x)BNKT-xLN ceramics with x = 0.020.
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Figure 5. SEM micrographs of as-sintered surface of the optimal (1-x)BNKT-xLN sintered
ceramics.

Ti** ion existing inside the material. The higher binding energy belongs to the spectral
line Ti 2p3» and lower binding energy Ti 2py2 [9]. The spin-orbit splitting between the
lower and higher is 5.703 eV. For LN-doped BNKT samples, Nb 3d doublet peaks show
binding energies around 206.950 and 209.851 eV. The lower binding energy indicates Nb
3ds;, spectral line and higher binding energy Nb 3ds,. The energy position, binding
energy and full width at half maximum value of all samples are shown in Table 3. It
should be noted that, for Nb 3ds,,, the binding energy values for both undoped and LN-
doped sample are close to the standard value of 206.2 eV (from NIST database of NbO,
with six fold coordinated oxygen surrounding Nb ion). This suggests that Nb most likely

Figure 6. SEM micrographs of fracture surface of the optimal (1-x)BNKT-xLN sintered ceramics.
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Figure 7. Plots of dielectric constant (g,) and grain size as a function of LINbO; content.

substitutes Ti site in BNKT lattice. The slightly higher values of Nb 3ds), in this study are
possibly due to the presence of majority Nb>* rather than Nb*! ion in these perovskite
lattice.

SEM micrographs of as-sintered surface of (1-x)BNKT-xLLN ceramics are shown in
Figure 5. Grain range values of all samples are listed in Table 1. It can be seen that all
samples are dense and well sintered with high density value. The cubic-like grain shape
occurs in all BNKT-LN samples. Pure BNKT ceramic represents a formation of a cubic-
like shape with side length of around 0.97 - 1.02 pm. The addition of LN does not obvi-
ously change the grain shape. The formation of cubic-like shape is still observed for all
amount of added LN content. The addition a small amount of LN (x = 0.005) into BNKT
ceramic inhibits grain growth and grain size increases with increasing LN content. We
believe that a reduction of grain size for these samples is due to a solute drag effect of the
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Figure 8. Polarization-electric field (P-E) hysteresis loop of the optimal (1-x)BNKT-xLN sintered

ceramics.
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Table 3
Electrical properties of (1-x)BNKT-xLN ceramics sintered at 1100°C

X &, tand P.(uClem?) E. (kV/iecm) PJP... EJEqax Ryq ds3 (pC/N)
0 1454 0.0643 13.66 13.11 0.71 052  0.72 139
0.005 1654 0.0632 10.39 0.48 0.67 0.38  0.77 162
0.010 1611 0.0646 9.41 6.00 0.38 024 0.24 145
0.015 1246 0.0649 9.40 5.37 0.39 025 0.25 119
0.020 1174 0.0656 8.94 5.21 0.42 021  0.21 101

dissolved LN [11]. Since the solute diffusion near grain boundary region is usually slower
than the intrinsic diffusion of host atoms across the boundary plane, this becomes a rate-
limiting factor and therefore effectively slows the grain boundary movement. LN may
aggregate on a very small scale at grain boundaries which results in inhibition of grain
growth and grain boundary movement during the sintering process. This seems to be the
main mechanism governing the observe microstructure [ 12]. However, grain size increase
to 0.88 - 0.95 pm with increasing LN concentration (x = 0.010 - 0.020). Increasing LN
content in BNKT may induce charge defects such as vacancies due to requirement of
charge balance and this may provide some ease an atomic diffusion, hence slightly
increasing grain growth rate. Fractured surface of (1-x)BNKT-xLLN ceramics indicates a
switch of intergranular to transgranular fracture mode when LN content is increased as
can be seen from the typical fracture surface morphologies shown in Figure 6.

Room temperature dielectric constant (g,) and dielectric loss (rand) values of (1-x)
BNKT-xLN system measured at a frequency of 1 kHz are shown in Figure 7 and the val-
ues are also listed in Table 3. It can see that the addition of small amount of LN into
BNKT ceramic can significantly improve dielectric properties. Pure BNKT ceramic has
g, of 1454 which is close to the value reported earlier by Jaita ef al. [ 13]. The g, increases
with increasing LN content up to x = (.010. The maximum room temperature dielectric
constant of 1654 is obtained for BNKT-0.005LN sample. This result is attributed to the
relatively high density and linear shrinkage of the sample. Since the grain shape and size
of all samples are similar, these should not have significant effect on dielectric constant.
Addition of small amount of LN (1.e. up to 0.010) seems to show dominant donor-doping
effect and this is another factor that can induce high dielectric constant values. Above x
= 0.010, the dielectric constant started to decrease below that of undoped BNKT sample.
This may be the result of induced charge defects acting against donor-doped behavior.
The dielectric loss of all sample were more or less the same, indicating that conductive
loss or changes in domain wall motion due to LN doping are negligible. Figure 8 shows
polarization-electric field (P-E) hysteresis loop of (1-x)BNKT-xLLN system. P-E hystere-
sis loop of BNKT-LN shows typical ferroelectric shape at room temperature. The P, and
E. slightly decrease with increasing LN content. The piezoelectric constant (dz3) of the
(1-x)BNKT-xLLN ceramics are summarized in table 3. Pure BNKT ceramic has d33 of 139
pC/N. The highest d3; = 162 pC/N value is obtained at the composition of x = 0.005 as
shown in Table 2. The addition of small amount of LN (x = 0.005) shows improvement
of d;; properties. It seems that BNKT-0.005LN possesses optimum electrical properties
due to the effect of local polarization from donor-doped behavior and high sample
density.
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4. Conclusions

Lead-free piezoelectric ceramics of (1-x)Big s(Nag goKp20)0.5T105-xLINDO5 (when x = 0,
0.005, 0.010, 0.015 and 0.020 mol fraction) were successfully prepared by conventional
mixed oxide method. X-ray diffraction patterns represented a single perovskite structure
without any secondary phase. The dominance of rhombohedral phase became more
apparent with increasing LN concentration. The X- ray photoelectron spectroscopy
showed chemical state of Bi 4f, Na 1s, K 2p, Ti 2p, Nb 3d and O 1s, which suggested the
Ti B-site substitution by Nb. The addition of LN into BNKT had very small effect on
grain size and shape. The addition of small amount of LN up to x = 0.010 enhanced
dielectric and piezoelectric properties of BNKT ceramic. The highest dielectric constant
measured at room temperature was 1654 for the composition of x = 0.005. The highest
ds3z of 162 pC/N value was also obtained at the composition of x = 0.005. The P, and E.
decreased with increasing LN content. These observed behavior was thought to be caused
by the changes in local polarization due to donor-like doing rather than the effect of
domain wall movement.
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Phase formation, microstructures, dielectric, and ferroelectric
propertics  of  ZnO-modified  Ph(Mg;;3Nby3)0 65 Tip 3503
(PMINT/xZnO, where x =0, 04, 2.0, 4.0, and 11.0 mol%)
ceramics were studied. A coexistence of rhombohedral and
tetragonal ferroelectric phases was observed at room tempera-
ture in all samples. The ceramics with the relative densities of
93%-95% were prepared. The modification by ZnO led to an
increase in grain sizes of PMNT ceramics. The maximum
dielectric constant of the pure PMINT ceramic was increased
with x = 0.4-4.0 mol% ZnO doping, with the highest value
being observed in the 2.0 mol% sample. Both the temperature
at which the transition between rhomhbohedral and tetragonal
ferroelectric phases took place (Tg_y) and the Curie tempera-
ture of the ceramics tended to increase with increasing x. The
ferroelectric properties were enhanced with increased remanent
polarization and P(£) loop squareness in the compositions with
x = 0.4-4.0 mol%. However, the ferroelectric properties were
attenuated with x = 11.0 mol%.

I. Introduction

oMpLEX perovskite solid solution, Pb(Mg, 3Nb ),

Ti,0s, 1s a well-known relaxor-based ferroelectric mate-
rial that exhibits excellent piezo-/ferroclectric properties,
which make 1t promising for applications as electronic
devices." The materials show extremely high piezoelectric
properties at a composition lying in the morphotropic phase
boundary (MPB) with PT content of 30-35 mol% (x = 0.30-
0.35),%* at which rhombohedral, tetragonal, and monoclinic
ferroelectric phases coexist. However, this system suffers
from a low temperature (Tr.r) at which the rhombohedral
phase in the MPB region transforms into a tetragonal phase.
This restricts the operating temperature range of the piezoce-
ramics.® Therefore, the phase transition temperatures of the
ceramics should be increased to maintain their excellent
properties in a wide temperature range for applications.

Zn0 has been widely used as a sintering aid for dielectric
and piezoelectric ceramics.” " As demonstrated previously,
the addition of ZnO could promote the formation of a liquid
phase which expedited mass transfer during a sintering pro-
cess, resulting in an enhancement of density, grain size as
well as electrical properties of ceramics.'"'? Moreover, ZnO
was also used as a substituent for both lead-based solid
solution ferroelectric ceramics, that is, Pb(Mg;;3Nbs;s)g e
Tiy,05," Pb(Mg, W, 2)OPb(Ni, sNb, 3)05-PbTiO5-PbZrO,,”
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Pb(Zr(,rssTi(Ms)O;—Pb(Zrl1.;3Nb2.;3)03,'4 and  Pb(Mn;;3Nb,j3)
05-Pb(Zrg.5:Tip4g)03," and lead-free ferroelectric ceramics,
that is, BipsNagsTiO3'™'7 and (NagsKgs)NbOs.'"™ These
results suggested that Zn®* jon could substitute a cation
located on B-site lattice of the perovskite ceramics, which
could in turn change the phase transition temperature and
improve the electrical property of those ceramics. Moreover,
the Zn®" substitution could enhance the perovskite phase
stabilization of the ternary solid solution PbMgy sNbs ;03—
PbZn, sNb, ;05-PbTiO.."" ' These advantages make ZnO
interesting to be used as a substituent for the Pb(Mg;;Nb,,
1)0.65110.3503 (PMNT) ceramics, which are the materials at
the MPB composition that have been widely studied.*>® Tt
1s believed that the use of nanosized ZnO particles which
have a high specific (reactive) surface area can further
improve the efficiency of a sintering process. To the best
of our knowledge, the effects of ZnO modification on the
properties of the PMNT ceramics have not been reported
yet. Therefore, 1n this study, ZnO is selected as a substituent
for the PMNT ceramics to modify their electrical properties.
The effects of ZnO modification on the phase formation,
density, microstructure, dielectric, and ferroelectric properties
of the PMNT ceramics have been investigated and discussed.

II. Experimental Procedure

Pb(Mg, 3Nb, 3)0.65Tip 3505 (PMNT) powders were prepared
by the columbite precursor method.”” Different amounts of
spherically shaped ZnO nanoparticles (99.5%; Nanostruc-
tured & Amorphous Materals, Houston, TX) with a particle
size of 20 nm were added into PMNT powders to obtain
PMNT/xZnO (where x =0, 0.4, 2.0, 4.0, and 11.0 mol%)
powders. Polyvinyl alcohol was added to the mixed powders
as a binder and then uniaxially pressed into pellets by a pres-
sure of ~5.0 MPa. Each pellet (10 mm in diameter, 2 mm in
thickness, and a raw density of ~4.84 g/em®) was sintered in
a PMNT atmosphere at 1240°C for 2 h. Bulk densities of the
ceramics were determined by the Archimedes method. Phase
formation and chemical compositions were characterized
using X-ray diffraction method (XRD; Rapid Axis, Rigaku,
Tokyo, Japan) with CuK, radiation of 1.5405 A wavelength
and an energy-dispersive X-ray technique (EDX; Dual Beam
Strata 235, FEI, Hillsboro, OR), respectively. Microstruc-
tures of the ceramics were imaged using a scanning electron
microscope (SEM; Dual Beam Strata 235, FEI). Average
grain sizes were determined from the SEM micrographs. For
dielectric measurements, the samples were firstly poled by the
application of an electric field of 20 kV/em. While the
sample was being poled, it was cooled down to 0°C, at which
the appled field was removed and the temperature
dependence of dielectric properties (dielectric constant and
dielectric loss) was then measured upon heating by a com-
puter-controlled alpha dielectric analyzer (Novocontrol,
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Montabaur, Germany). The polarization versus electric field
relations were measured using a ferroelectric testing instru-
ment (Radiant Technologies RT66A, Albuquerque, NM).

(1) Phase Formation

The XRD patterns of the PMNT/xZnO ceramics are shown
in Fig. 1(a), which were found to match the standard inor-
ganic crystal structure database (ICSD) file No. 157487 of
Pb(Mg] :3Nb2;3)()_(,5T]’()_3503 with 1Ctl'ilg01'l‘dl Pdmm spdace
group.” No secondary phase was observed on the patterns.
Enlarged patterns of peaks at 20 ~ 45° are shown in
Fig. 1(b). The patterns were fitted with multiple Lorentz’s
peaks which are indicated as green peaks in Fig. 1(b). It can
be seen from the fitted peaks that the rhombohedral and
tetragonal phases coexisted in the samples. From the posi-
tions of the fitted peaks, the rhombohedral and tetragonal
lattice parameters were determined as given in Table 1. The
rhombohedral lattice parameter a (agr), tetragonal lattice
parameter a and ¢ (ay and ¢y) of the pure PMNT sample
decreased with 0.4 mol% ZnO modification. The ag tended
to increase with further increasing ZnO content up to
11.0 mol%. The at tended to increase with increasing ZnO
content up to 4.0 mol% and then slightly decreased with fur-
ther increasing ZnO content to 11.0 mol%. The ¢r increased
with 2.0 mol% ZnO incorporation. However, it did not
increase further with higher ZnO contents. The calculated te-
tragonality (c/a) of the ceramics is given in Table I. Tt was
found that the ¢/a of PMNT ceramics were increased with
the ZnO modifications. The results suggest that ZnO modifi-
cation results in the distortion and expansion of the perov-
skite unit cell of PMNT ceramics. This 1s attributed to the
effects of the substitution of Zn>™ ion for an ion located on
the B site of PMNT lattices. Based on the crystal chemistry
requirements (the tolerance factor), for the stability of the
perovskite structure, A site has to be a large cation (ie.,
Pb* ") whereas B site requires a relatively smaller cation (iec.,
Mg *, Nb**, and Ti*"). From the ionic radius of the ions
located on  the PMNT lattices, rpmo+ = 1.49 A,
g2y = 0.72 A, rapss = 064 A, rpe. = 0.605A, and
Fanas = 0.74 A% it is clear that Zn?" ion can only substi-
tute a cation on the B-site PMNT lattices. Moreover, as the
ionic radius of Zn*" ion is similar to that of the Mg~ ion,
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Table I. Lattice Parameters and Tetragonality of the

PMNT/xZnO Ceramics

Laitice parameters

Zn0O content, x (mol%) ap {f\) ar (f\} er (j\) Tetragonality; c/a
0 4.003  3.998  4.028 1.008
0.4 4.003 3983 4.024 1.009
2.0 4005 3.987 4.032 1.011
4.0 4.006  3.990  4.030 1.010
11.0 4.009 3989 4032 1.011

ap represents the rhombohedral lattice parameter a. ar and cr are the
tetragonal lattice parameters a and ¢, respectively.

it is possible that the Zn® " ion substituted for the Mg® "~ ion.
This is consistent with the previous results observed in the
PMN-PZN-PT,"”?! PZT-PMS-PZN,'' PZN-PZT,'* PZNT*
PZT-PMnN,!' PZT-PFW-PMN, * and PZN-PT-BT *
ceramics modified with ZnO. These results show that Zn®*
ion can substitute an ion located on the B site of perovskite
lattices of similar ionic radius, leading to an increase in cera-
mic’s lattice parameters.

(2) Density and Microstructure

The relative densities of the PMNT/xZnO ceramics are given
in Table II. The relative densities of the ceramics were
decreased with x > 2.0 mol%. The average grain sizes of the
ceramics were determined from SEM micrographs and the
results are listed in Table II. The grain sizes of PMNT
ceramics were found to increase with ZnO modifications.
Moreover, the grain sizes tended to increase with increasing
Zn0 content. The increase in the grain size of the ZnO-modi-
fied ceramics is believed to arise from the effect of the forma-
tion of a liquid phase which promotes mass transport during
a sinlcnnigyprocess, expediting grain growth rates of the
ceramics.”* A secondary phase was found to be presented
at grain boundaries of the ceramics modified with x = 4.0
and 11.0 mol%, as indicated by the arrows in Figs. 2(d) and
(e), respectively. Based on a chemical analysis by mean of
energy-dispersive X-ray spectroscopy (EDX), this secondary
phase was found to be Mg-rich as shown in Fig. 3(a). More-
over, the observed Zn in the secondary phase indicates that

(a) (b)
x=11.0
x=4.0
- 3
g x=20| &
= =
g z
e 2
2 c
g £
x=0
g ICSD file No. 157487
g R RR AN A\
20 30 50 60 70 43 44 45 46 47
20 (degrees) 20 (degrees)

Fig. 1.
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(a) XRD patterns the PMNT/xZnO ceramics. (b) Enlarged view and deconvolution of the peaks at 26 =~ 45°.
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Table II.  Relative Density, Grain Size, and Dielectric Properties of the PMNT/xZnO Ceramics

ZnO content, x (mol%) Relative density (%) Grain size (um) & tand Tr (°C) Tinax (°C) Y

0 95.3 £ 0.1 2.1 15 250 0.11 50 165 1.78
0.4 95.6 £0.1 3.0 25 250 0.25 60 168 1.76
2.0 94.6 £0.1 5.6 29 000 0.10 56 172 1.68
4.0 925 £0.1 6.5 21 500 0.16 62 173 1.59
11.0 88.7 £ 0.1 10.6 15 250 0.14 89 190 1.56

¢, and tand are the dielectric constant and loss tangent, respectively, which were measured at the temperature of maximum dielectric constant (77,,,) at the fre-
quency of 1 kHz. Ty represents the temperature of the rhombohedral-tetragonal phase transition. The degree of diffuseness is denoted as y.

