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Ceramic-ceramic lead free piezoelectric composite for

high temperature actuator application

W wssU ensg

U1 594554 Wiaavae
@ ‘ =1 [

e G3ANA. 1HARTY

b 1228069
VUMY, cromee e snee et caeeee Deisais AR
;'uvn:aﬂuu__-jl_-é_?lg_ﬁm :
?m.tﬁou,’ﬂ....:.f Ui oA

L Ty

lafunuaivayuaddean Rusudszanausiuiu Yszanlauszunn we. 2560
AN INGAERS

anvumalulagwszaaundinaummsatanssUs




Abstract

The ceramic-ceramic lead-free piezoelectric composite was successfully fabricated via solid state
reaction. The pure phase of BNT-8T, BT, BZT-BSn, and Sr,Nb,O, were synthesized separately for matrix
and dispersed phase for composite. In BZT-BSn system, The BS substitute depressed the ferroelectric-
paraelectric phase temperature slightly and raised the transition temperatures of O-T phase
transformations, thus, the orthorhombic phase could be stabilized above the ambient temperature with x
= 0.04. As a result, the polymorphic phase composition showed outstanding piezoelectric values of ks =
41.7%, ds; = 469 pC/N and d, - 1335 pm/V. Ceramic in BNT-BT exhibited frequency dependence of
dielectric at the temperature below 200 °C and the BNT-BT ceramic shows a Curie temperature at 275°C.
The results show that ceramic lution with BNT-BT at high temperature.

Separating of SN and BNT-BLfaipare evidenc ees, Adding SN content caused not

only transition temperatdredut also
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(Ky/zNay,2)NbOs(HP) 500 0.2 127 0.46 0.60 420 s
(Ky/z2Nay ;INbO; 420 195
KNN-Li R 460 ~20
KNN-Li 39%;Ta 310 50
KNN-LF4 253 25
KNN-SrTi@ 277 27
KNN-L 430 55
KNN-Lil 60 70
KNN-L 392 45
NBT-KB 350 160
NBT-KB 302 224
NBT-KBT- 290 162
SBT-KBT90 8z0m .\ 50,06 107 /<4 5y 296 -
SBT-KBT85 250 .
BBT-KBT90 297 144
BBT-KBT80 290 238
Sr,NaNb:O, 1100 - 120 - = 280 .
e &€, o anweanduyivi (relative permittivity)

Loss i Avisnaunsgadamaladidnnin

s fa AmsiiolediEnnin (pC/N)

K. Ao Adinlszavdgauliitidnaluwasu

biss Ao Aduseansgmuliihdnalussuuittenn 33

Te fig gaumniiad (°0)

T fia qmuqﬁnj'a‘uunwamnaaﬂﬁsauﬁn'lﬂn‘]umm:lnuaa Q)

HP fia REGTNRINEGIN
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1. lassasawuudunaadasv (bismuth layer-structure ferroelectric ; BLSF)

1%
ar ar <

Tanillaseasisuutureddadv (bismuth layer-structure ferroelectric : BLSF) 1{u

(%] ' o

JannuraulalunmadlUlddulandidnnsednd e ndaudamalwiilaseu daadilad

4

@nvisndn(€) uariignmgiaiaaTy) wniln BLSF Juvnzium sl dulanislediany

u
nliansmziaviannsaldnuldiioamalias Wy wuwes (senser) La3aenses (filter) way 3
lyiwmas (resonator)

1.1 Jasiulymnue (bismuth titanate; Bi,Tis0,. : BIT)

3INN15ANYIYBY Cummins wag Cross wud1 BIT fautmneledidnvin 5 weinis

oaudiviilden eswinnaued _ iuwariialuuiann anvisdailAimng
fumusn Feldvinniaud weyla L@EITUG wv') asluwsiiin BIT ¥
IiidrA s U U \\l%\ ré/ M asly wazunAsulusyuy
./// - @ -
BiaTis-xNb,O -X)_—L % Bj 3 2 - a.am'lw fATanas AI3UN
— ‘7, - -5. VYV~
2]. p— - - .?‘/ Ri‘- g — ——
o ' ~ s b p- b =
/ / I . \ > \
A5 L\ \Y g z?
L b ¢
- hl Q
!'_pegj \ lﬂ
5
% \-.‘ P
- ' = @
%’Mﬂ : ITHES 1o oS c‘qb
=§o&0 \ | Iﬁ
(§)
0% 0.02 0 6 008 0] 0.14

9@3;1 h@&h’%n ¢

L3

U 2.1 namuamiAudius sz Neunginid (T,) veursfinluszuu BITN

u

waz BITV AuAsLluduneal Nb was V [3]

1.2 Uadmlnyutdeamvnan (bismuth titanium tantalate; BisTiTaO, : BTT)
INN1sANYIETEAlUTEUU BisTiTaOs-SrBi,dTa,04(BTT-SBTa : SBTT2(x) @ussiiin

u
P

= a = 1w rd s o X Y a a
SBTa ugmufigavinu 280 °C wadieUsunawes BTT wiudu wulwihlviguunaliniiiau

11N 900 °C uazidunnimeimadensendsuna-lwi (k) wihdu 0.12
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2. laseasruwasenalng (perovskite-structure ferroelectric)
wislsdidnviniifiassadrauvumasenalng W wudoalnniun (barum  titanate;

BaTiOs) Uaimlmiwisulnvium (bismuth sodium titanate; (Bi,,Nay,)TiO;)  Jaialnunaides

Iwium (bismuth  potassium  titanate; (Biy,K;,,)TiOs) wazlwunaideslulaiun (potassium

+ ) a a vw & da o o a a ' v
niobate; KnbOs) iuianifisledianvinliasneiaiifidnaiifieledian win(ds,) Aautragaly

a = a a =y v a a' 9 L) o v oo « v
U'iimuammﬂhmanmnmanu gavsnrdavsunmsunlulddu wanymes (actuator) waEng ey

nuilindenugs edrdlsimutanudrdaziigungiinisn nsdadustalusiwilson wasd
ATV LAV EN

A A

Mg
.