ZnO could not completely dissolve in PMNT when its content
is >2.0 mol%. This suggests that the solubility limit of ZnO in
PMNT is 2.0 mol%. Moreover, it is believed that the Mg-rich
phase was formed from the substitution of Zn>* ion for Mg*"
ion, which is consistent with the XRD result. Figure 3(b)
shows the EDX result of the secondary phase distributed
along the grain boundaries of the PMNT/11.0 mol%ZnO

sample. The secondary phase contained high concentrations of
Pb, Zn, and Ti (38.75, 14.19, and 11.44 wt%, respectively) and
low contents of Nb and Mg (8.56 and 5.50 wt%) elements.
This Pb-rich phase could be a liquid phase, which facilitated
the diffusion and mass transport and thereby enhanced the
grain growth of the ceramics during the sintering process, since
PbO has a low melting point (888°C).

Fig. 2. SEM micrographs of fractured surfaces of the pure PMNT ceramic (a) and the ceramics modified with 0.4 (b), 2.0 (c), 4.0 (d), and

11.0 mol% ZnO (e). The arrows indicated a secondary phase.
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4.00
Fig. 3. EDX results of the secondary phases indicated by arrows in the ceramics modified with 4.0 (a) and 11.0 (b) mol% ZnO.

1.00 2.00 3.00

(3) Dielectrie Properties

The temperature dependences of the dielectric constant and
dielectric loss tangent measured at the frequency ranged from
10" to 10° Hz of the PMNT/xZnO ceramics are shown in
Fig. 4. A sharp dielectric peak, characteristic of normal ferro-
electrics, at the Curie temperature was observed in the pure
PMNT ceramic and the ceramics with x = 0.4-4.0 mol%. In
contrast, the 11.0 mol% ZnO-modified ceramic showed a
dielectric peak with a shoulder at a lower temperature. The
appearance of the dielectric shoulder is believed to be due to
the responses of charge defects, that is, the cation and oxygen
vacancies, created due to the formations of the Mg-rich and
Pb-rich phases. This is consistent with previous works.”’
Selected diclectric properties, that is, dielectric constant (&)
and dielectric loss tangent (tand) measured at the temperature
of the maximum dielectric constant (7,,,,) at a frequency of
| kHz, are given in Table II. The results showed that the & of
the pure PMNT ceramic was enhanced with x = 0.4-4.0 mol
% and then decreased when x increased to 11.0 mol%. The
tand of the pure PMNT ceramic did not significantly change
with x=2.0 and 11.0 mol%. However, tand significantly
mcreased with x = 04 and 4.0 mol%. The enhancement in
dielectric properties, that is, an increase in & and a decrease in
tand, is attributed to the effects of an increase in grain size of
the ceramics. The grain boundaries, which are usually nonpo-
lar regions, are reduced with an increased grain size, resulting
in an increase in dielectric constant and a decrease in loss tan-
gent. This 1s consistent with the previous result observed in
Ref. [38]. The degradation of dielectric properties, that 1s, a
decrease in dielectric constant and an increase in dielectric loss,
could result from the effects of the significant decrease in the
density of the ceramics. The temperature of the rhombohe-
dral-tetragonal ferroclectric phase transition, which was
denoted as Tgr., was determined as the temperature at which
the first derivative of the &' (7) curve is suddenly changed. The
Tr.1 values of the ceramics are given in Table II. The temper-
atures (7 ,a¢) of maximum dielectric constant are also given in
Table TI. Tt can be seen from the results that the Ty and T,
of PMNT ceramics were increased with the ZnO modifica-
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tions, and they tended to increase with increasing ZnQ con-
tent. The increases in Tg.r and Ty, can be attributed to the
increases in the rhombohedral lattice parameters and tetrago-
nality, respectively. It is believed that an increase in lattice
parameter can contribute to the increase in the B-site ions dis-
placements. This results in an increase in the degree and inter-
action strength of ferroelectric polarizations, leading to the
increment of the phase transition temperatures.” This is
consistent with the previous results which demonstrated that the
rhombohedral-tetragonal and tetragonal—cubic phase transition
temperatures increased with the increases in the rhombohedral
and tetragonal lattice parameters, respectively.*>*

To determine the degree of dielectric diffuseness, or the
degree of relaxor behavior, of the ceramics, the dielectric
constant values at the temperature range higher than 7.«
were fitted to a modified Curie-Weiss relationship*":

1 1

&

(T_ Tmax)T
C

— = 0]
Emax
where g, i1s the maximum dielectric constant, ¢ is the
dielectric constant at temperature 7, T, 15 the temperature
of the dielectric peak, C 1s the Cune constant, and y is the
degree of diffuseness, taking the value between 1 (for a nor-
mal ferroelectric) and 2 (for an ideal relaxor ferroelectric).
The result indicated that the ¥ of PMNT ceramics was atten-
uated with the ZnO modifications, which the y decreasing
with increased ZnO content, as shown in Table II. The
decrease in vy observed in the ceramics modified with
x < 2.0 mol% is believed to be caused by the increase in the
tetragonality. This is in agreement with the previous result
that an increase in tetragonality could result in a decrease in
y of ceramics.® For the ceramics with x > 2.0 mol%, the
reduction in v is attributed to the substitution of Zn>" ion
for the Mg>™ ion located on the B site of PMNT lattices.
Compared with Mg " ion, Zn*" ion possesses a 3d" elec-
tronic configuration, which favors covalent bonding with 2p°
electrons of an oxygen ion when it occupies the octahedral
site of the perovskite structure. This makes Zn>* ion more
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ferroelectrically active than Mg ™ ion. This can be attested
by the fact that solid solution Pb(Zn;;Nb,;)0;-PbTiO;
(PZN-PT) exhibits a higher degree of ferroelectric ordering
and a lower degree of relaxor behavior than Pb(Mg; 3Nb,3)
05;-PbTiO; (PMN-PT) _solid; solution system at the same

S

(low) PT concentrations.>*>*

(4) Ferroelectric Properties

The polarization—electric field, P-E, curves of the PMNT/
xZnO ceramics were measured at the room temperature at
the frequency of 1 Hz. P-E hysteresis loops with a high
remanent polarization and a high coercive field, which
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are characteristic of normal ferroelectric materials, were
displayed in all samples. The ferroelectric property parame-
ters, 1.¢., the remanent polarization (P;) and the coercive field
(Ec), of the ceramics are given in Table III. Because of their
temperature and field dependences, the ferroelectric parame-
ters were thus normalized in the forms of P/Pn.x and E¢/
Enat** and were plotted as a function of ZnO content, as
shown in Fig. 5. Furthermore, the ferroelectric characteristics
can be assessed with the hysteresis loop squareness (Ry),
which was calculated from the empirical expression
Ryq = (Pe/ Pnax )t (Prikc/Pr), where Ppyy is the maximum
polarization obtained at a finite ficld strength below dielectric
breakdown and Pz is the polarization at the field of

(b) 20
35000 —.—10" Hz . ,
4 P18
—+—10°Hz A b
30000 4 3 L1.6
—+—10" Hz
P
€ 25000 —v—10%Hz 5 / 14
1] 5 A [
c —+—10" Hz \ [ F1.2
S 20000 \ —_—
o \\ ] 1.0 5
=
B 15000 A ]
° b f
9 10000 /
5000
0 B>
50 100 150 200 250 300
Temperature (°C)
(d) 2.0
35000 —.—10" Hz
2 1.8
30000 - 3
-
H
< 25000 -
c
3
o 20000
-
k3]
9 15000 -
]
[a]
10000 -
5000 -
0

100
Temperature (°C)

150 200

Fig. 4. Temperature dependences of the dielectric constant and loss tangent of the pure PMNT ceramic (a) and the ceramics modified with 0.4
(b), 2.0 (c), 4.0 (d), and 11.0 mol% ZnO (e). Tr.r indicates the rhombohedral-tetragonal phase transition temperature.
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Table I1I.  Ferroelectric Property Parameters of the PMNT/

xZnQ Ceramics

Zn0 content, x (mol%) P (uCﬁ'Lm:) Ec (kV/em) Ry

0 259+03 7.0+03 097 +0.01
0.4 310+ 01 6.6 £0.1 1.20 + 0.01
2.0 206+ 0.1 66 £0.1 1.38 £ 0.01
4.0 28602 6702 1.38 +£0.01
11.0 221+£0.1 70£0.1 096 + 0.0l

Pr and Py are the polarization at zero field and a maximum field, respec-
tively. E¢ and Epay are the electric field at the polarization equals to zero and
a maximum applied field, respectively. R, is the hysteresis loop squareness.
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Fig. 5. Plots of the normalized polarization (P/P,,) and coercive
field (Ec/Epqy) as a function of ZnO content of the PMNT/xZn0O
ceramics.

1.1E¢. For an ideal square loop, Ry, is equal to 2.00. More-
over, the squareness can be used to measure not only the
deviation in the polarization axis but also that in the electric
field axis.* The Ry values of the ceramics are listed in
Table II1. It can be seen from the results that ferroelectric
properties of the PMNT ceramics were enhanced, i.c., the
increases in P, Py/Puay and Ry, and the decreases in Ec,
E¢/Epax. and Ry, with 0.4-4.0 mol% ZnO modifications.
However, they slightly decreased when ZnO content
mncreased to 11.0 mol%. The improvement of the ferroelec-
tric properties of the ceramics was attributed to the effects of
the increase in size of the ceramics’ grains. As grain bound-
aries, which are nonpolar regions, are decreased with increas-
ing grain size, the reorientations of polarizations are
enhanced, leading to a better loop squareness. This also
results in the increase in the P, of the ceramics.” However,
the slight decrease in P, and increase in the E- observed in
the PMNT/11.0 mol%ZnO sample are believed to be caused
by the increase in the ceramic’s porosity. Moreover, it is
believed that charge defects, that is, cation and oxygen
vacancies, can exhibit as space charges which inhibit the
polarization switching under a high applied field amplitude,
resulting in a decrease in P, and an increase in E- of the
ceramics.”’

IV. Conclusions

ZnO-modified Pb(Mg;;3Nb3)65Tip 35053 (PMNT) ceramics
of complex perovskite structure with relative densities 93%-
95% were successfully prepared by solid-state reaction and
sintering method. The XRD patterns measured at room tem-
perature showed the coexistence of the rhombohedral and
tetragonal ferroelectric phases, which is a characteristic of
PMNT solid solution system at the MPB composition. A dis-
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tortion of the perovskite unit cell and an increase in lattice
parameters, and tetragonality of the PMNT ceramics were
observed by ZnO modifications. The average grain sizes of
the ceramics tended to increase with increasing ZnO content.
The dielectric constant measured at 7}, of the pure PMNT
ceramic was enhanced with 0.4-4.0 mol% ZnO modification.
Ty and T, of the ceramics tended to increase while the
degree of diffuseness decreased with increasing ZnO content.
The enhancement of ferroelectric properties, ie., the
increases in P, and Ry, and the decrease in E¢, was observed
when 0.4-4.0 mol% ZnO was incorporated. From all the
results, 1t can be seen that the optimum ZnO content is
2.0 mol%, which makes the ceramics with good dielectric
and ferroelectric properties. The PMNT ceramic modified
with 2.0 mol% ZnO is a promising material for applications
as multilayer capacitors, clectromechanical transducers, and
nonvolatile ferroelectric random access memories.
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Ternary system of lead-free piezoelectric ceramics with the Received 28 November 2015
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0.05, 0.06 and 0.07 mol fraction) were sintered at the temperature Temary system; load-free.
of 1125°C for 2 h. All samples have the density ranging of 5.59 - piezoelectrics; X-ray
573 g/cm?. X-ray diffraction pattern exhibited a single perovskite diffraction

structure without any secondary phase. Scanning electron

micrographs indicated a cubic-like grain shape occurred for all

compositions with side length of 0.49 - 0.77 um. At a compo-

sition BNKT-0.005LN-0.04BT showed the highest piezoelectric

coefficient (ds; = 198 pC/N) with good dielectric (e, = 1775, tand =

0.0534) and ferroelectric properties (P, = 17.36 pC/cm?, Ryy = 1.67).

Introduction

Piezoelectric ceramics have been widely used in various industries such as auto-
motives, electronics and medical industries. Dominate piezoelectric ceramic is lead
zirconate titanate compound or PZT. However, lead (PbO) is considered to be toxic
and causes an environmental problem [1]. Therefore, lead-free piezoelectric ceram-
ics have attracted because of their outstanding advantages as environmental friendly
materials [2]. Bigs(Na,_ K, )psTiO; or BNKT have been known as one of interesting
lead-free piezoelectric ceramics. Sasaki et al. [3] have reported that a solid solution
of BNKT show improved piezoelectric properties in morphotopic phase boundary
(MPB) region at 0.16 = x = 0.20 and the composition of x = 0.20 showed P, =
19.9 uC/cm?, £, = 1000 and d3; = 46.9 pC/N.

Among LiNbO; or LN had perovskite structure with ABO; formula and very
important ferroelectric material for applications in optics and electronics, such as
electro-optical, piezoelectric and nonlinear optical devices [4]. In 2007, Du et al.
[5] have reported that a solid solution of (1-x)KgsNagsNbO3-xLiNbO3 showed an

CONTACT Sukanda Jiansirisomboon ) sukanda jian@cmu.ac.th
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improvement in electrical properties. Recently, Hao et al. [6] studied the binary sys-
tem of (1-x)Bigs(Nag sKg2)o5TiO3-xLiNbO;. At composition of x = 0.025 showed
the highest d;; = 475 pm/V.

BaTiO; is a prototypical ferroelectric material with a characteristic tetragonal dis-
tortion of the perovskite structure [7]. In 2014, Acharya et al. 8] study in ferroelec-
tric and piezoelectric properties of lead-free BigsNagsTiO3-BipsKysTiO3-BaTiOs
thin film. The composition of 0.884BNT-0.08 BKT-0.036BT showed the best electri-
cal properties with a dielectric constant (638), remnant polarization (27 pC/cm?),
and effective piezoelectric constant (79 pC/N).

The past of my research study in (1-x)Big s(Nag gy Ko 20)0.s TiO3- xLiNbO; system
was found to be optimized dielectric, ferroelectric and piezoelectric properties at
the composition of x = 0.005. This research aims to study the microstructure and
electrical properties of the ternary system (1-x-y)Biys(NaggKy20)TiO5-xLiNbO;-
yBaTiO; or (1-x-y)BNKT-xLN-yBT ceramics (when x = 0.005 and y =0, 0.01, 0.02,
0.03, 0.04, 0.05, 0.06 and 0.07 mol fraction)

Experimental

Conventional mixed-oxide and sintering method was used to prepare of (1-x-
y)BNKT-xLN-yBT ceramics (when x = 0.005 and y = 0, 0.01, 0.02, 0.03, 0.04, 0.05,
0.06 and 0.07 mol fraction). Starting materials are Bi,O;, Na,0;, TiO,, K;COs3,
Li;CO3, Nb,; O3 and BaCO;. All starting materials were stoichiometrically weighted
with composition of (1-x-y)BNKT-xLN-yBT, ball milled for 24 h in an ethanol solu-
tion (99.99%) and dried in an oven. Then, dried powders was calcined at 900°C for
2 h. After that, a few drops of 3 wi% polyvinyl alcohol (PVA) binders to the mixed
powders before being uniaxial pressed into 15 mm diameter discs. After that the
green body were sintered at 1025 to 1125°C for 2 h with a heating and cooling rate
of 5°C / min.
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Figure 1. Plots of density as a function of sintering temperature of BNKT-LN-BT ceramics.
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Table 1. Physical and electrical properties of the BNKT-LMN-EBT sintered ceramics.

Density Linear shrinkage  Awerage grain e, E- diz
X {gfom?) {%6) size (pm) & tand  (pCiam?)  (KWiem) Ry (PGN)
0 559 + 0.03 2076 + 0.03 1.05 £+ 0.04 1360 0.0564 24.87 n.a0 142 142
0.01 558 + 0.06 75 + 0.02 0.83 + 0.04 1420 0.0555 20,04 6.19 1.22 153
0.02 563 £ 003 21.80 £ 0.04 0.59 £ 0.02 1456 0.0683 26.60 838 1.55 169
0.03 564 + 004 2192 &+ 0.05 053 + 0.04 1579 0.0454 2043 6.45 1.1 172
004 573 £ 002 2195 £ 0.03 0.49 £ 0.07 775 0.0534 747 .47 178 198
005 572 £003 2140 £ 0.06 054 £ 0.02 le63  0.0544 2993 ns2 1.67 162
0.06 565 £ 007 2102 £ 0.05 0.65 £ 0.04 1564 00777 3274 nis 1.46 159
0.07 548 = 0.1 20.81 &+ 0.04 070 + 0.08 1355 0.0654 16.53 10.52 1.65 138

X-ray diffractometer (XRD-Rigaku, MiniFlex IT) was used to determine the phase
of both powders and ceramics. Bulk density was measured by Archimedes method.
Linear shrinkage of all samples was also measured. Scaning electron microscope
(SEM, JEOL JSM-6335F) was used to identify microstructural features of the ceram-
ics. Grain size was determined by a mean linear interception method. This method
was the quantitative measurement of grain size within densely uniform structures
and it was best suited where the boundaries of each grain were relatively easy to
determine. For electrical characterization, all samples were polished to 1 mm thick-
ness to obtained parallel scratch-free surface. Silver paste was painted onto both
surface for form electrodes. The 4263B LCR-meter was used to measured dielectric
properties. The Sawyer-Tow Circuit was used to determined ferroelectric proper-
ties. For piezoelectric properties, all samples were pole in silicone oil bath at 55°C
under DC electric field of 4 kV/mm for 15 min. Piezoelectric coefficient (ds3) was
recorded from 1 day aged samples using dz; meter (KCF technologies, S5865).
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Figure 2. X-ray diffraction patterns of BNKT-LN-BT sintered ceramics at 26 = 10 — 80.
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Figure 3. SEM micrographs of as-sintered surface of BNKT-LN-BT sintered ceramics.