o
120,

-a

d & “r « .
Jun 2.2 ﬂi'qu.ammmauwuﬁizqumw 3 (T.) AUUINIE (Biy0K,,)TIO; vouas iinluy

9%UU BTBK ﬁmwuﬁ 1 MHz [3]
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;: "0 |BTBK100x ) prpy s praKao
o= 3
o BT BTBK7S
o .
e 0 BTBK5*
& BTBKI10
& 2000
L 2
5 O L L L i i al Mnl_lz
12
104
WL
& _6
~ 4
<
3
0 ik
0 100 200 300. 400

Temperature, 7 (C)

JUN 2.3 nduandfo mduius e uiaeat tan O Ny AR ELEN S NE) @eswniinlussuy

BTBK #in it DMz [3]

2.2 Uaiyloiden yyiwds) (bisenutivsoditm titdn@te:1Bi, NG ) TIOFBNT)

Uaivlamgulvniiue (BNT) (Outesminniaudfnalsoidhns niiailialnalsigdu
Aamas(remnant - potarizatior A) Wiy 30-uckem Waziigampinsviniu 320 °C egnalsh
mailunisdnundoyaauifnivadnminues BNT-Seldgmailunisinuneiiganin 1200 °C

-

walildlgsfinfifieuvuindugusniguugil 1200 °C audamssyvewas B lunszuiunis

wduinoiinlinisdadesd i iniude il fnseidnusuniudisrnmesluns
(thermograph: TG) wudﬂﬁﬁmﬁﬂqmﬁalﬂﬁaamnmﬁsmwad B’ figaumniiganit 1130 °C
fadulunsiendiunes BNT wwfawhitgamaii 1100 °C uarldnatuuds 100 dalus Fsldiesndin
Afiaumunududuing 95% fifndnUszavsgauliindinasii 047 way fldasiiieled

W@ny3nvindu 91 pC/N



12

2.3 Inunaideululaiun (potassium niobate; KNbO;: KN)
Inuvadonlulatua (KN) flaseaisuvueslssendniigumgiivieuas flaumgiiluns
& - o a a a_a
Waguai -10 225 uwar 425°C laedsumianinaelsseninluldummssinuoauas@itn
0w = = wa = a & a da = a val |
muay KN Saudinaiislediannindidwinismisuesdnliianumnudugs Tag
nsrUUMsELUUUNAvildenassialdiSdnumssau (hot pressing) lunsiwuu Egerton was
Auz lovinisAnwaudinddniwedwuna@ouleion  lulewn (potassium  sodium
y ' ' M - a 1 o 5 o £
niobate; KnbOs;-NaNbO,: KNN) wumﬁmﬂmlmatﬁmn'snﬁaumamua“ume‘fuﬂ'suﬁﬂﬁﬂmu

‘lﬂﬁ’nmnawm aaNhnmﬁlum':l.m‘sanl.flum's'mnwumwwmuwawuwﬂﬂmﬂ \eandes

'lm’:mu-m'lumsmwumas TashirS Lasemslavanasfimsagsiiintuszuy (KOGTPbg()}Naos)NbO:J,

Imummsmwuma efnad] 11?0 \I. 1,5 'J'T.m mswunwuﬁ’nwmwuaqu
ﬂ'1LLﬂanai‘miw am mu., lglyuduaruoudislouuud
\:\ /

faguit 24/ =

J.||

—— - ;” S —
— s " /// \\\ N -~ —
> > )
rn/ L \ v ) \
2) / \ i ).:"5
) F1 ) W ?

(
# 709k 7%] _ ) .
?ﬂﬁii 191 o | R W g"

N Yy v -
wﬁ 2.4 LanYaNu urﬁiﬁggjwwﬂ uaml,;ilt 0 LMKG47Pb; 03Na, sINDO;[3]
3. lasvasnuuuisaimuusaud (tungsten BoRze Structure)

[V o w € e o v o
Taahillassaiuuuiiainuuseudariiviswainisunuiidaslessuuinuaslossuaui
i ToeilifimsaayderudumelsaidnvinuasiigumyiieiaeudrsgsSsmnefunmsiluly

< o o o a @ a dy v @ LY
awumqmuﬂuuqq ‘ENNﬂﬂL‘V‘]OIiOLaﬂﬂ‘iﬂﬂlﬂ'ﬂﬁﬂﬁ’liﬁzﬁqEJ'UENLL'!N'UQ%‘I”I?U?#HaU'UENl‘I.JIﬂI.“UﬁﬂU

«

s19danlad (alkal) uardamlatidiv (alkaline earth) wudwmngdgmiunsiluldduagly

= L3

o a - Y o ¢ & v ' 2, a ovw
LATAINTIAIU Lﬂiﬂxﬂ@ﬁﬂi'ﬂ‘ﬁﬂﬂ wazlawas wuau Li.ﬂﬂ‘TiU'SBﬂUﬁL‘IJ‘LJL“U'ﬂIJﬂ‘W]I‘LﬂEJ']ﬂ

e



2.2.1 wuissdlvmun (BaTios)

o &

wuiisalviviun (BaTios) WDuansnguliifinsiadussdusenauiiiinsfununginssume

€

< | | e

1s8innsn dnswdsuwdadlassaswdninty dwansanadindniiiaslasiadiamig

5

amia BaTio; flessairwuuwessenalndiigaumgfivions (Ussun 130 °C) gstu yilmad
vos BaTio; anlhuuuugnuinr(cubic) finsdniFudlossuniuguii 2.5 flgumgiishnitgenias
w1y Taseadiawes  BaTio,  asmAamsiadurtuidniion Windsuuuuvanaaselnuea
(tetragonal) wararilumuddhgAniusiianismuuuuny c dumswdsuwadasiadedudy
wwfinduiiguugivsvana 0 °C wag 90 °C Tnoitgaumgdiannit 0 °C du yinwad wdoy
lassasruduselsseuin (OrthorBmbie) tneiiwauLd a‘f‘u‘:fmqmmmmuuauuﬁnuﬂmwﬁmmaé

(5Un 2.6) Famsusauldasaspadownaseuiininnisivalaetuiuewaslundnlaiuu

4

|

i - v e o= e 0 \ | & o . - Y
\Budiul BaTiO, yeilafnaiiladianmiaiiguuuyil 20°Cau-230 Tuiirgadisatuda war 4770 Tu
= o - a & = a i 'u. R0 = a4 a =
Viemassann Ao iadiemasa s wuugduiiesintidaledidnnindu 1740 (anu
amdniusyedummaiinmaes-Lichtenecked s relation) Nt IRElmdtEansniaunni

8 Y ol ' 4 B Y o ~ : - - @ 4
Ao ninzaragsyviis 20004500 Iastiuiunsuuida s isnuagiwsouy

Bal+

3Uit 2.5 Iassatravesans BaTio; [11]
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1 a a
'
i a ”
Ll J13°C
2l . 4Ll a
Cubic ' :
E P | Orthorhombic
1
1,1..:_..--
Tetragonal

19 | & .If-.:- TRIAMGT
HagaT FInsugUn

X "'mum ansenr
~qt il

' \J
in" AL uw@q
"5:;“\.- LW

iz 77 k\a‘éqn LarArniiiieled

30
YUINBYNIA (Nm) 28+4 38+3
ANUMUIRUUT AN (g/cC) 5.72 5.84 5.79

Alwanlswdunnd(uC/em’)  27+01 29501  51:02  61+02  6.5:0.2
Aaulvihangs (kv/em) 23+0.1  26+0.1 34401  4.8+02  4.1+02
AasiiteleBidnmsn (po/N)  99+1 1031 112+¢1  121+2 11642
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Lanfang et al. (4] laAnwand@ladidnvinuaraudfinelsdidnvinuestanasiiin (1-
X)BaTiOs~x(Biy sNag s)TiO; (x = 0.01, 0.02, 0.05, 0.1,0.2, 0.3) Aillassadradumwesealng dean
MSATINABUIE XRD (Uit 2.7) wandlifuinansilifianuduarsimesenalnduasannmsdiu
BNT finasianisuansdnunziiimsnandaladidnvsnwazantfinelsdidnniniilodu BNT GR sily
liwuiaveuvelsdianvin-wis) 8idan3n  (secondary phase) ﬂul.l.aswmﬂqmm fns
wasuwladlulaglifideddy Tasdl BNT 0.1 mol wuhawanlsieduniAnegsgauasilan

awilwihaudnegandt BT uiavs e BNT Wisdu (3Uf 2.8-2.10)

60) (101) . BT-BNT1|

31}% 2.7 uanswa XRD waawsdin (1-x)BaTiOs-x(Bij sNa, s)TiO; (4]
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= O
= -
§ g
8 8
3 k5
£ c
-20 <10 0 10 20 -15-10-5 0 5 10 15
Electric Field [kV/cm] Electric Field [kV/cm]
E E
2 L2
S Q
5 o
§ 5
@ &
© o
o [s)
a
-18 -12-6 06 1218 “16-12-8 4.0 4-8 1216
Electric Field ' [kV/cm] Electric Field [kVv/cm]

e

gﬂi?i 2.8 udag P-E a5 aaves s 1 invilang uluate v BN T (2).0.02 mel [(b) 0.05 mol

(@¥0.1 met (d) 02 madl ﬁqmwgﬁﬁm 4]

160

190

R
v

110

c

T

Curie Temperature, T (°C)

100

" s

010 015 020 025 030

BNT content (mol)

0.00 005

3UN 2.9 uansgauvgiiniduenesiinusariuaves BNT [4]
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Coercive field, E, (kV/cm)

Remanent polarization, Pr, (uC/cm?)

-o .‘“‘ y » - (e
H;gmﬂlos., Q waEi Tvigunnilun1sdunes

o RN YeYall L Nl Y

- ﬂﬂfﬁ%—- 2.11) Auanalw

7 13“‘1,.\ \ L ..‘
3 NAINDY UAAIAY

| (. a®Y, " Sity

Wl D aren 8\ e
: | T 5.84
2 0.98 0.02 1280 5.83
3 0.96 0.04 1280 5.75
4 0.94 0.06 1280 5.83
5 0.92 0.08 1270 5.85
6 0.90 0.10 1260 575
7 0.80 0.20 1200 571
8 0.70 0.30 1200 5.80
9 0.60 0.40 1170 579
10 0 I 1160 5.77

149106



- #BaTio,
: /A =3 eNaBiTiO,,

)
}
|
[
{

-

Intensity (AL

20) (degree)

gﬂﬁ 211080 Mg XRD-vaswsun [5]

Pio Baettigret fate-£18] leiiamsr nwnansiwasanalnpieenie Tufa BIGa0; uav BIALO,
(JUT 212 udr 2/13) WOTT BiGaO; flasaddideans iy PHTIO: winen1sua e teslasaadan
aselnuaaiuBafiayialnelsBiddysana.aru BAOLianealunasldsis gunalassadne

=1

wilouu PHZrO; Jssias U aliﬁl,é‘nvﬁﬂua:mﬂwwhm‘ffuﬁﬁﬁw hazasvivagessuune

oy -

gauNiAsd19R L Sedapiady sae Ul ez A soumelpuYan PZT s liuiude
‘\T .

&

giﬁ?i 2.12 uwamlaseainaasseuy BiALO, [18]

A0a0uEne e
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'T'
e
.
e
e &

31]‘-?5 2:13 RamlasIAT 0359w BiGaO; 14.8)

AKzand Nirmali-{[191 idnwiAiB e ledidnvninkazamisuwal s58nusnvas ws fini
Juilnsigdtuindau(Bi” dope-BT) F19inn18p319a00s6-XRD Wugailiinved Bi,Ti,O, \inuiu
- a K., | L it by [ Y A o ’ . " v o
VUIVFINAMRLTUR2 M0 'ﬁmawﬂwm‘mnmmm‘iasmm}aa Bilu BT mg'dm 213
Vinuaa Bi;ThO; Mhadussiiipuaisdu TR vddnviniasantiiuals8i@nnsnvesesiin