Results and discussion

The density values of (1-x-y)BNKT-xLN-yBT were obtained between 5.58-
5.73 g/cm?. The optimum sintering temperature was found to be 1125°C for all
BNKT-LN-BT ceramics. The densities were then dropped at higher sintering tem-
perature of greater than 1125°C as showed in Figure 1. The linear shrinkage increas-
ing with increased sintering temperature and showed similar trend of density. The
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Figure 4. Plots of room temperature dielectric constant (=) and dielectric loss (tans) values as a
function of BT content measured at a frequency of 1 kHz.

highest linear shrinkage of 20 - 22% was observed for BNKT-LN-BT ceramics sin-
tered at 1125°C (see Table 1). So, the samples sintered at 1125°C were selected for
further characterization. Figure 2 shown X-ray diffraction patterns of BNKT-LN-BT
ceramics with 26 = 10 - 80° All compositions indicated a pure perovskite structure
and no detectable secondary phase. This confirmed that the starting reagents com-
pletely reacted to form the final compounds. This suggested that LN and BT had
diffused into BNKT lattice to form complete solid solutions during the sintering
process. BNKT ceramics showed features of mixed rhombohedral-tetragonal sym-
metry. However, rhombohedral showed over tetragonal structure. This result similar
to reported by Sasaki et al. [3]. We belived Li* ions (1.06 A) and Ba®>* (1.42 A) was
diffuse to A-site Bi** (1.17 A), Na™ (1.18 A) and K* (1.33 A) positions [9] while
Nb** ions (0.64 A) diffused into B-site of Ti*" positions (0.61 A) [10]. SEM image
of as-sintered surface of BNKT-LN-BT ceramics are shown in Figure 3. This con-
firmed that all ceramics were of high density sintered at 1125°C. The average grain
size values of all samples are listed in Table 1. The cubic-like grain shape represent in
all BNKT-LN-BT samples. So, the addition of BT in to BNKT-LN did not evidently
change in grain shape. However, the addition of BT into BNKT-0.005LN slightly
inhibited grain growth. We believe that a reduction of grain size BNKT-LN were
due to a solute drag effect of the dissolved BT [9].

Plots of room temperature dielectric constant (¢,) and dielectric loss (fans) values
as a function of BT content measured at a frequency of 1 kHz are shown in Figure 4
and the values are also summarized in Table 1. This measured &, at low frequency
(1 kHz) may be due to the active represent of all type of polarization i.e. ionic, ori-
entation, electronic and spec charge polarization [11]. The &, of BNKT-0.005LN
ceramic had e, of 1360 with fand values of 0.0564. The ¢, starting increased with
increasing BT content. The BNKT-LN-0.04BT sample indicated a maximum room
temperature dielectric constant of 1775. This result was attributed to a reduction of
grain size in this composition which played an important role in raising dielectric
constant value. While grain size decreased, domains became smaller and had large
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Figure 5. Polarization-electric field (P-E) hysteresis loop of the BNKT-LN-BT sintered ceramics.

unrelieved stress that increased internal stress in the domain accompanied by an
increase in permittivity [12]. At a composition of BNKT-0.005LN-0.05BT illustrate
initially ¢, value decreased. This result was also relation with slowly increasing of
grain size as shown in Figure 3. The large grains caused internal stresses within the
grain could be reduced by formation of appropriate arrangement of 90° domains
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mechanism [9]. Polarization-electric field (P-E) hysteresis loop of BNKT-LN-BT
are showed in Figure 5. The P-E hysteresis loop of BNKT-LN showed typical fer-
roelectric shape at room temperature. It can be seen the P, value trend increasing
with BT content and showed the maximum of P, = 37.47 uC/cm® at BNKT-LN-
0.04BT sample. Whereat, P, started decreased at y = 0.05. However, E. has trend
decreased with increasing BT content. The decreased of P, and E. values caused
in a slight pinched-type loop with relation small remanent polarization. The effect
like to that observed in many BNT-based ceramics i.e. (BijsNags)TiO3-5rTiO,
[13], and (BigsNay 5)TiOs-KINDO; [14] ceramics. The piezoelectric constant (d;;3)
of the BNKT-LN-BT ceramics are listed in table 1. Pure BNKT ceramic had ds; of
142 pC/N. The highest d3;; = 198 pC/N value was obtained at the BNKT-LN-0.04BT.
The addition of BT showed improvement of d;; properties. It can be seen the addi-
tion of BT showed increasing of d;; value compared with BNKT-LN sample.

Conclusions

Ternary Lead-Free of (1-x-y)Bigs(Nag s0Kg.20)0.5Ti05-xLiNbO;-yBaTiO; ceramics
(when x = 0.005 and y = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.07 mol fraction)
were successfully synthesis by conventional mixed oxide and sintering method. X-
ray diffraction patterns presence a single perovskite structure and cannot detect
impurity phase. The addition of BT in BNKT-LN can be improving dielectric,
ferroelectric and piezoelectric properties of ceramics. The maximum &, of 1775,
P, =37.47 nC/cm? E.=11.47kV/cm, R,; =1.78 and d5; = 198 pC/N were obtained
for BNKT-0.005LN-0.04BT sample.
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Abstract The dielectric properties and electric-field-induced
polarization and strain behavior of (1-x)PZT-xSBN (x ranged
from 0 to 1.0 weight fraction) ceramics prepared by a conven-
tional mixed-oxide method were investigated. The dielectric
properties indicated that the dielectric constant of PZT could
be enhanced with small addition of SBN (x = 0.1). From the
polarization hysteresis loop measurements, it was found that
the ferroelectric properties of nominal PZT-SBN ceramics
changed strongly from the normal ferroelectric in PZT-rich
ceramics to the paraelectric character in SBN-rich composi-
tions. The strain hysteresis loops of nominal PZT-SBN under
bipolar electric field loading suggested that the butterfly curve
was observed in some compositions (0 <x<0.3 and pure SBN
ceramic). This research clearly showed the significance of
SBN in controlling the electrical properties of nominal PZT-
SBN ceramics.
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1 Introduction

Ferroelectric materials have attracted considerable attention be-
cause of their possible uses in electronic devices such as nonvol-
atile random access memories (NVRAM), capacitors and actua-
tors [1]. Isotropic perovskite structure and bismuth layered struc-
ture compounds are the two most important materials employed
in these applications. Perovskite-structure compounds such as
Pb(Zty 52 Tip.43)03 (PZT) show excellent ferroelectric properties
with large remanent polarization and small coercive field [2] but
they exhibit a rather poor fatigue resistance [3]. The bismuth
layered perovskite compounds i.e. SrBi,Nb,O, (SBN) and
StB1,Ta,0q (SBT) exhibit excellent fatigue characteristics as
compared to those of PZT [4]. However, the major problems of
these bismuth layered perovskite ferroelectrics include small
remanent polarization and high processing temperature [5].
Therefore, many research groups have attempted to combine
the superior ferroelectric properties of PZT and fatigue-free prop-
erties of SBT in a form of mutilayer thin films [6, 7]. Many
previous works reported that the binary film systems had better
ferroelectric and dielectric properties over those of pure PZT thin
films. However, fundamental research on a combination of PZT
and bismuth layered compounds in a form of bulk ceramic is
quite scarce. Therefore, this research aims to fabricate new ce-
ramic systems based on PZT-SBN. A series of ceramics with
formula (1-x)PZT-xSBN (when x =0, 0.1, 0.3, 0.5, 0.7, 0.9 and
1.0 weight fraction) were prepared. The ceramics were charac-
terized particularly in terms of phase evolution and its relation-
ship to strain behavior, dielectric and ferroelectric properties.

2 Experimental

The conventional solid state reaction method was employedto
prepare the ceramics with formula (1-x)Pb(Zry 55Tip 45)O03-
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x8rBisNb>Oy or (1-x)PZT-xSBN where x = 0, 0.1, 0.3, 0.5,
0.7, 0.9 and 1.0 weight fraction. PZT and SBN were synthe-
sized separately. The raw materials of PbO (99 %, Riedel-de
Haén), 21O, (99 %, Riedel-de Haén), TiO, (99 %, Riedel-de
Haén) were weighed according to Pb(Zry 52 Tip 45)03 compo-
sition. The mixture of raw materials was ball milled in alcohol
for 24 h using zirconia balls. After that, the powder mixture
was calcined at 800 °C for 2 h to form the perovskite PZT.
SBN was similarly prepared from mixed SrCO; (98 %,
Aldrich), Biy05 (99.9 %, Aldrich) and Nb,Os (99.9 %,
Aldrich) powders which were reacted at a calcination temper-
ature of 950 °C for 3 h. Then, the PZT and SBN powders with
different relative weight fraction were wet mixed for 24 hina
plastic jar with zirconia balls and ethanol. The dried powders
were pressed into pellets with 10 mm in diameter. The green
pallets were then placed in a sealed alumina crucible. These
pellets were covered with powder having the same composi-
tion to avoid compositional deviation from PbO and Bi>O4
volatilization during sintering at 1050 °C for 3 h with a
heating/cooling rate of 5 °C/min. The amount of excess pow-
der was about 5 g per crucible.

Phase characterization of (1-x)PZT-xSBN ceramics was
carried out using X-ray diffractometry (XRD, Phillip Model
X-pert). The polarization-electric field (P-E) and strain-
electric field (S-E) loops were measured at a frequency of
50 Hz using an aix ACCT TF2000HS analyzer equipped with
a laser interferometer. Dielectric properties were measured at
room temperature with a measurement frequency of 1 kHz
using the LCR Hitester (Agilent, E4980A).

3 Results and discussion

X-ray diffraction patterns of (1-x)PZT-xSBN ceramics after
sintering at 1050 °C for 3 h are shown in Fig. 1(a). The
XRD pattern of the PZT sample was identified as a single-
phase pattern with a perovskite structure having tetragonal
symmetry while the SBN ceramic was found to be a bismuth
layered structure with an orthorhombic symmetry. The addi-
tion of 0.1SBN into PZT caused a shift of the PZT peaks to
higher angles while a newly formed phase started to appear.
X-ray peak matching procedure indicated that this new phase
was found to have a pattern very similar to the standard data of
the Pby(Nb 33Tig 66)06.66 (FNT) whose structure is cubic with
space group Fd3 m (JCPDS file no. 74-0660). Similar results
have been observed by Yang et al. [8] in the PZT-Bi,Ti;O»
system. They found that the new stable phase of composition
PbBi,Ti,0, 5 coexisted with the PZT matrix phase. This con-
firmed that a chemical reaction and dissolution between the
perovskite PZT and bismuth layered SBN occurred during the
sintering process. During the dissolution process, it was ex-
pected based on ionic size that S©** (> = 1.18 A) or Bi**
(rgi" = 1.03 A) substituted for Pb*" (r5,"" = 1.19 A), and
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Fig. 1 (a) X-ray diffraction patterns of (1-x)PZT=xSBN ceramics (b)
Axial ratio of (1-x)PZT-xSBN ceramics

Nb>" (ryp” " = 0.64 A) ion substituted for Ti*"
(rn7 = 0.605 A) or Zr** (" =072 A) [9] in PZT. This
ionic substitution resulted in a shift of all PZT diffraction
peaks towards higher angles. For x = 0.3, the intensity of the
PNT peaks increased rapidly while the intensity of the PZT
peaks sharply decreased. For the composition x = 0.5, the
pattern indicates that peaks of PNT became the major phase
with the appearing SBN as a minor phase while the peaks of
the PZT phase completely disappeared. An increase in SBN
content fromx = 0.7 and 0.9 led to a gradual reduction of PNT
peak intensity and the shift of SBN peaks to lower angles with
a continuous increase in intensity. This peak shift implied the
expansion of the unit cell of the SBN phase. With careful

@ Springer

16 ﬁqu’mu 2557

164



72

J Electroceram (2016) 36:70-75

phase characterization, it was shown that some extra peaks of
unknown phase were also present in the composition range of
0.3 < x < 0.9, which were indicated by black circles in
Fig. 1(a). Furthermore, as shown in Fig. 1(b), it was observed
that the variation of axial ratio of PZT, PNT and SBN phases
innominal PZT-SBN ceramics showed a strong reduction in¢/
a after the incorporation of a small amount of SBN
(0.1 =x = 0.3) compared to PZT without SBN addition. This
implied that the ions from SBN dissolved into the PZT phase
creating the shift in the XRD peaks mentioned previously. On
the other hand, the addition of PZT into SBN (in the compo-
sitions with SBN-rich phase (0.5 <x < 0.9)) led to a continu-
ous reduction of an axial ratio (c¢/a, ¢/b and b/a) of SBN,
suggesting that ions from the PZT phase substituted in the
SBN lattice. Based on the X-ray results, it should be noted
that peak shift and the change of axial ratio was observed for
the compositional range of 0.1 < x < 0.9, implying that all
phases present were solid solutions.

Figure 2 displays the variation of phase content of PZT,
PNTand SBN in the nominal PZT-SBN ceramics as a function
of SBN concentration. Five regions can be distinguished from
the phase evolution behaviour in this ceramic system. Phase
field I and V represented PZT-based (PZT(s.s.)) and SBN-
based (SBN (s.s.)) solid solutions. Two composite regions
(IT and IV) were also present. Region II (0.1 < x < 0.3) indi-
cated composite ceramics between PZT(s.s.) and PNT phases.
It was found that the amount of PZT(s.s.) decreased while that
of PNT increased with increasing SBN content up to x = 0.3.
This suggested that the PZT rapidly dissolved into SBN to
form PNT phase. For further addition of SBN up to x = 0.5
(region IIT in Fig. 2), PNT phase became the dominating
phase. However, the phase content of PNT could not be de-
termined due to the small number of compositions investigat-
ed in this study. In addition, a small amount of 17 wt%SBN
was also contained in this region. However, it was noted that
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Fig. 2 The relationship between phase field and SBN content in PZT
ceramic
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there was no PZT phase in this region. This result demonstrat-
edthat a certain amount of PZT preferred to dissolve into SBN
structure to form the PNT phase. Furthermore, it can also be
said that the SBN phase was a more stable phase than that PZT
phase in region III. The region IV (0.5 <x < 0.9) was com-
posed of SBN(s.s.) and PNT phases. In this region, the con-
centration of SBN phase suddenly increased with increasing
SBN addition, whereas the PNT content rapidly decreased.
This phase field vs. SBN content plot roughly represented
the room temperature stable phase diagram of the nominal
PZT-SBN system. It should be noted that the existence of
the PNT phase covered a very wide range of compositions
(0.1 £x<0.9), suggesting the stability of this phase as well
as the limited solubility of PZT in SBN and vice versa.

SEM micrographs and grain size of the nominal PZT-SBN
samples are shown in Fig. 3(a, b), respectively. The shapes
and sizes of pure PZTand SBN grains were quite different. As
can be seen from Fig. 3(a), the pure PZT ceramic (x = 0) had
equiaxed grains while the pure SBN ceramic (x = 1.0)
contained plate shaped grains. For the sample with
0.1 <x<0.3, the ceramic consisted of both equiaxed grains
of PZT and irregularly shaped grains of PNT. As the SBN
content was increased up to x = 0.9, there were two component
phases with different shapes and sizes of PNT and SBN in the
ceramics. The amount of plate-shaped grains increased grad-
ually while irregularly shaped grains decreased. The variation
of grain size for all ceramics are shown in Fig, 3(b). It was
interesting to note that the PNT phase formed in this system led
to the reduction of the size of the equiaxed grains compared
pure PZT. However, there was little change when compared to
pure SBN ceramic. The second PNT particles could inhibit grain
boundary migration and limit grain growth in the ceramics. It has
also been reported that the presence of a secondary phase can
reduce grain sizes of PZT-based ceramics [10].

The room temperature dielectric properties measured at
1 kHz are listed in Table 1. In the case of pure PZT and
SBN ceramics, the dielectric constant (<) values were ~1040
and ~175 while the dielectric loss (tan §) values were ~0.004
and ~0.018, respectively. Starting from pure PZT, the addition
of x=0.1SBN caused a sudden increase in the dielectric con-
stant and loss. The smaller grain size of the ferroelectric PZT
matrix phase was partly the main contributor to the improved
dielectric behavior in this composition due to its greater do-
main density [11]. Higher domain density also allowed a larg-
er amount of wall movement, thus causing larger dielectric
constant and loss observed in the small-grained sample. In
addition, the donor-like substitution also played a role in an
increase of dielectric constant and loss. Namely, donor-like
substitution behavior in which Bi** substituting for Pb>* and
Nb* for Ti*' or Z+*'. The Bi** and Nb*" ions from SBN
provided extra electrons which could counteract the natural
p-type conductivity of PZT ceramic and raise the electrical
resistivity [1]. The sample was likely to be charge
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compensated by the formation of cation vacancies such as
Pb”" and Ti*" and the released ions then formed the PNT
phase observed. On the other hand, the concentration of oxy-
gen vacancies also got significantly reduced [12, 13].
Typically, oxygen vacancies are believed to be a major con-
tributor to domain wall pinning [14]. The reduction of oxygen
vacancies led to an enhancement in domain reorientation [15,
16], resulting in high dielectric constant and loss [1]. An in-
crease in SBN content up to x = 0.7 caused the dielectric
constant and loss of the ceramics to suddenly decrease. This
result was attributed to the presence of the non-piezoelectric
cubic PNT phase and possibly also to a small amount of some
unknown phases, as observed in the X-ray diffraction study.
For the composition with x = 0.9SBN, the dielectric constant
and loss slightly increased. This composition was basically a
PZT-doped SBN-based solid solution. However, the small in-
crease in dielectric constant and nearly the same value of di-
electric loss compared to pure SBN was not sufficient to indi-
cate with certainty the defect types present in the material.
This was made more difficult by the presence of a small
amount of PNT secondary phase in this sample.