L as - y e = o = ' ()
Ba,.(Bi,TNOx” 6353/972.14 7 | Magqnsiignunatadanyanialsilanysn iy Andauseneu
s e ; o i i = " d =3 r = J n A L3 a0
dulsvanslihiiinganiy armsniitladidnuinaor s un Senashilnarlsigtunndns fa)

o:s' ", -.:J L d : o =N Ak, e =5 L ey un: i
anaudlelSuat B bt laaaanuladituno. 5 wt% 994 BidlranRmaledanningsfina1iun

- w - o i a o - e g4 A T - v -
Emijﬂ ﬂ&’gﬂ_.‘ﬂ 244-2.16 ‘Mﬂ”lﬁ'l’]w\Qstﬁum'ﬂuﬂLﬂui_'i:i-maﬂ‘l’l‘iﬂVJLfiﬂllﬁ]iﬁlﬂﬁ@l,nﬂﬂmﬂﬂ

(110)

Intensity (a. u )

L C 4

. [Ccztm
{ (220]
221}
2(310)

SN S S W | ,
I ‘ 3 e
T N S| W) N i (a)

20 30 40 50 60 70 80
20 (degree)

JUM 2.14 uanawa XRD vealw31din Ba, (B, TiO; (a) x=0.005 (b) x=0.01 (c) x=0.02
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(d) x=0.03 (e) x=0.04 [19]

_._(a)

(D)
(d)
e)

3111‘4 2.15 uasy PE gaimesdendlesiiingBa, \(BiTHO (@) $=0:005M(b)%=0.01\ (c) x=0.02
td) x£0003! {e) X=0.04" #1.25°C uae, 50.HZ (19]

0.08 +
0.06'1

004 -

Strain (%)

002

000 +

-0.02 — e — . -
-3 -2 -1 0 1 2 3
Electric Field (kV/cm)

gﬂﬁ 2.16 LansAAuAIEALarAauIL Wi veuesdin Bay (Bi,TiO; (@) x=0.005 (b) x=0.01
() x=0.02 (d) x=0.03 (e) x=0.04 [19]
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Joel et al. [20] lofnwdnunzvasaud@ladidnudn wielsdidnnin uasiileledidn visn
vews1in BIALO; nMmsnaRasu BIALO; itaudiduwelsdidnvidniifigauugdl #36 (7)) g
11 520 °C AvasiisleBidnvsnwiniu 28 pON - Alnanlsiwdusndaviniu 9.5 uC/em’ i
gampiivesuarAlnanlsiedusnéraiutudigumgiifuiy dsuil 217 Alwadlsiedunandng
winfu 26.7 puC/em” igaumgdl 225 °C audfelsdldnvinuarandaiteledidnnines BA tuay
gnmiluwWSsuiiisuiu BiFeO, (BFO) uag SrBi,Ta,0, (SBT) sam1sn9it 2.4 wuin BA tududu
aswlilmivasTagesriinusianasmifiguugdedaeq duduiludssgndlévindu

@

] o ] &t ar L 4“ A o a L] -
e wd windsll 2 Yadeudnqiidududedrialunisihluvssgndldlumalulad ez

w@fusnmnennusausiwazldy

i

2 rL k) S
s rif—j’:ﬁ o T
TR £1 y
T T T T T
100 0 100 200 300
T(C)

4 i a o = " =3 = . o € ar
UM 217 uansiasiiladidnyinuasansgaudsladidnvinues BIAO, lutterdu
a 2 6
YIgUUNY M 10 -10° Hz [20]
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o e a = wa a o . o = v W a
A19199% 2.4 LLamauumlﬂm“nmﬂuavauumLWaIiaLﬁnmn'*vm BIALO; Wibuwisuiulanwelsd

dnviniiusmnesiasugiide gaumniinas [20]
ds P, at 25°C .
compound 5 Tk £
(pC/N or pm/V) (uC/cm”)
BAO (this work) 28 (1) 9.5 >520
BFO’ 25 12 820-836
SgT" 21 6 325.330

Huichun And Zuo-Guang”[Z1j-lefnwasantdnivaiiufie (1-x)BaTiOsxBIAO; (x=0.02,
0.05, 0.10, 0.15) ;La::ﬁﬁ'hﬁ's'ﬁhwﬂﬂs4_a§1_aLLa;auﬁﬁlﬂ§L§ﬂﬁn figungfieufinnisunuiivas
B TuBa" uu A€t Lauiinnlsiniiivey .Aljf_""tu-TIa‘ Uu-Bsite vIAlMin msmﬁuugﬂ‘s’wmn
wnselnusavdyBaTiOlhlusaaluiinsea ) vaeita X s-ﬁ-u‘i';u-ﬁ'-ao] (1-9BaTiO;-xBIAlO; waAma
mnﬁuﬁwmmmnmﬁaamu NN Curié'—Wéissé-I.t’ﬂ%l.ﬁﬁﬂﬁtﬁ!ﬁ”‘wﬂakimﬁﬂi”?'m'umﬁﬂ
ladianning 'mn'xsﬂs..ﬁ]wﬂm‘wniﬂamnmnmmuaa‘twq‘] UanRatIIRanan wiwaslsdidnm
snﬂnmlﬂtﬂqumnsm wuu'iu,amﬁfﬂ‘sua”wqmmﬁmmmt.m m'm‘ﬂmaa (1-x)BaTiO;xBiAlO;
anusanul oy sgnen x=0.15 wuwﬂlﬂamnmﬂ qmu,guuaﬂmummﬂﬂu 360 K7 1 KHz s
sUil 218 | 3 SBNER ' '

4500
4000 -

:25001
2000
1”‘_” Y
10001 |

Dielectric constant

i T o 100uitz_|, 26004 (0
®_10kHz
3000 | 280 -
v 100Hz 2200
2500
| 2000 4
2000 1800
1500 - 1600 -
1400
1000
—~— v , ' 1200
0 50 100 150 200 0
Temperature (°C)

E‘Uﬁ 2.18 LLamqquﬁuazﬁhmﬁlﬁﬁuﬁnvﬁmamiwﬁn (1-x)BaTiO;—xBIAlO;
(a) x=0.02 (b) x=0.05 (c) x=0.10 (d) x=0.15 [21]
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Huichun And Zuo-Guang (22] Wi@nwianiesinusimainasia (1-x(Nag s Bigs)TiOs -
XBIAlO; (NBT-BA)(x=0-0.10) %aﬂﬂﬂz’ﬁLﬂﬂxﬂ%%%ﬂﬁﬁ%mamuwamﬁa Feagldinauiavdvos
a1s¥ x < 0.08 AasiilaBidnvinbusiadiinsiiuanunimesiinladdnsnesluaenndos
fuduau BA Ay ot 0.92NBT-0.088A iFsuiiiuiy NBT u3aws lsiAues 0.92NBT-
0.08BA fia  Alwarlsiwduandranindu 52 uC/em’  Arauulndiaudaiifu 44 kvV/em

ArnaleBIanNINwIIAY 130 pO/N wasAunmasnIsidausandsaunalwiiyinfu 0.23

=

apldimsifisduues BA vhldigamgiidlnanlsiwdunazdinisgaydaladidnyinanas gy

2.18 usvhlviaudRiiisledidnvinuasvlelsdldnvsniindiu faguil 2.19

3000

x=0 los zegorz=0.02— NN\ . %12
2500 & ~ O 100 kHz 10.10
s S0 10 kHz
2000 20001 gz 10.08
10.3 7 100 Hz
O 100 kHz | 10.06
-E 1500 . 1okHz - 0.2 1500-
= G 2 |0.04
§ 1000 b2 L/ 4011000 1002 &
"‘w &
o] 500 ' - 10.0 : 10.00
o : : i : o 500 . - : - =
o 0 100 200 300 @ 400 0 100 200 300 400 ©
‘= 3500 o
© x=0.05 1x=0.08 040 g
@ 3000 - (100 kHz FogflokeE TR ekl | O
2 0 10 kHz & 4 -
= 2500 .. 1 quz - 1kHz o 0.08
= 7100 Hz 4 100Hz i
2000 ?’ ; 10.06
1500- g N - / {0.04
1000- 10.02 10004 10.02
00— T 100 N 0.0
0 100 200 300 400 0 1000 200 300 400

Temperature (°C)

=

Ul 2.18 wansgrumaiiviiunuAeiladidnvinuazanisandsledidnviznueassiin
(1-x)ANag sBig 5) TiO5-xBIALO; [22]
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40]x=0 601 x=0.02
20 ,v/ ]
0 i 0 L ,

'
N
o

khh*
s

i

I

| i R

200 100 0 100 200 -150-100-50 0 50 100150

Polarization (uC/cm?)

60 0.05 ot 0.08
1 x=0. 60] x=0.
40 401 f ';:
204 : I 20 : ._.
0 = 0 ¥ :

-20. ’ 20, ]
p « L’/ e ¢_/’_,J""
-60 ' e

200100 0 . 100 26689200 4100 0 100 200
Electric field (kV/cm)

Ul 219 P6 BadeisaTe st iIA (L0(NagBi, ITIOSRBIALD; (x£0,10.02, 605 by 0.08) [22]

Aman gt 4l {23} tadnwdane et sl BIAO inandaiuMasidnvsnelss
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Fernaamn1sng i EmaRTIUAa LA SeupmvpllAtwallsvtuualenmiivasuman(T,)
Iaautuidle BIALDs, SiUSrruduiuasude gampiiflnenlsieulasdirsiiladidnvisniigumgi
vaeuwaIves BNBT-BAaZanaile BA SN &g N2.20. 4520020 fidmaitiiieledidny
3n (ds,) wardiAwinmesnsutanmend SETanee it e Mo was in auaainfiu 188 pCO/N wax
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Changrong et al. [24] ladnwilasmasndniielesianninusimainnzii (1-x-
¥)BigsNag s TiOs = xBig sKosTIO; — ¥BiGaO; duasisulsanimaiinniswuiin(ordinary sintering
. ﬁ" v = HI ] o/ d v L5
technique) ‘aelaseasisauinlulasaziinisivdsundatagadmauiilaninutudua s

. . . - i w i = o a a o o | <
Big sKo s TiOs Wae BiGaO, Liindu iagufl 2.22 Famasniielediannin(ds,) uazAaudnieasnng

Weusendsnuna-Iniveneniink,) veugsiinfidrgeaavindu 165 pC/N - uag 0.346%
audaulagil y = 0.01 (x = 0.18) uaz x = 0.21 (y = 0.01) wazguuialwailsiedu(T,) 2y
amaile BiGaO, WinTu Fslumauusnuugumagialnailsiedu(T,) asdasqanas ndsniuiay

a o v o Voo B . o o - v a -
WALAUASIENUATUINTUYBY Biy <K, s TIO; ViLRuAUs Ul UMe PNFUN 2.23

31]171‘ 2.22 uamINNIATEI199aMIATENEIIEN (1-x-y)BNT-XBKT-yBG (a) x=0.18 y=0.00
(b) x=0.18 y=0.01 (c) x=0.18 y=0.02 (d) x=0.18 y=0.0502 (e) x=0.12 y=0.01
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(f) x=0.21 y=0.01 (g)x=0.24 y=0.01 [24]

T T T

140 - = (a)'

130 - \- |
N _

120+ (]

O
(=]
;? 110+ 4

100 - [ ]

90 - (]

BNT iilesanilguugiiniiraudnegs Ae 520 °C Tas BNT gnéunulasininenmansuiadodo
Smolenskil uavaquz [13] Tae BNT fflessadauuumessevalnddidums A fupalosou 2 ¥iln
ussteyde B uaw Na it B fusdumisiiussqesnenues T flgumgiivios BNT §
laseainnuusesludnsea wansaud@weilsBidnvin uwanerilnatlsietunuviewindu 38
uC/em” uamamaulninindsil 73 kv/em 5, 6] mswasumaves BNT AugumpiiAeutn
Fudeu lnefimstinmsidsumaniausniigamgii 200 °C Tnaungaumgiiddn gamgiinnsmsld
vasArlnarlaiedu wio gaungiinfangy dsaudAifioledidnnin (depolarization

=i (]