The polarization-electric field (P-E) loops of nominal (1-
x)PZT-xSBN ceramics are shown in Fig. 4. Some ferroelectric
parameters extracted from these loops are listed in Table 1.
From Fig. 4(a, b), pure PZT ceramic showed larger remanent
polarization (2P,) and smaller coercive field (2E,) than pure

0 62 04 06 08 LD
XSBN content

SBN ceramic. Addition of x = 0.1SBN into the PZT matrix
phase led to an increase of the remanent polarization and de-
crease of the coercive field. This ceramic composition can be a
promising material for ferroelectric memory applications due
to its high remanent polarization and low coercive field. The
increase in the remanent polarization and reduction in the
coercive field of the sample was attributed to the effect of
donor-like substitution. In this sample, donor dopants (i.e. Bi
and Nb from SBN) induced Pb and Ti vacancies in the PZT
mairix for charge compensation, and simultaneously reduced
the oxygen vacancy content [12, 13]. The reduced oxygen
vacancy concentration then contributed to the increase in mo-
bility of domain walls by lowering the stability of domain
structure against external electrical field [17], causing the in-
crease of the remanent polarization and reduction of the coer-
cive field. Morepver, the low content of cubic PNT phase also
played a role in improving the ferroelectric properties of this
composition. For sample with x = 0.3SBN, a very slim polar-
ization loop with small remanent polarization and coercive
field was present. This was due to an increased amount of
cubic PNT phase. Since the cubic PNT phase in the ceramic
exhibited non-piezoelectric characteristics, it could obstruct
the polarization process of the ferroelectric PZT phase, lead-
ing to areduction of the remanent polarization of this sample.
‘When more SBN (0.5 < x < 0.9) was added to PZT, the P-E
loops showed an obvious linear polarization behavior, which

Table 1 Dielectric, ferroelectric

and piezoelectric properties of (1- x Dielectric props. Ferroelectric props. Piezoelectric props.
x)PZTSBN ceramics 1 N
& tand 2P (pClem’)  2E, (kVimm) S (%) Eque (KV/mm)  ds3 (pm/V)
0 104020 0.043 2837 352 0.17 554 320.58
0.1 179931  0.0280 39.94 2.86 0.13 4.09 33518
0.3 76153 0.0233 4.62 2382 0.02 898 30.12
0.5 16598  0.0091 - - - -
0.7 136.97  0.0031 - - - -
0.9 18240  0.0175 - - - -
1.0 174.69  0.0182 530 1573 - -
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is a characteristic of paraelectric materials [18]. It should be
noted that the 0.1PZT-0.9SBN composition also had poor
hysteresis loop although this sample was a SBN-rich phase.
In this case, the material seemed to exhibit a p-type behavior
due to that lower valent Pb>*, Z+**, Ti** ions substituted into
the SBN structure. This led to the formation of oxygen vacan-
cies from charge compensation process. It was expected that
the major carrier in this system was holes, implying that this
material was a p-type semiconductor. The presence of oxygen
vacancies obstructed domain reorientation by pinning them,
producing a poor hysteresis loop. Over a large compositional
range, the presence of the cubic PNT phase obviously led to
degradation of the ferroelectric properties of the nominal PZT-
SBN system.

The relationships between the field-induced strain () and
the applied external electric field (E) for nominal (1-x)PZT-
xSBN ceramics are shown in Fig. 5. The values of the longi-
tudinal piezoelectric constant (d33*) determined from the slope
of strain versus electric field plot [19] are listed in Table 1.
From Fig 5(a), the pure PZT ceramic showed a typical butter-
fly curve with high strain and ds;" values of ~0.17 % and
~320 pm/V, respectively. On the other hand, the pure SBN
ceramic showed asymmetric strain loop with very low maxi-
mum strain, as shown in Fig 5(b). When a small amount of

Fig. 5 S-E loops of (1-PZT-

Electric field (kV/mm)

0.1SBN was added to PZT, the sample could deliver a field-
induced strain of ~0.13 % with at an external electric field of
~4 kV/mm, which was comparable to the strain of undoped
PZT. Moreover, the maximum dggt value was also achieved
for this sample (see Table 1). It is well known that the mate-
rials for piezoelectric applications are required to possess
propetties such as high ds;" at low applied electric field [20].
From these results, the piezoelectric properties seemed to be
optimized for the 0.9PZT-0.1SBN composition. The donor-
doped behavior contributed to the improved piezoelectric
propetties of this sample. The substitution of Sr**, Bi*" and
Nb”* {ons into the PZT introduced the A-site vacancies and
also significantly reduced oxygen vacancy concentration. The
switching of domains upon electric field application is one of
the major mechanisms contributing to the strain response [21,
22]. As mentioned previously, ferroelectric domain walls can
be pinned by oxygen vacancies [13]. In this sample, therefore,
a decrease in oxygen vacancy concentration resulted in an
improvement in ferroelectric domain switching, leading to
an increase in strain and corresponding ds; : response.
Further increasing SBN content to x = 0.3 resulted in a slim
butterfly loop with a markedly decreased strain and dsy.
Degradation ofthe piezoelectric properties in this composition
was mainly due to the increased amount of non-ferroelectric
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PNT phase. For higher concentration of SBN (0.5 <x <0.9),
no S-E loops could be obtained as the strain values were too
low and close to the detection limit of the instrument. In ad-
dition, the loss of strain response for these ceramics could be
caused by the effect of PNT and other unknown phases. These
phases might suppress ferroelectric domain switching, caus-
ing the loss of strain responses. Therefore, they were not in-
cluded in Fig. 5. The observed hysteresis loops indicated that
these ceramic compositions were neither ferroelectric mate-
rials nor exhibited piezoelectric properties. Again, the pres-
ence of the non-piezoelectric cubic PNT phase played a major
role in the development of the electrical properties of this new
material system.

4 Conclusion

(1-x)Pb(Zrg 52 Tip 48)03-xSrBisNbsOy ceramics were success-
fully prepared by a solid-state mixed-oxide method. The pure
PZT ceramic showed mainly tetragonal phase. Addition of
small amounts (0.1 < x <0.3) of SBN into PZT resulted in a
tetragonal lattice distortion of the PZT-based solid solution as
well as the appearance of a cubic-structured PNT phase. With
an increase in the content of SBN, the orthorhombic SBN and
the cubic PNT phase were both present in the XRD patterns.
This observation suggested that suitable content of added
SBN (x=0.1)into nominal PZT-SBN ceramics could improve
the electrical properties over those of pure PZT and SBN ce-
ramics. Further increasing SBN content (x > 0.3) resulted in
poor dielectric, ferroelectric and piezoelectric properties. The
observed non-piezoelectric secondary phase indicated the
high tendency of reaction between PZT and SBN and its pres-
ence strongly affected the electrical properties of this material
system.
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ABSTRACT ARTICLE HISTORY
This work studies properties of BagssCapisTinsZro10s (BCZT) Received 28 November 2015
ceramics prepared from the BCZT powders synthesized by con- Accepted 28 March 2016

ventional mixed oxide (so called M) and sol-gel auto combustion
. KEYWORDS
(so called A) methods. The M and A powders were calcined at 1200 L .

. . Lead free; piezoelectric;
and 900°C, respectively. Different amounts (0, 50 and 100 wt%) of BCZT: mixed oxide: sol-gel
A powder were added into M powder then sintered at 1450°C for auto combustion
2 h. Grain size and dielectric constant (s,) tended to decrease with
A powder content. The highest £, value of 5342 but slimmest was
observed in the ceramic with 100 wt% A powder addition.

1. Introduction

Nowadays, electroceramics are used in many applications such as sensors, actua-
tors and piezoelectric devices. Lead zirconate titanate (PZT) is a piezoelectric mate-
rial that shows high piezoelectric performance suitable for using in piezoelectric
applications. However, PbO evaporated during high temperature processes is a toxic
compound for human and environment. The European Union (EU) have the rule to
restrict the use of heavy metals such as lead (Pb), cadmium (Cd), chromium (Cr),
mercury (Hg), tin (Sn) and other heavy metals [1-2]. From these reasons, lead-
free piezoelectric materials and their properties are developed to use for piezoelec-
tric applications instead PZT. They include barium titanate (BaTiOj: BT), bismuth
sodium titanate (BigsNagsTiOs: BNT), bismuth potassium titanate (Bip 5Ky sTiOs:
BKT) and potassium sodium niobate (KNalNbOs;: KNN). However, lead-free mate-
rials still have low piezoelectric properties as compared to PZT material. In 2009,
Liu and Ren [3] prepared a lead-free perovskite Bag gsCag.15Zrp.1 Tip s TiO3 (BCZT)
material. It showed higher piezoelectric coefficient than PZT (d;; of PZT = 500-
600 pC/N while d3; of BCZT ~ 620 pC/N). For BCZT ceramics, the coexistence of
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tetragonal (T), cubic (C) and rhombohedral (R) phases was observed at the mor-
photropic phase boundary (MPB) [3]. Nevertheless, disadvantages of the BCZT
materials are high calcination and sintering temperatures, i.e. > 1300 and 1500°C,
respectively [4]. Therefore, the reduction of the processing temperatures is the first
aim of this work. The wet chemical processes, i.e. sol-gel, hydrothermal, pechini
and sol-gel auto combustion methods, have been used to prepare BCZT powders
[5]. Very few studies have reported about BCZT powder synthesized by the sol-gel
auto combustion method [6].

In this work, the sol-gel auto combustion method was selected to synthesize
BCZT powders. With using this method, homogeneous, stoichiometric and small
size powders, which could help in increasing reactive surface area and reducing
calcination temperature, were believed to be obtained. Furthermore, base on our
knowledge, effects of BCZT powder sizes on properties of BCZT ceramics have not
yet been studied. Therefore, in this study, BCZT ceramics were prepared from the
BCZT powders synthesized by the sol-gel auto combustion (A) and the conventional
mixed oxide (M) methods. The M powder was mixed with different contents of the
A powder, which were 0, 50 and 100 wt%. The ceramics were characterized in terms
of chemical composition, microstructure, phase, density, and dielectric and ferro-
electric properties. The relations between A powder content and the properties of
the ceramics were studied and discussed.

2. Experiments

Bay g5 Cag 1521 1 Tig e TiO; (BCZT) powders were firstly prepared via conventional
mixed oxide (M) and sol-gel auto combustion (A) methods. For the M method, bar-
ium carbonate (BaCQOj3, 99.0%, Sigma Aldrich), calcium carbonate (CaCO3, 99.5%,
Sigma Aldrich), zirconium (IV) oxide (ZrO;, 98.5%, Riedel-de Haén) and titanium
(IV) oxide (TiO5, 99.0%, Sigma Aldrich) powders were used as the starting pre-
cursors. The stoichiometric amounts of the starting powders were mixed by ball-
milling for 24 hrs in ethanol medium. The slurries were dried at 120°C for 24 hrs.
The dried powders were calcined at 1200°C for 2 hrs with a heating/cooling rate
of 5°C/min. For the A method, barium nitrate (Ba(NO3),, 99.0%, Himedia), cal-
cium nitrate tetrahydrate (Ca(NO3),-4H,0, 99.0%, Sigma Aldrich), zirconium (IV)
oxynitrate hydrate (Zr(NO3)4-3H,0, 99.0%, Sigma Aldrich), titanium (IV) butox-
ide ((C4Hs0)4Ti, 97.0%, Sigma Aldrich) and citric acid (CsHgO7, 99.5%, Sigma
Aldrich) powders were used as the starting materials. The predetermined amounts
of the starting powders were mixed with citric acid, with the ratio of the mixed pow-
der to the citric acid fixed as 1:1, and then dissolved in deionized (DI) water. The
solution was stirred under the temperature of 70°C until it became transparent. The
NH4OH was gradually added into the solution to adjust pH value of the solution
equal to 7. The solution was heated at 120°C for 4 hrs and, eventually, the solution
became black powder (burnt powder). The burnt powder was calcined at 900°C for
2 hrs with a heating/cooling rate of 5°C/min. Different amounts, which were 0, 50
and 100 wt%, of the A powder were mixed with the M powder by ball-milling for
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24 hrs in an ethanol medium. The mixtures were dried at 120°C for 24 hrs. The dried
powders were mixed with 3 wt% polyvinyl alcohol (PVA) as a binder and pressed
under 1 ton pressure for 15 seconds to form a pellet shape. The green bodies were
sintered at 1450°C for 2 hrs with a heating/cooling rate of 5°C/min.

Phase formation of the calcined powders and the ceramics was characterized by
X-ray diffraction technique (X’ Pert Phillips) with CuKe radiation of 1.54178 A
wavelength at 26 range of 20-80°. Densities of the ceramics were determined by
Archimedes’ method (ASTM C 378-88). Microstructure was observed by a scan-
ning electron microscope (SEM, JEOL JSM-6335F). Grain size was determined by a
linear intercept method from SEM images. The parallel surfaces of each sample were
sequentially polished using 400, 600, 800 grit SiC paper. The samples were annealed
at 500°C for 5 hrs to remove residual stress due to the polishing process. Conductive
electrodes were made on the polished surfaces using a colloidal silver paste. Ferro-
electric and dielectric properties were measured by a modified Sawyer-Tower circuit
and LCR meter (Agilent 2638B), respectively.

3. Results and discussion

The XRD patterns of the M and A powers showed mainly perovskite structure and
small amount of secondary phase [3,6] while the other ceramics showed pure per-
ovskite phase without any unwanted phase as illustrated in Fig. 1(a). The secondary
phase presented in the M and A powders was believed to be created from incomplete
reaction of starting precursors. The enlarged views of the diffraction peaks at 26 ~
45°, 56° and 66° are shown in Fig. 1(b), (c) and (d), respectively. The peak at 26 ~
45° was fitted into two peaks corresponding to (002) and (200) planes for the left
and right-hand side peaks, respectively. This could be the reflection of a tetragonal
structure. The peak at 26 =~ 66° was split into (202) and (220) planes for the left
and right-hand side peaks, respectively. This was also the reflection of the tetrago-
nal phase. The splitting of the peaks at 26 =~ 45° and 66° of a tetragonal structure
could be confirmed with the ICSD file No. 01-076-0744 of BaTiO; compound with

“impurity & (a) A ceramic 5 (b)| |Aceramic= (c)| |Aceramic (d)
= 5 8 ? 8
N = Y L3 —
= s g ¢ A ceramic| T SN =N A8
- |2 - [x] = -] " - i SO
gb o S _-I __l_.ﬂ_j(_gj\i?; E- 50 ceral;l/\i\l: 50 ceramic,_ 50 ceramic
i PA A
E | \ | 50 ceramic % / \_\ / ‘\ g ¥
= Mceramic| €| / A A 7 N
=] P A W I S | s o
- 1 A ﬁ‘ m = M ceramic M ceramic M ceramic
wder )
"‘t/‘-_l.ﬂJ L_I—A_JLA_A__J\_A_,L,. //"4"\. f‘ \' ,f/\';l
M powder / /. e
J’L-_'_D_.JL'_JL..A.- .A Ap L A v, W o S “L_ _-ai-/ ;\‘-«-.-.....

20 30 40 50 60 70 80 44 45 4655 56 5765 65 67
20 (Degrees) 20 (Degrees)

Figure 1. (a) XRD patterns of BCZT powders and ceramics. The enlarged views of the peaks at 26 =
(b) 45°, (¢) 56° and (d) 66°. The ceramics with M:A ratios of 100:0, 50:50 and 0:100 are represented by
M, 50 and A ceramics, respectively.
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Figure 2. Plots of density and weight loss as a function of ceramics composition of BCZT ceramics.

a tetragonal phase. The peak at 26 ~ 56 was fitted into (112) and (211) planes, which
were located on the left and the right hand sides, respectively. The splitting of this
diffraction peak could be the reflection of a rhombohedral structure. This was con-
sistent with the peak splitting at 26 ~ 56° as observed in BaTiO; compound (ICDS
file No. 01-085-1797). The result agreed with the results observed in the previous
studies in Ref. 2, 3, 6 and 7.

The plots of density and weight loss as a function of A powder content of BCZT
ceramics are shown in Fig. 2. The density tended to increase while weight loss
decreased with increasing A powder content. The maximum density of 5.65 g/cm?
(> 97% of the theoretical density), which was higher than that of the BCZT ceramics
prepared from sol-gel powders [6]. As shown in Fig. 3(a) and (b), the M and A pow-
ders had the particle sizes in the ranges of 0.15-3.0 um and 20-30 nm, respectively.
It was believed that added smaller size A powders could fill the gaps between the
larger size M powder. This could result in increases in a degree of the packing and a

Figure 3. SEM micrographs of (a) M and (b) A powders and as-sintered surfaces of (c) 100:0, (d) 50:50
and (e) 0:100 ceramics.
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Figure 4. Plots of dielectric constants and dielectric losses measured at various frequencies as a func-
tion of ceramics’ composition of BCZT ceramics.

reaction surface area of the mixed powders which led to the enhancement of densi-
fication during the sintering process. It can be seen from Fig. 3(a) and (b) that the A
powder was more homogeneous and agglomerated than the M powder. Microstruc-
tures of as-sintered surfaces of all samples are shown Fig. 3(c)-(e). A coexistence
of equiaxial and irregular shaped grains was observed in all ceramics. Grain size
tended to decrease with increasing A powder content. The average grain sizes of the
ceramics with 0, 50 and 100 wt% A powder were 8.8, 5.3 and 3.4 um, respectively.
The degree of homogeneity of grain size distribution increased with increasing A
powder content. This was likely due to the characteristic of A powders, which had
smaller grain and more homogenous grain size distribution, which was more dom-
inated at higher A powder content. It was found from the density and the grain size
results that the small size powder had a more significant role on densification and
grain growth processes.

The plots of dielectric constants (&,) and dielectric loss (tand) measured at room
temperature and at different frequencies as a function of A powder content are illus-
trated in Fig. 4. The &, and tand of the M ceramic slightly decreased with 50 wt%
A powder incorporation. However, they significantly increased as A powder con-
tent increased to 100 wt%. The increase in &, could be caused by decreasing of
grain size as described in Devonshire’s phenomenological theory [9-10]. More-
over, it was believed that the increase in density contributed to the enhancement
of £, [11]. A high &, at a low frequency could be caused by the response of space
charge polarization created due to the formation of lattice vacancies, i.e. cation or
oxygen vacancies. However, space charge polarizations were restricted as frequency
increased which caused a decrease in &, [9]. Polarization-electric field (P-E) hys-
teresis loops measured at a frequency of 25 Hz of the BCZT ceramics are shown in
Fig. 5. For all ceramics, P-E curves were found to be a slim loop [13]. The remnant
polarization (P,) and coercive field (E.) of the M ceramic increased with 50 wt%
A powder incorporation. The P, and E. values observed in this study were con-
sistent with the previous result observed by Wang et al. [3]. However, the values
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Figure 5. P-E hysteresis loops measured at the frequency of 25 Hz of BCZT ceramics.

Table 1. Dielectric and ferroelectric properties of BCZT ceramics.

Remnant
tand at 1kHz and polarization; Py Coercive field; E;
Sample (M:A) erat1kHz and 30°¢ 30°c (e C/em?) (kV/cm)
100:0 2643 0.0304 738 £ 033 232 + 0.07
50:50 3865 0.0206 9.40 £+ 0.4 340 £+ 019
0:100 5342 0.0255 1.95 £ 0.57 1.04 4+ 029

decreased as the A powder content increased to 100%, as shown in Table 1. The
results were seemed to in agreement with Hao’s work, considering the three ranges
of grain sizes. Firstly, the ceramics with the grain size in the range of 0.4-5 um
presented an increased P,. Secondly, for the ceramics with the grain size ~5 pm,
they showed the P, closed to 9 uC/cm?. Thirdly, the ceramics with the grain size
of 6-10 pm, P, exhibited lower than 8 nC/cm?[13]. In addition, the ferroelectric
properties were consistent with the dielectric displacement-electric field (D-E) hys-
teresis loop based on the Avrami model reported by Orihara [15]. For the model,
a formula, f = f,[1 — exp(—G,d>/kT)], where f is ferroelectrics properties, d is a
grain size and G, is a constant and expression of the grain isotropy energy density,
was proposed. From the formula, it was revealed that ferroelectric properties were
proportional to grain size due to polarization and ferroelectricity increased with
increasing grain size [13, 15]. This supported the observed result that smaller grain
ceramic possessed lower ferroelectric properties.

4. Conclusion

BCZT ceramics were obtained by solid state sintering at 1450°C for 2 hrs. The
A powders had smaller size than the M powders. The XRD patterns of all sam-
ples showed coexisting of rhombohedral and tetragonal phases. Density tended to
increase while grain size decreased with increasing A powder content. The &, and
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tand of the M ceramic decreased while P, and E, increased with 50 wt% A pow-
der incorporation. However, as A powder content increased to 100 wt%, the dielec-
tric properties increased while the ferroelectric properties decreased. Among these
ceramics, the ceramic incorporated with 50 wt% A powder exhibited good ferro-
electric properties with had P, and E, of 9.40 ;.C/cm? and 3.40 kV/cm, respectively.
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ARTICLEINFO ABSTRACT

Keywords: This work aims to study the effects of frequency on the electrical fatigue behavior of Zn0-modified Pb(Mg,,

Fatigue aNDay3)o.65Tl03503 (PMNT) ceramics. Changes in microstructures, ferroelectric and piezoelectric properties of

Fej'“'flﬂfh'if“f the ceramics at bipolar electrical fatigue frequencies of 5, 10, 50 and 100 Hz were observed. The thickness of

;h':m:";n‘::“: damaged surface of the ceramics decreased with increasing frequency. The degradation of properties of the
EZ0EL aty

ceramics fatigued at low frequency was greater than those fatigued at high frequency. The degradation by
electrical fatigue at lower frequencies, 5 and 10 Hz, could be caused by the effects of both field screening and
domain pinning, while at higher frequencies the fatigue was mainly a result of the field screening effect. The
fatigne properties of ZnO-modified PMNT ceramics was compared to Pb-based and Pb-free ferroelectric
ceramics. [t was found that the fatigne endurance of ZnO-modified PMNT ceramic was greater than that of hard
PZT ceramic but less than that of Pb-free ferroelectric ceramie.

1. Introduction

Complex perovskite solid solution Ph(Mg; sNbys)g65Tip 3504
(PMNT) is a well-known relaxor-based ferroelectric material that
shows excellent electromechanical properties [1,2]. PMNT's extremely
high piezoelectric constant and remnant polarization make it a
promising material for applications such as piezoelectric actuators,
piezoelectric energy harvesters and ferroelectric-based random access
memories (Fe-RAMs) [3.4]. In actual applications, these devices will be
under repeating electrical loading cycles, which may cause degradation
in properties called electrical fatigue.

A decade ago, a large number of researchers investigated the
electrical fatigue behavior of the well-known lead-based piezoelectric
material, Pb(Zr,11)0, (PZT), as well as its damage mechanisms due to
electrical fatigue [5-8]. It was believed that the electrical fatigue of
piezoelectric ceramics was attributed to domain pinning, and micro-
cracks arising from large incompatible stress between grains and
resultant damages [9,10]. Many publications have reported the ob-
servation of microcracks in fatigued bulk ferroelectries [11,12], how-
ever, it was unclear whether these microcracks were a consequence of
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fatigue or a main cause of fatigue. A eomprehensive review article on
the fatigue of ferroelectric materials was written by Glaum
and Hoffman [13]. Recently, there were reports on electrical fatigue
behaviors in terms of ferroelectric properties in PMNT and its related
materials under a bipolar electric field, in particular in (1-x)Pb(Mg,,
3Nbs/2)Oy-xPbTiO, [(1-x)PMN-xPT] materials with compositions lying
in the morphotropic phase boundary (x = 0.30-0.35) [14,15]. Although
there were studies on the effects of experimental parameters such as
fatigue loading amplitude on fatigue behaviors of PMN-PT materials
[14,16], the frequency effect, which is a significant factor eontributing
to electrical fatigue degradation, has not yet been well understood. It
was reported that fatigue degradation rate increased at lowering fatigue
frequency [17]. Majumder et al. found that polarization fatigue
degradation was proportional to N/f, where N and f represented cycle
number and fatigue frequency, respectively [18]. Moreover,
Grossmann et al. proposed that frequeney had an effect on fatigue loss
only in the case of incomplete domain switching [19].

In our previous work, it was found that 0.4 mol%ZnO-modified
PMNT ceramics with density of 7.7 g/em® (a relative density of 96%)
and grain size of 3 um have improved ferroelectric and piezoelectric
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properties [20]. Therefore, 0.4 mol%Zn0-modified PMNT ceramie will
be further investigated in this work, in terms of the effects of electrical
frequency on the fatigue behavior. Moreover, fatigne behavior of this
ceramic system will be compared to Ph-based and Pb-free ferroelectric
ceramics [21-24],

2. Experimental procedure

Ph(Mg1/aNbaa)o.esTi0.a503 (PMNT) powders were prepared by
using PhO, MgO, Nb.O5 and TiO» powders as precursors. MgNb.Og
powders were firstly synthesized and then mixed with predetermined
amounts of PhO and TiO» powders. The mixed powders were caleined
at 850 °C for 2h. PMNT powders were mixed with 0.4 mol% ZnO
powders and then uniaxially pressed into pellets under ~ 5.5 MPa
pressure. The pellets were sintered at 1240 °C for 2 h. The ZnO-
modified PMNT ceramics with an average relative density of 96% were
then obtained. All ceramic samples were cut and polished using 1200
grit SiC paper to a sample dimension of 1.5 x 3.5 x 3.0 mm® The 3.5 x
3.0 mm? surface of each sample was polished using 5.0, 1.0 and
0.05 um alumina powders, sequentially, for a mirror-like surface. All
the polished samples were annealed at 500 °C for 5h to remove any
residual stress due to the polishing process. Electrode was painted on
the 3.5 » 1.5 mm?® surfaces using a colloidal silver paste (DT1402,
Heraeus, USA). The silver-painted samples were cured at 650 °C for
15 min to decompose the organic solvent and increase the bonding
strength between the electrode and the sample surfaces. Electrical
fatigue tests were performed at frequencies of 5, 10, 50 and 100 Hz.
For each fatigue test, a sample was submerged in silicon oil and
mounted into a fixture connected to a high voltage supplier (20/20 C,
Trek, USA). A bipolar sinusoidal electrie field with amplitude =2 times
of the coercive field (equivalent to + 14 kV/em) was applied across the
electroded surfaces of the sample for up to 10° cycles. At each fatigue
frequency, polarization-electric field (P-E) curves at different cycle
numbers (N) were recorded at its cycling frequency by a Sawyer-Tower
cireuit. For each P-E loop, remnant polarization (P,) and coercive field
(E.) values were extracted. In order to determine the contribution of
domain pinning (reversible) and field screening (irreversible) effects on
the fatigue behavior of each frequency ceramie, P-E loops at different
states; (I) before fatigue test, (II) at 10° cycles fatigue test, (III) after
removing damaged surfaces and (IV) after annealing at 500 °C for 2 h,
were recorded. In order to determine the fatigue degradation of
piezoelectric properties, percent strain-electric field (%Strain-E) eurves
at different N up to 10° cycles were recorded by a strain sensor (ZX-
TDSO01T, OMRON, Japan) in conjunction with the high voltage
supplier. For all the fatigue tests, the %Strain-E curves were measured
at a frequency of 50 mHz due to the limitation of the sensor. The %
Siotal, Which was the difference between the maximum and the
minimum %Strain, of each %Strain-E curve was determined. The
piezoelectric constant (d3;) was determined by the slope of a displace-
ment-voltage curve at zero field (the result was not shown here). In the
case of an asymmetric loop, di; was averaged from both the positive
and negative slopes at zero field. Microstructures of the mirror-like
surface for the sample at each frequency were observed via a scanning
electron microscope (SEM, JSM-6335F, JEOL, Japan). Moreover, the
surface damage in a sample fatigued at 50 Hz, i.e. change of thickness
in the damaged layer, was also investigated.

3. Results and discussion

3.1. Microstructures of electrically fatigued ZnO-modified PMNT
ceramics

SEM images on the microstructures of the mirror-like surfaces of
the samples electrically fatigued at different frequencies for 10° eycles
are shown in Fig. 1. Microstructural damages of the surfaces cansed by
electrical fatigue were observed in all the samples. The observed
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surface damages are consistent with the results in the previous study
[5]. It was also found that electrical fatigue had more pronounced effect
on the damage of the surfaces perpendicular to the direction of the
applied electric field. This is consistent with a previous observed result
in Ref. [25]. Besides the damage of the surface underneath the
electrode, fatigue induced cracks in the bulk region of the mirror-like
surface were observed for the samples fatigued at 5 and 10 Hz, as
shown in Fig. 2. The enlarged views of cracks in both the samples (5
and 10 Hz), as shown in Fig. 2(a) and (b), indicated an intergranular
fracture mode. It was also observed that the number and size of cracks
in a sample fatigued at a lower frequeney were greater than those at a
higher frequency. Thickness of damaged layer and size of cracks,
represented by Ly and L, respectively, of ceramics were found to be
decreasing with increasing frequency. Ly, values of the samples fatigued
at 5, 10, 50 and 100 Hz were equal to 165 + 7,121 + 5,98 + 4 and
66 + 4pm, respectively. L values of the samples fatigued at 5 and
10 Hz were about 45 + 2 and 19 + 1 pm, respectively. We believe that
the initiation and propagation of cracks are the cause of fatigue
degradation in ferroelectric and piezoelectric properties of the ZnO-
modified PMNT ceramics. This will be discussed in the next sections.

3.2. Ferroelectric/piezoelectric properties of electrically fatigued
Zn0-modified PMNT ceramics

Polarization-electric field (P-E) curves at different N at frequencies
of 5, 10, 50 and 100 Hz were measured. To obtain the same ferro-
electric response as fatigue test, the frequency of the P-E loop
measurement was the same as the fatigue frequency. Ferroelectric
property parameters, i.e. remnant polarization (P,) and coercive field
(E.), measured at different N were normalized to those measured
before fatigue test. Plots of normalized P, and normalized E. as a
function of N are shown in Fig. 3(a) and (b), respectively. At N < 10°
cydles, normalized P, and E, of all samples did not change with the
eycle number. However, the normalized P. tended to decrease with
further increase of N up to 10° cycles. The normalized E. increased
with increasing N up to 10° cycles and then decreased with further
inereasing of Nup to 10° eycles. However, for samples fatigued at 5 and
10 Hz, the normalized E. did not decrease further when N = 4 x 10°
cycles. As observed in previous works, the electrical fatigue degradation
was attributed by field screening caused by surface damages and
domain pinning [9,26,27], which will be described in the next parts.

In order to determine causes of the fatigue degradations of the
ceramics, P-E loops at different states; (1) at the beginning of fatigue
test, (1) after fatigue testing for 10° cycles, (I11) after removing the
damaged layers and (IV) after annealing at 500 °C for 2h, were
measured. The result is shown in Fig. 4. For all frequencies samples,
the P-E loops measured at state 11 were more restricted, at which the P,
values were much lower than those measured at state . At State II1, P-
E loops of samples fatigued at 50 and 100 Hz were completely
recovered after removing the damaged layers. However, P-E loops of
samples fatigued at 5 and 10 Hz did not recover completely using the
same technique. At State IV after the thermal annealing, the P-E loop of
the sample fatigned at 10 Hz was completely recovered while that of the
sample fatigued at 5 Hz was only partly recovered. The incomplete
recovering of the P-E loop of the sample fatigued at 5 Hz was due to
fatigue induced cracks. Although the sample fatigued at 10 Hz had
cracks, nevertheless, the cracks were lesser and smaller. Hence, the P-E
loops of the 10 Hz sample were less difficult to be recovered by layer
removal and thermal annealing.

Moreover, in order to determine a relationship between the
damaged layer and the change of ferroelectric properties, cycle number
dependences of an average damaged layers' thickness, P, and E, of the
sample fatigued at 50 Hz were observed, as shown in Fig. 5. At N < 10°
eycles, an increased thickness of damaged layer resulled in a decrease
in P, and an increase in E.. At N > 10° cycles, the thickness of
damaged layer only increased very slightly. At this cycle number range,
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Fig. 1. SEM images of surfaces near an electrode layer of samples fatigued at (a) 5, (b) 10, (c) 50 and (d) 100 Hz for 10° cycles. Damaged layer thickness is denoted as Lp.

P, continued to decrease while E, started decreasing with increasing N
to 10° cycles.

Fatigue induced degradation cycle number of ferroelectric proper-
ties, i.e. a cycle number at which a degradation rate of normalized P; is
maximum, was determined and given in Table 1. Degradation cycle
number increased with increasing frequency. This implied faster
initiations of fatigue degradations in samples fatigued at lower
frequency. The %changes of the properties after 10° cycles of fatigue
tests compared to those at the beginning of the tests were determined
and given in Table 1. The magnitude of the degradation of ferroelectric
properties tended to decrease with increasing frequency. It indicated
that the severity of fatigue degradation of ferroelectric properties in the
ceramics decreased with increasing fatigue frequency.

3.3. Electric field-induced strain of electrically fatigued ZnO-modified
PMNT bulk samples

Strain versus electric field (S-E) butterfly-loops of samples fatigued
at 5, 10, 50 and 100 Hz were measured at different N cycles up to 10°
cycles, as shown in Fig. 6. For all frequencies samples, their S-E loops
fatigued for 10° cycles were asymmetric, illustrating incomplete
domain switching. For each frequency sample, a total strain (%S,.:a1)
was determined by a difference between maximum (%S, and
minimum (%Smin) Strains. Moreover, di; value was determined by a
slope at zero voltage in a displacement versus voltage curve (the result
is not shown here). A d3; value measured before fatigue was equal to
1700 p.m./V. For each frequency sample, %S, and ds; values
measured after 10° cycles were compared to those measured at the
beginning of the test. Plots of changes in %S,y and d; as a function of
frequency are shown in Fig. 7(a). As frequency increased, the changes
in %Siotal and d3; decreased.

Percentages of changes in P, and E, after 10° cycles of samples
fatigued at 10 Hz were compared to lead-based and lead-free ferro-
electrics as shown in Table 2. The changes in ferroelectric properties of
ZnO-modified PMNT ceramics were greater than those of La-doped
Pb(Mg1/3Nba/3)03 (PMN) ceramics [9]. The change in P, of the
ceramics was not significantly different from that of 0.675Pb(Mg,
3Nb2/3)04-0.325PbTiO4 (0.675PMN-0.325PT) ceramic [15], but the
change in E. was much lower. Moreover, a fatigue endurance of the
ceramics in our work were greater than that of commercial PZT
ceramics [28]. On the other hand, comparing to lead-free materials,
ie. 0.025Bi(1\'1g1/'_)’ﬁ1/'_))03-0.40(Bi1/gl(]/g)’ﬁo;ro.575(Bi1/2N81/2)Ti03
(2.5BMT-40BKT-57.5BNT) [24], SrTiO;-modified Bij ;Nag 5TiO4-
BaTiO; (ST-modified BNT-BT) [29] and CaZrOs-modified
(Ky 49Nag 40Lig gp)(Tag »Nbg §)O; (CZr-modified KNN) [30], ZnO-mod-
ified PMNT ceramics showed a greater magnitude of the changes in
ferroelectric properties. This indicated that the fatigue endurance of
ZnO-modified PMNT ceramics was lower than that of lead-free
materials.

3.4. Discussion

During an application of cyding electric field, some domain walls
did not move following a change of the field's direction. This might be
attributed to a hindering of microscopic defects within grains which
reduce the mobility of domain walls [31], causing the formation of
internal stresses. Surface damages could be originated at these points
when stress intensities reached the mechanical fracture toughness
(Krc) of the materials [32,33]. In the case of low cycling frequencies,
domains experienced a longer time under local electric field in a single
cyce, which promoted domain wall movements. As a result, greater
stress intensities were produced, enhancing degree of surface damages.
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Fig. 2. SEM images of mirror-like surfaces of samples fatigued for 10° cycles at (a) 5 and (b) 10 Hz. Electric field induced-cracks are indicated by the arrows. Enlarged views of a crack
observed in samples fatigued at 5 and 10 Hz are shown in (c) and (d), respectively. Crack width is denoted as Lo

It was confirmed by the higher value of P, of the P-E loops measured at
lower frequencies, which was indicative of greater domain wall move-
ments, as shown in Fig. 7(b). For samples fatigued at 5 and 10 Hz, due
to the large local stresses with high intensities were produced, fatigue
induced cracks were produced as a result.