= o J 4 o ° ' 1
temperature;T,) warilgnupiin3ogin 320 °C laadiavhnisAmuiuAiunuii (gramma value)

u
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wanaf w1y 1.55 wandliituisdnuasiduuihiiuduiuvanwes (elaxor like behavior) 7

o =

gauvndiaeaninemuniini BNT dlasvadrwnnselnueadearuisaiduldvianeslssidavsnuas

by v U R u u

gueimsddnyiEn uasfigamgdl 540 °C lassadadsudugnuaduansautimsdidnmsn

v

°

dwmiualudasgungfl 200-320 °C dufiswanSuniireudadudeu Tasnuiilundndorves
BNT wulassaseseuluBaseaiiuansaut@ueudineslsdidnnsn sgalsimnuliusinguangu
194 gUivpuaniie (super lattice) Fufudnuuvianzvessuifueudioslsdidnvin seluni
dumnsiiladiinuinlutaseaumgisnaniuiuaireuirann Tasanmsinudaematans
@eonvudeiansounuit Tassadraves BNT ﬂé‘nwmvmaqna’:u*z'?alm'-lfﬁvﬁuuﬂuﬁﬂ-svmaau'l,u
Luvnsnﬁluumﬂawnmwaﬂ‘samnmnuw*maﬂwm Tondiaifinavassenludnsaauasivss
Inuaaaa‘lu‘mammnuwm 200- 320,°C\ aa"ml'irmmmaauw@-naamwaunu‘uaowimau‘[ua
AsDANAY mm.,lmaa’tmluLLumumuaamﬂm'm'ﬁauaauuauumﬂwa a3 figungdl 400-500
°C Fan BN/ uﬁmalnsammﬂamagmm mmsfnuaauamammwauﬁw aavvszlnuaaiu

anmﬂnmamm.ﬂu iy 500 su j' avwmﬂgq{" Imnamﬂ 540" X w'zmn:‘f[ﬂsaammu

ﬁﬂU?ﬂﬂ

“l.:ﬂ.ﬂ ua”ﬁﬁﬂnqﬂuummmmimnﬁ’m wuﬂ:nu muwmmmwamamﬂmw mmumaﬂ-u

amnmumaiwmzm 1200 €& 11&8 vmnﬁzmaﬁmuaualﬂ Tmaunm\nauamtmmmmﬁvma
wamvl.nu 1130, A erwaaam=n¢.i.#uu1rammmwan1ﬁ muaumﬂ%ﬂmﬂ phsdedasiveantled
(Bi,O5) aalﬂLnummmﬁﬂﬂmxma'lus.,qumvmummwumm aﬂmm‘s‘l.mqml.mawamwnu
LaitAiu 1100 C wsamnfnqawfaﬁﬁmwmmmd,azhsa'[snmu{}mmanu'svmwuaﬂa BNT dan
msmwﬁmqqn‘nm‘smﬂnqmﬂaﬂ;;’;},ﬁ'ﬂwm’m et soniazyiinisina Fafinaswaun
lasnaviliiAnatsazarevawdstunineslsdidnvinet e BT Waiumvannsalunisdu
Lmas‘u,azinnLmemﬁmﬁiﬂauﬁ'ﬁLﬁa‘['ﬁﬁLﬁﬂvﬁm]::Lﬁugq'ﬁumni'asgﬁaqﬁﬂizﬂawaa MPB &
Wuwurseudewla 2 wavesasavarsvesudeseving BNT-BT nurunwalugy 2.24 wuin
wardln BNT azwdeulassaireansenludnsoudummssinueadlednsdiu BT Wingetu uaz
WARIWLITBER AT dndly (Biy/2Nay2)o 00Bag 6 TIO, Waziilotindnau BT 1nnd 6 molo ain)
uanslassadianvsslnuea wazlafingungd Tassaradounnmsslnuealiugnuner 3

WANANAUTINERAIU BT 601 6 mol% lastaauansaudmduuoufineslstidnvintouiaas
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BNT-BT 1 MPB fif1 2100, C vz?wlzﬁ%xw@ﬁu 5 sotln
Jalimawmudiv winlaslsddifinsn BKT adluiediofingungd 7,
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BT — BNBT " BNT

31Jﬁ 2.25 Lapspaidauissyaama BNT BKT Lag BTIﬂﬂLﬁUQﬂHiLLaﬂﬁﬂﬁ'Jux(BiUgNa],;')TiOg-

WBi, oKy ATIO 2B TIOF AT X442, = 1 e yz =2 1 [

T *!
i 3()0 L"“”‘b'l-.-v. ----- .......”.'w.
- r_e
2" )N NP a5 4
. T & “q MPB
8 200+ d : ,~
E L . E :.
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;_.:_ 100+ |
= g :
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xin BNBK2:1(x)
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Jutuiu wanfieueulelelnl (attice anisotropy) wesian lavautfiieledidnnini
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JUN 2,27 LLamn'1'5cht,§ﬂauﬁs“uﬁai=u5t§ﬂw%nﬁuqquﬂumwﬁﬂ x{(Biy;Nay ) TiOs-
y(B'il,'zKl,/?)—rlOg,'ZBaTiOg, Iﬂﬂﬁ X+YtZ-F {5+ V.z =2 [15]
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E‘Uﬁ 2.28 Wamen 7 0 1y wa® T, o s@aaiin BNTST.[16]

dnsoul Bl Bnalue (Saio,) [Wuatmenaiamimenuistiieaisadandvasidariu BNT ¢
di = l\' r; o el o 5 = as
Wousuu ST NNt ugannd 7,0 /T ey ey fcsamac-gm1a.mmaammuam7.u3ﬂ 2.28 lne

- & ks ™o / = < =
gnunnd T, taauddamafiviesidadan 26 mol% @as:ST Inalasaasasmanmudouainsonlud