From Fig. 4, the fatigue observed in the samples fatigued at 50 and
100 Hz was mainly attributed to the surface damages (the irreversible
process), since their P-E loops were able to recover after removing the
damaged layers. The recovery of P-E loops by removal of damaged
layers was incomplete for the samples fatigued at 5 and 10 Hz. This
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indicated that the degradation of ferroelectric properties due to the
fatigue at 5 and 10 Hz was also attributed to the domain pinning effect
(the reversible process). Under electric field at low cycling frequency,
charged defects such as oxygen vacancies could move to local inter-
faces, i.e. domain walls, and obstructed domains from switching,
resulting in the degradation of ferroelectric properties [34]. When
thermally annealed, the P-E loop of the sample fatigued at 10 Hz was
completely recovered. However, the P-E loop of the sample fatigued at
5 Hz only improved slightly after the sample was thermally annealed.
This could be caused by the presence of the large sized cracks formed

15
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10° 10° 10' 10° 10°
Cycle number (cycles)

15 - T T T
10° 10’ 10* 10° 10°
Cycle number (cycles)

Fig. 3. Plots of (a) normalized remnant polarization and (b) normalized coercive field as a function of cyclic number of the samples under bipolar electric fields with an amplitude of +

14 kV/cm at frequencies of 5, 10, 50 and 100 Hz.
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Fig. 5. Plots of damaged layer thickness, remnant polarization and coercive field as a
function of cycle number of ZnO-modified PMNT ceramic fatigued at 50 Hz.

by the fatigue. From above discussion, greater microstructural da-
mages, i.e. the damage of the electroded surfaces and the fatigue
induced cracks, were resulted under lower cycling frequency, contri-
buting to the larger degradation of ferroelectric and piezoelectric
properties, i.e. the decrease in P,, %Sy and d;}, and the increase in
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Table 1
Electrical fatigue behaviors of ferroelectric properties after fatigue testing for 10° cycles
at different frequencies of ZnO-modified PMNT ceramics.

Frequency N (cycles) % change in % change in
(Hz) normalized P, normalized E,
5 30,000 -61 +36

10 63,000 -60 +26

50 86,000 -54 +22

100 140,000 -29 +19

Note: N represents the cycle number at which the normalized P, decreases.

E., of the materials.

As shown in Fig. 5, at N < 10° cycles, the drop of P, with decreasing
E. was attributed to the formation of damaged layers that had low
ferroelectricity and dielectric properties, i.e. a low P, a high E. and a
low dielectric constant [35]. It should be noted that at this range of
cycle number the screened electric field from field screening effect was
still higher than the E. of the material, thus promoting a complete
domain switching. At N > 10° cycles, although the thickness of the
damaged layer only increased slightly, it was believed that microcracks
could be formed by fatigue at such large cycle numbers. Therefore, at N
> 10° cycles, the applied field was screened by both the damaged layers
and the microcracks. This caused the decrease in the amplitude of the
field acting on the undamaged layer. The field amplitude could be lower

16 ﬁqu’mu 2557
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Fig. 6. %Strain versus electric field loops measured at different cycle numbers of the samples fatigued at (a) 5, (b) 10, (c) 50 and (d) 100 Hz.

than the E, of the material. An application of the electric field with such
amplitude resulted in incomplete switching of the domains in the
undamaged layer, thereby leading to the lowered P, of the ceramic.
Moreover, the incomplete switching of the domains also resulted in the
lowered interaction strength between the domains. Subsequently, the
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material required a lower amplitude of the field used for switching its
domains, resulting in the decrease in E, of the ceramic.

It was proposed by Lou that the factors influenced on the fatigue
behaviors of ferroelectric ceramics include: (i) type of electrode
material, (i) quality of material-electrode interface, (iii) crystal struc-
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Fig. 7. (a) Plots of percent decrease in %S, and d3; as a function of fatigue frequencies and (b) P-E loops measured at frequencies of 5, 10, 50 and 100 Hz of an unfatigued sample.
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Table 2

Percent changes in remnant polarization and coercive field of ZnO-modified PMNT ceramics compared with those of lead-based and lead-free ferroelectric ceramics available in the

literature.
Material Cycling frequency, field” Cycle numbers % change in Py % change in E, Refs.
Zn0-modified PMNT 10 Hz, 2E, 100 -8 +9 This work
1%La-doped PMN - 100 -1 0 [9]
0.675PMN-0.325PT 10 Hz, 3E, 10° -7 +82 [15]
PZT 10 Hz, 2E, 5% 10° -63 +49 [28]
2.5BMT-40BKT-57.5BNT 10 Hz, 3.3E, 10° -1 -2 [24]
ST-modified BNT-BT 10 Hz, 2E, 10° -1 -23 [29]
CZr-modified KNN 50 Hz, 2E, 10° -6 —4 [30]

* The maximum electric field is in multiples of the coercive field.

ture of material, (iv) erystal microstructure including composition,
grain size and porosity, (v) doping with other elements, (vi) processing
conditions used in fabrication of material and (vii) direction of property
measurement in respect to fatigue eycling direction [36]. From the
comparison in Table 2, different fatigue behaviors of ZnO-modified
PMNT ceramics and the PZT ceramic could be caused by their
difference in crystal structure. The PZT ceramie has a tetragonal phase
(K350, Piezo Technologies, Indianapolis, IN, USA) while the ZnO-
modified PMNT ceramic has a eombination of monoclinic and tetra-
gonal phases [20]. For PMN-based materials, a greater fatigue degra-
dation could be caused by the higher degree of tetragonality. This was
supported by an observed result investigated by Jiang et al., where the
fatigue degradations of materials with a rhombohedral symmetry were
much lower than those of materials with tetragonal or orthorhombic
symmetries [9]. The excellent fatigue endurance of lead-free ceramies
could be due to a low concentration of intrinsic defects such as cation
and anion vacancies [23], an increase in ergodicity and a lack of
induced tetragonality during fatigue cycles [37]. From the comparison,
the fatigue resistance of the ZnO-modified PMNT ceramic was slightly
greater than that of a soft PZT ceramic, but poorer than that of the
lead-free piezoelectric ceramics, Therefore, for the applications such as
actuators and FRAMs, the fatigue endurance of ZnO-modified PMNT
need to be further improved, which required further investigation.

4. Conclusions

Electrical faligue tests on ZnO-modified Pb(Mg]f3Nh2f3)(:_ﬁ5Ti(:,3503
ceramics at frequencies of 5, 10, 50 and 100 Hz were studied. Surface
damages underneath the electrodes were observed in all samples, while
electrical fatigue induced eracks in the bulk were only observed in the
samples fatigued at 5 and 10 Hz. Thickness of the damaged layers and
size of the cracks decreased with increasing frequency. Fatigue
degradations in samples at lower frequencies were initiated faster than
those at higher frequencies. The changes of P,, E,, %Strain and ds;
decreased with increasing frequency. Local fatigue induced strain by
the applied electric fields was reduced with an increase in frequency.
This contributed to the lowering degree of fatigue induced surface
damages and, consequently, less degradations of properties. Fatigue
behaviors of the samples at low frequency could be caused by both
reversible (domain pinning effect) and irreversible (surfaces damage)
processes. At high frequency, the irreversible process had more
pronounced effect on the fatigue behaviors. The fatigue endurance of
Zn0-modified PMNT ceramic was slightly greater than that of a PZT
ceramic but poorer than that of monolithic PMN and lead-free piezo-
electric ceramics. Therefore, further development is needed on the
crystal structure and microstructure of ZnO-modified PMNT in order
to use it for actuator and FERAM applications.
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LONRITLWY 2.1

Surface morphology of the films were examined uwsing atomic foree microscopy and
scanning electron microscopy. The chemical structures of the films were characterized by
Raman spectroscopy. Furthermore. Wetting property of the films was characterized using a
water contact angle measurement and optical property was examined by UV-vis
spectrophotometry. The results have shown that the swface roughness and anatase/rutile
phase transformation of the annealed TiO; films increased with inereasing of the treatment
time. Moreover, the optical property and wettability of the as-deposited and the annealed
films will be reported and discussed. (abstract only)

D _Do0005: IMPROVEMENT OF FERROELECTRIC AND PIEZOELECTRIC
PROPERTIES OF Pb(Mg;3Nbs3)pssTip 3503 CERAMICS BY ZnO MODIFICATION
Methee Promsawat.! Anucha Watcharapasorn,! Soodkhet Pojprapai.’ Zuo-Guang Ye,?
Sukanda Jiansirisomboon®*

!Department of Physics and Materials Science. Faculty of Science. Chiang Mai University.
Chiang Mai 50200, Thailand

2School of Ceramic Engineering, Suranaree University of Technology. Nakhon Ratchasima
30000, Thailand

’Department of Chemistry and 4D LABS. Simon Fraser University. Burnaby, British
Columbia V5A 156, Canada

*e-mail: sukanda.jian@ecnm.ac.th

Abstract: In this work, Pb(MgisNba3)ossTi03503 (PMNT) ceramics modified with ZnO
were prepared via a mixed oxide and sintering technique. Different contents of ZnQO were
incorporated mto PMNT to form PMNT/XxZn0O ceramics, where x = 0, 0.4, 2.0. 4.0 and 10.0
mol%. The ceramics were characterized in terms of ferroelectric and piezoelectric properties.
The results show that the remmant polarization (Pr) of the monolithic PMNT ceramic
increases while the coercive field (E:) slightly decreases with 0.4-4.0 mol% ZnO
incorporations. However. P, decreases while E; increases as the ZnO content increases to
10.0 mol%. The unipolar piezoelectric constant (d3:¥) and the electric field-induced strain of
the PMNT ceramic are improved with 0.4-2.0 mol% ZnO modifications. They deerease with
further increasing ZnQ content. The quasi-static piczoelectric constant (d33) and the
electromechanical coupling factor (k) of the PMNT ceramic are enhanced with an
incorporation of 0.4 mol% ZnO. They tend to decrease with inereasing ZnO content above
2.0 mol%. The enhancement of the properties is attributed to increasing of the densities and
grain sizes of the 0.4-4.0 mol%ZnO-modified ceramics. For the higher ZnO content
ceramics, the decrease in density and the observation of a secondary phase are believed to be
contributed to the degradation of the ceramics’ properties. It is found that the optimum ZnO
content is 0.4 mol% which makes the ceramic showing good properties and promising for
high performance piezoelectric actuators. (abstract only)
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Figure 1. (a) Polarization-clectric field curves measured at 1 Hz and (b) strain-electric field
curves measured at 50 mHz of PMNT/xZn0 ceramics
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LANRITLLUY 2.2

break of PVAM-g-BDO were found at 7:3 PVAM: BDO and its value was 253% and 700%.
respectively. Moreover., the maximum tensile strength of PVAM-g-BDO was observed at 9:1
PVAM:BDO. Finally, the PVAM-g-BDO was used a polymer matrix for the encapsulation
of capsaicin. Results showed that the rate of the capsaicin release from polymer matrix in
water medium increase as a function of water immersion time and capsaicin content. After its
use, it was easily degraded in nature soil. (abstract only)

D D0003: PIEZOELECTRIC PERFORMANCE OF LEAD-FREE

(1-x-3)Big s(Nap 50k .20)0.s Ti03-0.005LiNbO3-yBaTiO; TERNARY SYSTEM

Pimpilai Wannasut.! Pharatree Jaita.! Anucha Watcharapasorn.!? Sukanda Jiansirisomboon®*
IDepartment of Physics and Materials Science, Faculty of Science, Chiang Mai University.
Chiang Mai 50200, Thailand

Materials Science Research Center. Faculty of Science. Chiang Mai University.

Chiang Mai 50200, Thailand

3School of Ceramic Engineering, Suranaree University of Technology,

Nakhon Ratchasima. 30000, Thailand

*e-mail: sukanda. jian@ecmu.ac.th

Abstract: The ternary system of (1-x-y)Bigs(NagsKp2)psTi03-xLiNbO3;-yBaTiOs or (l-x-
VIBNKT-xILN-yBT lead free piezoelectric (when x = 0.005, y = 0.0.01.0.02.0.03.0.04.0.05,
0.06 and 0.07 mol fraction) have been prepared by conventional and sintering at 1125 °C for
2h. The relative density of all sample higher than 97% of their theoretical values. X-ray
diffraction pattern showed a single perovskite structure without any secondary phase and
showed the mixed rhombohedral and tetragonal phase. Fracture surface of BNKT-0.0051LN-
BT indicated switch from mixed inter-granular fracture to mainly transgranular fracture. The
maximum electrical field-induced strain behavior (Smar = 0.25%. Sneg = -0.09%. d 32 = 833
Py’ V) was observed for BNKT-0.005LN-0.04BT ceramics. (abstract only)
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Figure 1. X-ray diffraction pattern of (1-x-y)BNKT-xLN-yBT ceramics

D D0004: EFFECT OF HOT AIR BLOW HEAT TREATMENT ON PROPERTIES
OF TiO; FILMS PREPARED BY SPARKING PROCESS

Arisara Panthawan,! Wiradej Thongsuwan.!? Pisith Singjail?*

IMaterials Science Research Center, Department of Physics and Materials Science, Faculty
of Science. Chiang Mai University, Chiang Mai 50200, Thailand

’Nanomaterials Research Laboratory, Department of Physics and Materials Science, Faculty
of Science. Chiang Mai University, Chiang Mai 50200, Thailand

*g-mail: pisith.s[@cnm.ac.th

Abstract: The study was conducted to find out the effect of hot air blow heat treatment of
TiO: films. TiOy films were prepared by a sparking process on glass substrate. The films
were annealed using a simple and low cost hot air blow at different periods (1-60 min).
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LONRITLLUY 2.3

D D0001: PREPARATION AND CHARACTERIZATION OF LEAD-FREE
Bin_s(Nﬂo_sﬂKﬁ_go]ﬁs TiO_;—[Bag_-;Srn_;)Ti(}; PIEZOELECTRIC CERAMICS

Suphakarn Faichackhammun.! Pimpilai Wannasut,! Pharatree Jaita.! Methee Promsawat,!
Anucha Watcharapasorn.!? Sukanda Jiansirisomboon’*

IDepartment of Physics and Materials Science, Faculty of Science, Chiang Mai University.
Chiang Mai 50200, Thailand

’Materials Science Research Center. Faculty of Science. Chiang Mai University.

Chiang Mai 50200, Thailand

3School of Ceramic Engineering, Suranaree University of Technology.

Nakhon Ratchasima 30000, Thailand

*g-mail: sukanda.jian(@emu.ac.th

Abstract: The binary system of (1-x)Bio.s(Na0.sKo2)05Ti03-(Bao7S10.3)TiO3 or (1-x)BNKT-
¥BST lead-free piczoelectric ceramies with x = 0, 0.01, 0.02. 0.03. 0.04, 0.05 and 0.06 mol
fraction were synthesized by a solid state reaction method and sintered at 1125°C for 2 h.
The effects of BST content on the phase equilibria. the dielectric, ferroelectric and
piezoelectric responses were systematically investigated. All BNKT-BST samples had
relative density greater than 98% of their theoretical values. X-ray diffraction pattern showed
a single perovskite structure with a mixed rhombohedral and tetragonal phase. SEM
micrograph of all samples showed a cubic liked grain shape. The maximum dielectric
constant at room temperature (&) of 1411 was obtained for BNKT-0.01BST sample. The
addition of BST was also found to improve the ferroelectric and piezoelectric properties of
BNKT ceranuc. (abstract only)

g|E = CPDS file No.
=8 === gEszcgf
i
= X=0.05
m N | S " I N ——
S
a.‘ X=0.04
= | |
g X=003
I U VIS — A
=
= X=0.02
X=001
- _.,...,A—-'|u_.-_f._-.—u_.._r' S——
=5 & = &5 = = =
g2 £/ £ 8 5 § EB§ x=0
10 20 30 40 50 &0 70 80

29 (degree)
Figure 1. X-ray diffraction pattern of (1-x)BNKT-xBST ceramics

D D0002: PREPARATION AND PHYSICAL PROPERTIES OF MALEATED
POLY(VINYL ALCOHOL) GRAFTED WITH 1,4-BUTANE DIOL

Sa-Ad Riyajan.* Suhaila Bunlangok’

!Department of Chemistry. Faculty of Science and Technology. Thammasat University.
Pathumthani 12120, Thailand

‘Department of Materials Science and Technology. Faculty of Science, Prince of Songkla
University. Songkhla 90110, Thailand

*g-mail: saadriyajan@hotmail.com

Abstract: Nowadays., hydrogels are widely used in many fields such as biosensor.
engineering tissue and agriculture due to theirs high swelling behavior in water and softness.
The objective of this work was to study the preparation and physical properties of maleated
poly (vinyl alcohol) (PVA)-g-butanediol (BDO) (PVAM-g-BDO) by using Kx$20g8 as an
mnitiator. The swelling behavior of the PVAM-g-BDO was increased with increasing BDO
content. After incorporation of the BDO into of the PVAM. the glass transition temperature
of the PVAM decreased observed by DMTA. The highest swelling ratio and elongation at

A129
© The 41 Congress on Science and Technology of Thailand (STT41)

RSA5780032 16 UQu1en 2557
189



The 10™ Annual
Siam Physics Congress 2015

On the Occasion of the 40" Birthday Anniversary Celebration of

Her Royal Highness Princess Maha Chakri Sirindhorn

The Centennial Celebration of General Relativity Theory
and 80 Years of Thai Physics Graduate

20-22 May 2015
Sofitel Krabi Phokeethra Golf and Spa Resort,

Krabi, Thailand

RSA5780032 16 dnw1uw 2557
190



MMNA-29

FANA- 30

MNA-31

MNA-32

MMNA-33

MMA-30

MMA-35

MMA- 36

MNA-3T

MNA-38

MMNA-39

PANA-30

MhA-1

MHA-42

LONRITLLUY 2.4

o e Rty hy
o o Py, S

; a5 Wasle
Effects of 2n Substituted on the Structure of Hydroxyapatite Synthesized from Was

Chicken Eggshells

PAIKAEW. Chutharat .
Strongly Enhanced Dielectric Response and Dielectric Relaxation in BaTiD]f

polyivinylidene fluoride) Nanocomposites

SILAKAEW, Kamyapak

Thermal and Electrical Properties of P O, -CaO-Na O Glass Containing Ba, 51,110,

INTAWIM, Pratthana

Crystallization and Dielectric Properties of Nd** Doped Ferroelectric Glass-Ceramics in
the Na O-BaO-Nb O, -Si0, System

BOONSONG, Paitoon

Giant Dielectric Properties and Electrical Response Grain Boundary of

Na Ca La ._Eu?TiJ‘C:'” Ceramics

SAENGVONG, Pariwat

Effect of Annealing Temperature on the Magnetic Properties of Fe Doped 5rTiO,
Manopapicles

WANNASEN, Likkhasit

Synchrotron X¥-ray Absorption Spectroscopy Study of Local Structure in

Hydroxyapatite Doped Dy Strontium

BOOTCHANONT, Atipong

Preparation and dielectric properties of poly (vinylidenefluoride hexafluoropropylene) fibers
NAWAKA, Kanakwan

Influence of LiSbO, on Microstructure and Electrical Properties of BiM[Naﬂ au-Kmm)n AL
Ceramics

WANNASUT, Pimpilai

Synthesis of Gold Manorods with Different Aspect Ratios for Sensing Applications
HGERNPIMAI Sawinee

Characterization and Magnetic Properties of Fe-doped MgQ Nanoparticles

PHOKHA, Surnalin

Effects of Substrate Materials on Optical Behavior of ZnOwl Film Prepared by RF-sputtering
FHEANWONG, lantree

Fabrication of Electrospun LiFePO /Carbon Composite Fibers as a Cathode Material for
Lithiurn-ion Batteries

HONGTONG, Rattiya

Effect of Annealing in Reducing Atmosphere on Dielectric Properties of

C:{ujﬂ‘ﬂl J,ﬂ::.a'l'-Clz| Composites

NACHAITHONG, Theeranuch

66 Siam Physics Congress 2015

RSA5780032

16 ﬁqmﬂu 2557

191



Siam Physics Congress 2015

Contribution 1D : 164 Type : Poster presentation

Influence of LiSbO3; on Microstructure and Electrical
Properties of Bij ;(Nag 39Ky 20)o5TiO3 Ceramics

Thursday, 21 May 2015 13:00 (210)

This research studied the effect of LiSbO3 on microstructure and electrical properties of lead-free Biy 5(Nag s0Ko.20)0.5TiO3
ceramics with the composition belonging to Bip 5(Nap s0Ko.20)0.5TiO3-LiSbO3 or (1-z)BNKT-zLS(when x =
0, 0.005, 0.010, 0.015, 0.020 mol fraction). The BNKT-LS ceramics were prepared by a conventional mixed
oxide method and sintered at 1100°C for 2h. X-ray diffraction pattern of all compositions exhibited a single
perovskite structure without impurity phase. Scanning electron microscopy (SEM) was used to determine
the microstructure of ceramics. Pure BNKT ceramic promoted a formation of cubic-like shape grains with an
average grain size of 0.25 = 0.05 mm. With increasing LS concentration, average grain size value gradually
increased and showed the maximum value of 0.34 + 0.10 mm at = = 0.02. The addition of LS into BNKT ce-
ramic did not obviously change grain morphology, however, it caused fracture surface to switch from mixed
inter-transgranular fracture for pure BNKT to mainly transgranular fracture for LS-added samples. A large
room temperature dielectric constant of 1367 and dielectric loss of 0.0435 were observed for BNKT-0.015LS
sample.
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Comparative study of effects of metal oxides modifications on properties of
Pb(Mg13Nb2/3)0.9T10.103 ceramics

(Methee Promsawat) Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University, Chiang Mai, THAILAND 50200.
Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai,
THAILAND 50200.
(Napatporn Petnoi) School of Electrical Engineering, Suranaree University of Technology,
Nalkhon Ratchasima, THAILAND 30000.
(Anucha Watcharapasorn) Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University, Chiang Mai, THAILAND 50200.
Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai,
THAILAND 50200.
(Sukanda Jiansirisomboon) Department of Physics and Materials Science, Faculty of
Science, Chiang Mai University, Chiang Mai, THAILAND 50200.
Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Ma,
THAILAND 50200.

Abstract

This work studies effects of metal oxides (MO: M = Zn*". Cu*™ and Ni3+)
modifications on phase, microstructure, dielectric, ferroelectric and electrostrictive properties
of Pb(Mgi3Nb213)a.0T10.103 (PMNT) ceramics. Different contents of MO (2 and 4 mol%) were
modified into PMNT ceramics. The ceramics with the density about 7.80 g/cm® were
prepared. XRD pattern and lattice parameters of the PMNT ceramic did not change with the
MO modifications. An average grain size of the PMNT ceramic increased with the ZnO and
NiO modifications. The gramn size was extremely enlarged with the CuO modification. A
maximum dielectric constant (&€, max) of the PMNT ceramic was enhanced with 2 mol% ZnO
and 2 mol% CuO modifications while 2 mol% N1O modification resulted to a reduction of the
Ermar- A temperature of &E.max (Tmax) of the PMNT ceramic shifted toward a higher
temperature with 2 mol% ZnO modification. 7 decreased with 2 mol% CuO and 2 mol%
NiO modifications. Polarization-electric field curves of the ceramics were well developed
with a higher remnant polarization (P,) with 4 mol% ZnO modification while they were
slimmer with a lower P, with the N1O modification. A maximum strain and an electrostrictive
coefficient of the PMNT ceramic were enhanced with 2 mol% ZnO and 2 mol% CuO
modifications.

Keywords: PMNT; Dielectric; Ferroelectric; Electrostrictive
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Poster Presentation

Microstructure and Electrical Properties of ITead-
Free Bio_s(Nao_goKo.zo)o.sTio:g'LiNb03 Ceramics

Pimpilai Wannasut', Pharatree Jaita', Anucha Watcharapasorn'?, Sukanda Jiansirisomboon'?* _
'Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200,
Ihailand

"Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
*Corresponding author, e-mail: sukanda jian@cmu ac.th

Abstract

Lead-free piezoclectric ceramics formula (1-¥)Bi, «(Nag oK g 20)05sTiO3-xLINDOy or (1-x)BNKT-xLLN
system (when x = 0, 0,01, 0,02, 0.03, 0.04, 0.05 and 0.06 mo! fraction) were fabricated by a solid-state mixed
oxide and sintering method. The effect of LN conlent on physical properties, phase, microstructure and
electrical properties was investigated. X-ray diffiaction pattern showed that all compositions cxhibited pure
perovskite structure without any secondary phase, The addition of a small amount of LN (x = 0.0 - 0.02) into
BNKT inhibited grain growth. While grain size value increased with increasing LN concentration (x = 0.03 -
0.06). Scanning ¢lectron micrographs indicated a switch of fracture behavior form intergranular to transgranular
fracture mode when LN content was increased. The addition of LN also improved dielectric property of BNKT
ceramic, The maximum dielectric constant measured at room temperature was 1830 for BNKT-0.03LN sample.

References
I A. Sasaki, T. Chiba, Y. Mamiya, E. Otsuki, Diclectric and pizoclectric properties of (BigsNags)TiO5-
(BinsKg )TiO, systems, Jpn. J. Appl, Phys, 38, 5564-5567 (1999).

2, P.Jaita, A, Watcharapasorn, S. Jiansirisomboon, Investigation of a new lead-free Biys(Nay 4K, 10)TiO;-
(Bag ;8rg 1) TiO, piczoelectric ceramics, Nanoscale. Res. Lett. 7:24, 3-6 (2012).

3. Y.M. Chiang, D.P. Bimie, Ill, W.D. Kingery, Physical Ceramics, frist ed.. John Wiley & Son Ltd., New
York, 1997,

4. C.A. Randall, N, Kim, J.P. Kucera, W.J. Cao, T.R. Shrout, Intrinsic and extrinsic size effects in fine-

grained morphotropic-phase-boundary lead zirconate titanate ceramics, J. Am. Ceram. Soc., 81, 677-688
(1998).
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Figure 1 SEM micrographs of (1-x\)BNKT-xLN ceramics: (a) x = 0, (b) x=0.01, (c) x =0.02, (d)x=0.03, (¢) x=
0.04, (1) x = 0.05 and (g) x = 0.06.
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LNRITLUY 2.7
Proceedings of the 31" MST Annual Conference, 29" - 31" January 2014, Nakhonratchasima, Thailand

Microstructure and Dielectric Properties of
(1-x)Pb(Mg1/3Nb23)0.9Tio.1O03—X Bio.5(Nao.74Ko.26)0s TIO3
Ferroelectric Ceramics

Mukrawee Sriyod', Methee Promsawat', Anucha Watcharapasorn" and Sukanda Jiansirisomboon"”"

' Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200,

Thailand

f Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
Corresponding author, e-mail: sukanda.jian@cmu.ac.th

Abstract

This research was conducted to study a preparation of (1-x)Pb(MgsNbz3)o 0 Tio 103-xBio s(Nag.74Ko.26)0sTiOs
or (1-x)PMNT-xBNKT (where x = 0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 mole fraction) ceramics by a solid state
reaction and sintering method. The ceramics sintered at 1125°C for 2 h were characterized in terms of phase,
density, microstructure and dielectric properties. The density of ceramics tended to decrease with increasing
BNKT content. Based on X-ray diffraction (XRD) patterns, no secondary phase was observed in the patterns.
Tetragonality of the ceramics was increased with increasing x. A mixed mode of inter-/transgranular fracture
was observed in the ceramics with x = 0.1-0.4 and 0.6-1.0 mole fraction. A purely transgranular fracture was
observed in the ceramic with x =0.5 mole fraction. Grain size of the ceramics tended to decrease with increasing
BNKT content. Dielectric constant measured around room temperature at a frequency of 1 kHz of pure PMNT
ceramic was about 7000. It significantly decreased to ~3000 with x = 0.3 and then slightly decreased to ~2000
with x = 1.0, Dielectric loss value of ~0.12 for pure PMNT ceramic decreased to 0.05 with x = 0.3 and then
slightly increased to ~0.07 with x = 0.5. It did not significantly change with a further increase in BNKT content.
It seemed therefore that addition of BNKT helped reduce dielectric loss low frequency field.

References
1. S. Ananta, N. W. Thomas, Relationships between sintering conditions, microstructure and dielectric
properties of lead magnesium niobate, J. Eur. Ceram. Soc, 19, 629-635 (1999).

2. R. Wongmaneerung, R. Yimnirun, S. Ananta, Synthesis and electrical properties of Pb(Mg;3NbD23)Os-
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Figure 1 SEM micrographs of fractured surfaces of (a) pure PMNT ceramic and the ceramics with x = (b) 0.1,
() 0.3, (d) 0.5. (¢) 0.7, () 0.9 and (g) 1.0 mole fraction of BNKT.
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Figure 2 Plots of dielectric constant and dielectric loss measured at room temperature at various frequencies as

a function of BNKT content of 1-x)PMNT-xBNKT ceramics.
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Lead-free piezoelectric ceramics with compositions belonging to family of
CO]llpOSiIiOIlS (1-X)Bio_5(Nao_goKo_zo)o_5Ti03-.TBEl(Tio_go5110_10)03 or (1-.\’)BNKT-XBTS
(when x = 0.05 - 0.15 mol fraction) near a morphotropic phase boundary (MPB) were
fabricated by a conventional mixed oxide method. Sintered samples had relative
densities greater than 98% of their theoretical values. X-ray diffraction patterns
revealed that the MPB region consisted of coexisting rhombohedral and tetragonal
phases in the BNKT-BTS system was identified over the entire compositional range.
A large electric field-induced strain (Spe) of 0.36% and a normalized strain
coefficient (d 33) of 649 pm/V were observed in the BNKT-0.05BTS sample. The
sample close to the MPB composition (BNKT-0.11BTS) exhibited the maximum
dielectric constant (g, = 1770), Curie temperature (7. = 333°C) and low-field
piezoelectric coefficient (ds; = 227 pC/N), and reasonable ferroelectric properties (P
=20.6 pC/cm?, Ry, = 0.88) and strain properties (d 33 = 445 pm/V and Spar = 0.24 %)
were observed.

Keywords: Lead free piezoelectric, Dielectric, Ferroelectric, Electric field-induced strain
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Polarization Fatigue in Ferroelectric PZT-SBN
Ceramics

Orapim Namsar' %2, Anucha Watcharapasorn® 2, Soodkhet Pojprapai’.
. - 0
Sukanda Jiansirisomboon":*

'Department of Physics and Materials Science, Faculty of Science, Chiang Mai
University, Chiang Mai, 50200, Thailand

*Materials Science Research Center, Faculty of Science, Chiang Mai University, Chiang
Mai, 50200, Thailand

3School of Ceramic Engineering, Suranaree University of Technology, Nakhon
Ratchasima, 30000, Thailand

*Corresponding author. Tel: +66-53-94-1921 ext 631; Fax: +66-53-94-34435
E-mail address: sukandajian@cmu.ac.th (S. Jiansirisomboon)

Ferroelectric materials are widely applied in electronic devices. Many of these
applications require materials with superior ferroelectric properties. Both lead
zirconate titanate (PZT) and strontium bismuth niobate (SBN) play a dominant role in
these applications. PZT shows excellent ferroelectric properties with large remanent
polarization (P;) and a small coercive field (E.). However, one of the problems with
PZT is its low fatigue resistance. On the other hand, SBN compositions exhibit
excellent fatigue endurance. Nonetheless, its ferroelectric properties are not favorable.
Therefore, this study aims to combine the fatigue-free properties of SBN and the
superior ferroelectric properties of PZT. The ceramic samples of compound (1-
x)PZT-xSBN with x = 0 - 1.0 weight fraction were prepared by a solid-state mixed
oxide method. Electrical fatigue behavior of (1-v)PZT-xSBN ceramics was then
characterized. It was found that pure PZT ceramic had severe polarization fatigue.
This was mainly attributed to the occurrence of the macroscopic cracks at the near-
electrode regions. On the contrary, pure SBN ceramic exhibited excellent fatigue
resistance, which was attributed primarily to weak domain walls pinning. The fatigue
endurance of PZT ceramic was improved with small addition of SBN (0.1=x<0.3).
This demonstrated that the ceramics had a high stability during the repeated domain
switching due to their low oxygen vacancy concentration. Therefore. the results
suggested that this new ceramic PZT-SBN system seems to be an alternative material
for replacing PZT in ferroelectric memory applications.

Keywords: Fatigue, Perovskite structure, Bi-layered structure, Ferroelectric
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Influences of Milling Method and Calcination
Condition on Phase Formation and Particle Size
of BaTiO3; Nanopowders

Laongnuan Srisombat'*  Jeeranan Nonkumwongl,
Phornsawat Baipaywad”, SuponAnanta®

1Department of Chemustry, Faculty of Science, Chiang
Mai University, Chiang Mai 50200 Thailand
2Department of Physics and Materials Science, Faculty
of Science, Chiang Mai Umiversity, Chiang Mai 50200
Thailand

email address: slaongnuan@yahoo.com*

Barum titanate, BaTiO;, 1s one of the classic perovskite
ferroelectric materials which have been investigated
extensively as a potential candidate for electroceramic
components such as multilayer capacitors, transducer and
actuator applications ™. It is well documented that the
mixed oxide technique is probably one of the most
fundamental, practical routine methods which has been
used, developed and modified in both scientific research
and industrial mass production for many years ®1 In
general, BaT10; powders synthesized by a mixed oxide
method have spatial fluctuations in their compositions.
The extent of the fluctuation depends on the
characteristics of the starting precursors as well as on the
processing history. In this work, BaTiO;nanopowders
have been prepared by a solid-state reaction. Both
conventional ball-and rapid wvibro-mulling have been
mvestigated as milling methods, with the formation of the
BaTiO; phase investigated as a function of calcinations
by DTA and XRD. The particle size distribution of the
calcined powders was determined by laser diffraction
technique, while morphology, crystal structure and phase
composition were determined via a combination of SEM,
TEM and EDX techniques. The type of milling method
together with the designed calcination condition was
found to show a considerable effect on the phase and
morphology evolution of the calcined BaTiO; powders. It
1s seen that optimization of calcination conditions can
lead to a pure perovskite phase of BaT10O;nanopowders in
both mulling methods. However, the formation
temperature and soaking time for such nanopowders were
lower with the rapid vibro-nulling technique.

Keywords: Barium titanate, Nanopowders, Solid-state
reaction, Milling, Calcination
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As 15 well known, almost all useful barium titanate
(BaT10;; BT) ceramics, which have been regarded as one
of the significant perovskite ferroelectrics 1n
electroceramic industries due to their excellent dielectric,
ferroelectric  and  piezoelectric characteristics, are
modified erther chemically or physically to tailor their
key properties for specific utilizations [1]. One approach
of modification 1s adding small amount of various metal
oxides additives which is believed to create some
disturbation on the Ba/Ti ratio, resulting in a great
influence on the sintering behavior, microstructure and
electrical properties of the ceramics [2]. In this work, the
effect of gold nanoparticles on microstructure and
electrical properties of BT-based ceramics was examined
via a combination of XRD, XPS, SEM. EDX, dielectric
and ferroelectric measurement techniques. It is seen that
the adding of gold nanoparticles can effectively suppress
the grain growth of BT ceramics. Dense microstructures
could be obtamed by sintering at lower temperature in
comparison with the unmodified BT case. It was also
observed that dielectric constant and ferroelectric
hysteresis loop of gold modified BT ceramics 1s strongly
dependent on the grain size.

Keywords: Barium titanate, Gold nanoparticle, Additive,
Microstructure, Electrical properties
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This work studied properties of (1-x)Pb(Mg;:Nbas)gs
Ti0_103—xBi0_5(Na0_74Kg 35)0_5Ti03 or (l—x)PM'N"T—xBNKT
ceramics. It was found that lattice parameter, grain size
and dielectric constant of the ceramics tended to decrease
while tetragonality increased with mecreasing x. Typical
characteristics of relaxor ferroelectrics were found in the
ceramics with x = 0-0.5 mole fraction, while the
characteristic of normal ferroelectrics when x> 0.7 mole
fraction, at which a piezoelectric constant (d;;) was found
to be about 160 pC/N.

Keywords:  Phase  development,
Dielectric, Ferroelectric, Pizoelectric

Microstructure,
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Crystallographic Structure and Ferroelectricity
of (A,La; ,),Ti,O; (A= Sm and Eu) solid solutions
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Mary University of London, London E1 4NS, UK
*Nanoforce Technology Ltd, London E1 4NS, UK

The A,B,0; compounds, like La;T1,0; and Sr,Nb,O,, are
the best candidates for high temperature (> 1000 °C)
piezoelectrics because of their super-high Curie points (>
1300 °C) and good thermal stability. The structure and
properties of (A,La;,),T1,0; (A = Sm and Eu) solid
solutions were investigated. The ecrystallographic
structure of the solid solutions was studied using X-ray
diffraction and Raman spectroscopy. The solubility limits
of Eu and Sm 1n (A,La,_,),T1,0;were found to be greater
than x= 0.5 and x= 0.8, respectively. The X-ray and
Raman data suggest that the solid solutions have a
monoclinic perovskite-like layered structure, like the pure
La,;T1,05, when x 1s less than the solubility linut. When x
1s above the solubility limit the materials are biphase,
consisting of (A,La;,),T1,0; perovskite-like layered
structured and pure Sm,T1,0; prychlore structured phases.
The effect of A-site substitution on the properties of
La,T1,0; was investigated by measuring the dielectric
permittivity and loss at different frequencies and
temperatures. The highest piezoelectric constant d;; 15 2.8

169

pC/N for (Smy;Lag ) T1,04.