U L1

o

nsaaugnuasiiailoundrad U ST winniwsawinTu26lmolos tdiiediu Insgumgd
T, was{X asﬂ'aaﬂ]sziwmﬁ"uﬁé’ad’:uffl.‘ti-uﬁ’ﬂiﬂﬂLLmiaw'aLWa‘uaa BNTST Aodnsidiu
0.74BNT-0.265T tazitdind 2u MPB/ (v 5 lnuamsead itaiapadaoiiags +/029% dndrui
WwndnuaniAndyy 2127 pC/N Wiad dsy® =< 488pm/ Y [16] auiulaanudi1iesaiin BNTﬁQn
Uiuugalasnisiisuleiludsszaovesuddiulng ssuapmsmnnlaBifnvinuarauthioled
\@nviEniiastu Lm'{]mumﬁwuﬁaamﬁwN‘Mﬁﬂﬁﬁﬁmzﬁuﬁué‘lmamqﬁumiaﬂawmqquﬁ 1o B4
Wudedrinlunmsiluldou wwimmesaslid @ nawetiee s adunsmaisiSovioansitazidn
1asara uvedaiu BNT Lué’a'l,ﬁauﬂ'ﬁwN‘Lwﬁwﬁ‘[mdeuLLa:ﬁﬁwﬁwacdaqquﬁ T, Uy [1,
3, 8] Saluifladdeladivinlel 7, lussuuesiiiniisl BNT [Wuesdusznaundnweluls aehalsiny
dleaqd Ui Zhang wazamrldERuluisans Nature Communications Tl 2015 (8] 71015
Wy ZnO  asluluigsndin BNT Lﬁa’[ﬁtﬁmﬂui’aﬁ]wauﬂﬁmw \W313IN-Lw318n (ceramic-ceramic
composite) lnefianszany (disperse phase) 1Uu ZnO uaz iawwan (matrix phase) tHuies
fin BNT Tnsawiduiinudn mawdsumalutasgamadl 7, Aesqmeadiousinu zno gty
uay wigledeauysalil Sasidau BNT/ZnO 7 70/30 laeniswisluves T, awnsansiaasuld

nnmsinasiladidnviiniieuiugumgll Swuanslusuii 2.29
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3.2.8 c"_~--

eﬁ's@a&”’né"\‘:

3.2.9 Unnaduuin 16 3

3.2.10 nwnesuuna 500 addns

3.2.11 Tninasvuna 100 Haddng

3.2.12 Untneseunn 50 Hadang

3.2.13 nsruanioialoanased

3.2.14 mzunsInIag

3.2.15 wviawsludndmiuniuans (Magnetic bar)
3.2.16 AsnuAdns (Agate mortar)

3.2.17 gadunaraindwiuldans
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3.2.18 N3EMIWNSIBIUBS 600 1000 wag 1200

3.2.19 nediily

3.2.20 fwegiun (Alumina crucible) wiaus1Un

3.2.21 wifailanedmdudniuglruaduiugudnas 10 fadmns

3.2.22 wnwiulvina s (Hot plate) wiandnauansuuuwsivan (Magnetic stirrer)
3.2.23 \ApaundesHaNaIsuuuuatsudeinun (Ball-milling)

3.2.24 \3nsdnsruulelasdn

4‘ lIJ aa = LY - - @ o -
3.2.25 \A303iidneandnuasidea 0.0001 NSy NERlABUSEY Fisher  Scientific
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lngusem Zeiss ju EVO MA10
3.2.35 1A389 LCR meter wanlngu3tv Agilent U 4284A
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3.3 @1sAin A lunIsnaans

GRFIGH AIUTANS unasHEn
Purity (%)
Barium carbonate (BaCO,) 99.9% Inframal Advance Materails
Bismuth oxide (Bi,Os) 99.9% Sigma-Aldrich
Sodium carbonate (Na,CO5) 99.8% Riedel-de Hean
Titanium dioxide TiO, Sigma-Aldrich

S AT

UNT 3. 1AL EJ;JNGS@H?I\W
(- 5 g Q
Q

Pagnant
BaCOs+ TiO,—> BaTiO:+CO
wananlussuu BNT-BT (3.2)

waEanlusEULY B

0.23581,0; + 0.47NaCO; + TiO, + 0.06BaCO;—>0.948i, ,Na, ,Ti05-0.06BaTiO, + 0.53CO,
nanAnlusyuu BZT-BSn (3.3)
0.975BaCO; + 0.0255rCO; + (1-x) TiO, + xSnO,—>(0.975-x)BaTiO; - 0.0255rTiO5-xBaSnO;
wazwwanluszuu SN (3.4)

SrCO3+N b205_> Ser sz7+CO3



37

a1seany

y

Uﬂaiauuazwaumsuuu@anﬁquum (Vibration mill} Twenweaduian 2 Hlus

an9an IAUARILLD LD
728
5zl maa.ﬂa\@}m W TNURIHNAN HUVAWLWAN
pisay, it 24 ,
N7, [| SV P—
— —.: . 1’7/ }\\E‘ q — . —
“T11-~ s D ~1
Py . S :
agjﬂa ot , 1 . sz uam 28 §hlug)
2 L

S TS B, TOAGFTH!
@malﬁ%ﬂ o

XRD , FT-IR

A o = = = ey
FUN 3.1 WA N uiInsEUIuNSIMTELNARENINNTELIUNSUR IS ena0 Uz e uds




38

%amﬂﬁmué’mwa'uuﬁlﬁﬁwmmlﬂeim3a5lummwa"ta§’mﬁvmggnummaﬂmﬁmaﬂ’?
wisvhazaeenueaatluauviig wWevasliarssedunauiulds ﬁﬂ%?@Wﬁ?ﬁﬁﬂﬁUiiﬂﬁﬁ@?dﬁu
lvinsuadesuuuldnsdu (Vibratary mill) duvan 2 $alus faguil 3.2 9ndurwaananadin
fvhnsustauansasuoutasudinnses lntldnzunsansaslddninasuuin 1000 Sadans uay
lienueadsgnuaruarealduvisusiménadlutnines uasihluszivesviazaisieniueauy
wiulinudou Tesvimstiunausasana Wedvhazaessmesenauuiissmaensnautey
ansiidiaanis dilveulilugeuigamai 100 °C vhansiiduasiesildunuaiensnuaans wdathly