Keywords: La;T1,07; Eu,T1,0;; SmpT1,05; perovskite
layered structure; high Curie point.
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Effect of CeO:Additive on dielectric and
ferroelectric properties of 0.85(Nag:Bijs)TiO;-
0.12(K, sBij ) TiO3-0.03BaTiO; ceramics
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School of Materials Science and Engineering, Shaanxi
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085(.\]’303B105)T103—0IZ(K.nglgs)TlG}—O03B3T103+
xwt%CeO,(x=0, 0.2, 0.4, 0.6, 0.8, 1.0) lead-free ceramics
were prepared by a conventional mixed-oxide method.
The effects of CeO, content on the phase structure,
surface morphologies, dielectric and ferroelectric
properties were investigated. The X-ray diffraction
patterns show that a single phase structure is obtained for
all samples. The SEM images show that all samples were
dense and grain size distribute inhomogeneous.
Temperature dependence of dielectric constant curves
show that dielectric constant increased with the increase
of CeQ; content and reached maximum value (g,=5788)
at temperature T, for x=0.4 doped, but the temperature
T,, decreased with the increase of CeQ, content. The P-E
hysteresis loops show that remmnant polarization and
coercive field increased with the increase of CeOD,
content and reached maximum value (P,=2?.3}1C.-"cm:,
Ec=27kV/em) for x=04 doped, which is sinular to
dielectric constant.

Keywords:  (NagsBig5)Ti0:;
dielectric; ferroelectric

(Ko.sB1g 5)T105;BaTi0s;
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Oxygen-deficient BaTiO;_; exhibits an msulator-metal
transition with increasing 6. We performed neutron total
scattering measurements to study structural evolution
across an insulator-metal transition in BaTiOs_; [1]
Despite its significant impact on resistivity, slight oxygen
reduction (6= 0.09) caused only a small disturbance on
the local doublet splitting of Ti-O bond. This finding
implies that local polarization 1s well preserved under
marginal electric conduction. In the highly oxygen-
deficient metallic state (= 0.25), however, doublet
splitting of the Ti-O bond became smeared. The smearing
of the local Ti-O doublet found using pair distribution
function (PDF) analysis 15 complemented by long-range
structural analysis and demonstrates that the metallic
conduction in the highly oxygen-reduced BaTiO;_sis due
to the appearance of non-ferroelectric cubic lattice.

Keywords: ferroelectrics, oxygen vacancy, local structure,

PDF analysis
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Dielectric, Polarization and Strain Response of
Enhanced Complex Ceramics: The Study
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Ferroelectric materials are used i many applications
such as actuators, sensors as well as non-volatile random
access memories. Many of these applications require high

performance materials with good electrical properties (1.e.

dielectric, ferroelectric and piezoelectric properties).
Pb(Zrg 5:Tip 45)03 (PZT) has been widely used mn these
applications due to its excellent electric properties [1].
Nevertheless, a serious problem of PZT 1s poor fatigue
endurance [2]. Another alternative ferroelectric material
which overcomes such problem is the bismuth layered
structure  SrB1,Ta,0y (SBT). SBT  exlubits  good
ferroelectric  properties along with higher fatigue
endurance [2]. However, the major problems of SBT are
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small remanent polarization, high coercive field, low
dielectric and poor piezoelectric properties [3]. Therefore,
this research aims to combine the advantages of PZT and
SBT m form of a ceramic system. The electrical
properties of a series of new complex structured ceramics
with formula (1-x)PZT-xSBT with x = 0-1.0 weight
fraction were characterized. Measurement of dielectric
response mdicated an mcrease in dielectric constant with
small addition of SBT (x = 0.1) mto PZT. Further
increase in the SBT fraction caused the dielectric
constant to rapidly decrease. The polarization hysteresis
loop measurement demonstrated that the ferroelectric
properties changed from normal ferroelectric behavior in
PZT-rich ceramics to paraelectric behavior in SBT-rich
ceramics. Strain behavior showed a symmetric butterfly
curve in the compositions with 0=x=0.3, but the stramn
obtained was found to rapidly decrease with increasing
SBT content. This research suggested that the optimum
electrical properties can be obtamned for 0.9PZT-0.1SBT
ceramic. Such ceramic is a promusing material to be
further utilized in ferroelectric memory devices.

Keywords: Dielectric properties, Ferroelectric properties,
Piezoelectric properties
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Transparent (K;:Nags)NbO;z-based
transparent ferroelectric ceramics

lead-free

Hongliang Du', Shaobo Qu?, Xiaoxia Tian', Jiafu Wa.ngl,
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Umniversity, X1'an 710049, China

Highly transparent lead-free ferroelectric transparent
ceramics of (KgsNags)NbO; were fabricated by
press-less sintering without atmosphere protection. The
ceramics showed the optical transparency as high as
60-70% 1in the visible and near-infrared regions, which is
close to the optical transparency of the famous (Pb,
La)(Zr,T1)O3 (PLZT) ceramics. However, compared with
the conventional PLZT ceramics, the (K;:Nags)NbO;
ceramics have three advantages: (1) the material does not
contain lead, 1t 1s environment friendly from the
viewpoint of sustamnable development, (2) the simple
fabrication conditions and the low cost during the
preparation, do not need to use hot-pressure sintering,
ultrafine powder synthesis and atmosphere protection, (3)
relatively high Curie temperature (240°C) than PLZT
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A study on ferrite materials by selective laser
sintering for 3D printing applications

LEE Wen-Hsi

In our works, to develop an mductor by 3D printing, the
sintering of ferrite materials was studied by selective
laser sintering. Effect of particle size of ferrite powder,
laser power and soaking time on mucrostructure is
mvestigated. The phase and microstructure of ferrite are
respectively examined by XRD and SEM. A dense and
homogenous microstructure of ferrite has been
successfully achieved based on 30pm and 170myj laser
power. The promising microstructure would be reflected
to performance of mductor and the result would be valid
to fabricate an imnductor by 3D printing imnstead of
conventional pressing and sintering processes.
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X-ray photoelectron spectroscopy analysis and
electrical properties of
Big_5(NaDlngu_:D)g_sTio‘;—Li_\-bo‘; lead-free
piezoelectrics
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Lead-free piezoelectric ceramics with formula of
Bi@_j(Nag_ngg_m)g_s TiO 3—XLiNb03 or ( 1 —.\,')BNKT—XLN
(when x =0, 0.005, 0.010, 0.015 and 0.020 mol fraction)
were fabricated by solid-state mixed oxide and sintering
method. The ceramics with density of 5.7 g/em’® were
obtamned by a sintering temperature at 1100 °C. X-ray
diffraction pattern showed that the (1-x)BNKT-xLN
ceramics exhibited pure perovskite structure. X-ray
photoelectron spectroscopy analysis was performed to
mvestigate the influence of LN content on homogeneity
of chenucal composition and binding energy of atoms mn
the ceramics. Dielectric, ferroelectric and piezoelectric
properties of the ceramics were mvestigated and found to
be maximized at x = 0.005 mol fraction.

Keywords: lead-free piezoelectries, X-ray diffraction,
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X-ray photoelectron spectroscopy

References:

1. C. Zhouw, X. Liu, WL1, C.Yuan, J. Phys. Chem. Solids,
2009.70: 541-545

2. P. Jaita, A. Watcharapasorn, S. Jiansirisomboon,
Electron. Mater. Lett, 2013, 9: 437-440

p093-A087

Balance Large d;; and High T, in New Potassium
Sodium Niobate Lead-free Ceramics

Cheng Xiaojing, Xiao Dingquan, Zhu Jianguo, and Wu
Jiagang*
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Chengdu 610064, P. R. China

* wujiagang0208@163.com

The lead-based piezoceramics possess admurable
properties with the sacrifice of human health, and then
lead-free ceranucs recently attract more attention because
of environmental friendliness and good -electrical
properties. In this work, the doping with Li~ 1s used to
mediate the T¢ and d3; of (K Na)NbO; -based ceramics,
and the new system consisting of
0.96Ky 45Nay 55Nbg 955D 0403-0.04B1 5(Nay_,Li)g sZr0;5 15
studied in detail. The ceramics endure a phase transition
from rhombohedral-tetragonal phase boundary to
tetragonal phase as the Li” increases. With the increase of
Li contents, the d5; drops gradually, while T increases.
In addition, the good thermal stability of piezoelectric
properties is shown in all ceramics. T=247~275 °C and
d3;=296~410 pC/N could be attained, which is dependent
on Li" content. We believe that the doping with Li” could
well mediate the T¢ and ds; of potassium sodium niobate
ceramics.

Keyword: Lead-free piezoelectric, Large ds;, High T,
Good thermal stability
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ceramics

Ting Zheng Dingquan Xiao Jianguo Zhu, and Jiagang
Wu*

Department of Materials Science, Sichuan University,
Chengdu 610064, PR.China

*msewujg@scu.edu.cn and wujiagang0208@163.com

In this work, new (1 —X)Kg_4sNag_52N130_gﬁsbg_m03—
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Effect of Frequency on Bipolar Electrical Fatigue Behavior of ZnO-Modified Lead
Magnesium Niobate Titanate Ceramics

%
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lDeparrment of Physies and Materials Science, Faculty of Science, Chiang Mai University, 239 Huay Kaew
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Muang, Chiang Mai, 50200, Thailand
3School of Electrical Engineering, Suranaree University of Technology, 111 University Avenue, Muang,
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*e-mail: sukanda.jian@emu.ac.th

This work was conducted to investigate the effect of frequency on bipolar electrical fatigue behavior of
Pb(Mg1aNbyjz)gg5Tig 3503 (PMNT) ceramics modified with 0.4 mol% ZnO. The ceramics sintered at 1240
°C for 2 h with a bulk density of 7.6 g cm’ were subjected to apply bipolar electric field at frequencies of 1.
10, 50 and 100 Hz up to 10° cycles. The number of a cycle at which the remanent polarization, which is
taken from the polarization-electric field hysteresis loop, abruptly decreases increased with increasing
frequency. The percentage of the degradation of the remanent polarization after 10° eycles decreased with
mereasing frequency. The number of a cycle at which the coercive field abruptly mnereases mereased with
increasing frequency. The percentage of the increasing of the coercive field after 10* cycles decreased with
nereasing frequency. Moreover, the surface area damaged due to an electrical fatigue test at a lower
frequency was larger than that at a higher frequency. When compared to PZT. the commercial material for
piezo-and ferroelectric applications. the electrical fatigue behavior of the ZnO modified-PMNT materials
seemed to be better than that of PZT materials. This could make the ZnO modified-PMNT as an alternative
material for ferroelectric actuator and Fe-RAM applications.
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Microstructure and Electrical Properties of Ternary Lead-Free
Bio.s(Na0.30K0.20)0.5Ti03-0.005LiNbO3-BaTiO; Piezoelectric Ceramics

Pimpilai Wannasut', Pharatree Jaita”, Anucha Watcharapa sorn'”,
Sukanda Jiansirisomboon'"
! Department of Physics and Materials Science, Faculty of Science.
Chiang Mai University, Chiang Mai 50200, Thailand
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Mai, 50220 Thailand
*Materials Science Research Center. Faculty of Science. Chiang Mai University.
Chiang Mai 50200, Thailand

*Corresponding author, e-mail: sukanda.jian@emu.ac.th

Lead-free piezoelectric ceramics with the formula of (1-x-y)Big s(Nag 20K 20)05Ti03-xLiNbO3-yBaTi0; or
(1-x-y)BNKT-xLN-yBT ternary system, when x = 0.005 and y = 0. 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and
0.07 mol fraction, were fabricated by a conventional mixed oxide method and sintered at the temperature
of 1125°C for 2 h. All ceramics were focused in terms of phase, microstructure, dielectric, ferroelectric and
piezoelectric properties. All samples have the density ranging of 5.59 - 5.73 glem’. X-ray diffraction
pattern exhibited a single perovskite structure without any secondary phase. Scanning electron micrographs
mdicated a cubic-like grain shape oceurred for all compositions with side length of 0.49 - 0.77 pm. The
addition amount of BT with (y = 0.04) into BNKT-0.005LN inhibited grain growth. However. graimn size
value increased with increasing BT concentration (y = 0.05 - 0.07). The highest piezoelectric coefficient
(d3; = 198pC/N) with good dielectric (g = 1775, tand = 0.0534) and ferroelectric properties (P, =
17.36uC em’, Ry = 1.67) were obtained for the BNKT-0.005LN-0.04BT sample.
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Electrical Properties of Ternary System Bis s(NansoKa 100 <T10:-0.005LiNbO3-BaTiO;
Lead-Free Piezoelectric Ceramics

Pimpilai Wannasut'. Pharatree Jaita', Anucha Watcharspasomn', Sukanda Jiansiisomboon’'*
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Abstract

Temary system of lead-free piezoelectne cerapucs wath the formula of (l-x-3)
B s(Nas 50K 20)0 s T10:-xLiNbO5-3BaTiOs or (1-x-)y)BNET-xINBT (x = 0.005 and 3 = 0,
0.01. 002, 003, 004, 005, 006 and 007 mol frachon) were synthemized using
a conventional solid-state reaction method and sintered at the temperature of 1125°C for 2 b.
All samples were studied in terms of phase. dielectric. ferroelectric and piezoelectnic
properties. All samples have the density ranging of 5.59 - 5.73 glem®. X-ray diffraction
pattern exhibited 2 zingle perovzkite structure without zny secondary phase Scanning
electron mucrogaphs indicated a cubic-like Zrain shape occwred for all compositions with
side length of 0.49 - 0.77 pm. At a compoziion BNKT-0.005LN-0.04BT showed the highest
piezoelectnic coefficient (d:; = 198 pC/N) with good dielectric (& = 1775. tand=0.0534) and
ferroelectric properties (P, = 17.36 uClem?, R, = 1.67).

Keywords: Temary system_ Lead-free piezoelectnics, X-ray diffiaction,

Poster Presentation 159 Functonal Materials
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Comparative Study of Properties of BCZT Ceramics Prepared from Conventional and
Sol-Gel Auto Combustion Method

P. Jaimeewonz'. M. Promsawat’, A Watcharapasomn'~, S. Jiansirisomboon®*
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Abstract

Thiz work studies properties of Pb-free complex perovikite BasysCao<T119Zr010:
(BCZT) ceramic: prepared from the BCZT powders synthesized from conventional mixed
oxide (M) and sol-gel auto combustion (5) methods. M and S powders were calecined at 1200
and 900°C. respectively. M powder was muxed wath S powder with weight percentaze ratios
of 100:0, 50:50 and 0:100, and were ther gzround by ball mulling for 24 hrs using ethanol as
a medium. The powders were dnad and prezsed to form a pellet chape by hyvdraulic preszing.
Green bodies were sintered at 1430°C for 2 hez. The ceramics ware charactenzed in terms of
microstructure, phase. dencity, dielectnic and ferroelectnic propernes by a scanning electron
microscope (SEM), X-ray diffractometer (XRD), Archimedes’s method. LCR meter and
Sawyer-Tower circuit, respectively. It was found that density of the ceramics tended to
mcreaze with increasing S powder content NRD patterns chowed the coexistence of
rhombohedral and tetragzonal phazes. Gram size of the obtamed ceramics tended to decreasing
of S powder. For all samplez, dielectmc constant (&) measured at room temperature was
frequency dependent. at which & decreased with mcreasing frequency. The & tended to
mncreace with merezsing S content The highest & was 5342, which was cbserved m the
ceranuc at a weight percentage ratio of 0:100. The P-E loops of the ceramics were measured
at room temperature under a bipolar applied field of = 20 kV'cm wath a frequency of 25 Hz.
Slum P-E loops were observed in all ceranucs.

Keywords: Lead-free. Piezoelectic. BCZT, Mixed-oxide. Sol-zel auto combuston
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Influence of pH values on properties of BCZT nanopowders synthesized via
sol-gel auto combustion method
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UDepartment of Physics and Materials Science, Faculty of Science, Chiang Mai University,
Chiang Mai 50200, Thailand,
YMaterials Science Research Center, Faculty of Science, Chiang Mai University, Chiang Mai 50200,
Thailand

Barium calcium titanate (BaggsCagisZro.TiosOs; BCZT) is one of the most widely studied
piezoelectric materials due to its highest piezoelectric coefficient among lead free systems, which was
about 637-650 pC/N [1-3]. There was a few number of works studying on the synthesis of BCZT
nanopowders from a wet chemical method. In this paper, the BCZT nanopowders were fabricated by
the auto combustion method with controlling pH values.

In the BCZT nanopowder synthesis, variation of pH values, i.e. 5, 7 and 9 were controlled by NH,OH
content and fixed ratio of metal and citric acid as 1:1. The burnt powder was calcined at 900°C for 2 h
and was then characterized in terms of chemical bonding,
crystal structure and morphology using Raman, FTIR
spectroscopy, XRD and TEM techniques. Increase of pH value
did not affected particle size but increased tetagonality of the
powder. Raman spectrum peaks of as burnt powders showed
an amorphous phase which was confirmed by XRD result. The
calcined powders showed a broad peak at ~562 cm’' relating to
the stretching vibration of Ti-O and Zr-O bonds in perovskite
structure. Crystallite sizes, which were calculated by using 2o W0 A0 S0 0 0 80 %0 1000
Sherrer’s equation, were in a range of 20-40 nm. TEM result Riran SALfon)

showed that the burnt synthesized at pH = 5 and 9 were non-
crystalline while burnt powder at pH = 7 and the calcined
powders were polycrystalline.

Raman Intensity (a.u.)

719 PHY

Fig. 1 Raman spectra of BCZT powders
with different pH values.
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