wupaleifgamgiisening 850-1100 °C Wunan 2-6 431w wnduthatsfiwiuaaledudmnun

= o

PILAINUAAS NN AR UUARETDIR=twenaaili TN s LAl ns1ae U wATe

a

Msiduwrasisdiendgiadddunisifiaweuian

UM 3.2 uanansiiadsanussyansawuriniuirtesung suuuuafonsduaziiiou

(vibration mill)
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3.5 nssvaumanssulaauaiieledildnninliansaznawuuiesiiin-wwsiin

wisuTaawaieledidnvinuuuiesniin lwsiin lasdsuulassnsdausering BNT-
BT/SN uaz BT/SN Uu 95/5 90/10 85/15 80/20 75/25 waz 70/30 Iaetwaaisuiuasie
Asnetazidun waruanauiulwalilaweanesad (Polyvinylalcohol, PVA) fiflanudududes
ax 5 Tnerhwiln Usvanas 1-2 ven Wetaslunsuszaulimanetui wasiethdldaduuifud
Tavsudninsdaluwifiuilansdeniessnlussuulalasandornusiu 2 Mudunan 2 uid
wazAwdy 3 fuduian 1 wdl diludnioedesdawuy CIP sxlatuauiindneasduudunay
wazudisdnFousesindosuuususaum uﬁaﬂ%ﬁ"l,l,mLmLﬁaﬁwmiLm%umaﬁmmmﬂ'Qquﬁ
1100- 1300 °C loewutiiamaii 500 C 2 Falus iorTonpvA sonly Dnifuiiugamgiiauds

ad v

g . 3 { A = - a d o v
gaungiiiidesnsuwalutian  4-640laa innsiasdumsaiinladiiusinfiwieuldnsavaey

U

lnssadandnagvhtan masauntesSidiondiedudupssimmlauiang

3.6 as1adgulandnvallawizlatinaiianisiasatluusedions (X-ray Diffraction
Spectroscopy; XRD) :

Uinsdniflanamsr westalUiiansns iaetie nAnvas  duiedA e LTS
wnd FulBEithiiidattadsadeiis (Nondestruciives/methodr~In e iuanh1sias 2w
(Diffraction)-ve 1398\ B innnsL VUM HaNasaYs FIgE WutRTeT NG 15 As 1eviiilsiazgn
UlunlSgudibun UgTianann s gau JCPDS' Hoint, Gormmittee Ton pewder! diffraction
standarg) sl asz W3R MARvRTEnaB s HI0E s It nBRANTEIA URle A3 e e sarpa
Hutug §i§nGuynrsshsisvwmanerulTlunGAunosstnSatu Aansd Ao ssdondan
nszvunEnaAh fiAnn1snss R IStattering-aa{ Salontannyas s mait; Tnedulumung
YBIWUIN (Bragg"s, (aw) é’i-_&aJzamﬁnmSz‘as-ma:sw'iwmmuiﬁ lafoddadnas 3.5 uaviaies

Lﬂ%‘ENL@ﬂ‘ﬂL‘iﬂﬁWLM'iﬂﬁuuﬁﬁNﬁdgﬂﬁ 33
JdeinO=nk (3.5)

FEHLUIISENINSTUIUTDINEN h k |

&
®
o3
oY
®

0 fs wuiArIINASEIULSIAENT

1

n fAg @aiwumulag (n =1, 2, 3,..)

A Ao anugneduresddendiilianndvowasdlan 1.54056 Ssansas (A)
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TuAIWUTT LRSI T RREENd S U UIdailae Ao

gauuillumsiiasient 25 DA NTALTud
1 20 Gusiu-Fuan 10°-70°
n3IN1IR51IA 0.02°/1 Fun¥i

Uil 33 (S iondissaniilsndu, (X ray Diffractonieter) SUXPert MPD

3.7 nInsIRdaviEndnyallansMsmalanie I Tuav sudursisaanlasalnd (FT-IR
Spectroscopy) . |
ﬁwmmﬁﬂﬁiﬁmﬂmﬂmLma"l.‘au“l.ﬂﬁwm'smwaaummjﬁqﬁ%’umwnwaqaﬁé’wtwﬂﬁﬂﬂu
Feinsruanasudunsisadale s atd b in sgandusianagludisdursisadioglugis
lavAdu (Wave number) UszaiT-4000-200 ¢ (viddle Infrared) Lﬁaimaqawmaﬁﬁwsm
gandusddursusadiluagiliiusyluluanaifinnisdusaznism vliAnnsideuudas
vasluiana nsluanaszganduaddursuanlsturuidvesdsddurssadoarifuaudnng
duradluianavesansiug Ssasudaseinosiidinudveimsduiisumsuazuanseiuluviile
mmsaﬁnm%ﬁﬂﬂm'zﬁm'iwﬁuyjﬂaﬁ’ﬁ’u‘ummﬂé’ MsuaRINaleaInnIsims sy
wialiuanadueudiusssuinnauadu (Wave numben) Auwosidunisdessiiuuas (%
Transmittance) #3807 Infrared spectrum vinmsasaaaeulnetrandniléannswiuaaleyd
uwhmsusmaniurnua@onlusiud (KBr) ludnsidiu 1:10 intuvnssadoeiesdnlelas

anfimueu 5 dudunan 1 widimelilamdudauis Fawe KBr dautFanieiiviilvidinvesans



Haudladuilanulusiwas wasdulaavinlinanisneassilavuiiivesidunisdeuuas (%
Transmittance) 91gs Mntuidiafisnlaluldluntiusesiumegawuuysenunaudideies FT-

IR Spectrometer Imemamﬁdgﬂﬁ 3.4

JUT 3.4 e i udite SuBiisaGaaWnln slwosIET - IR spectrometer) U SpectrumGX

3.8 asyvdaulenansaliawizauwmaiiasunuanlnsalni (Raman Spectroscopy)

wiekas I lBuEnasniililunsnsnaeuendn valvevads & leafevann snss I suas

YBILUANALY I U AU IR IIAAURIE G B UEIAS 190N 1L TN 1 UMs 0A AL 1A AU
d W e a P N RITTL 4 oL far)a roa )

Wasuua ludiol sy nUANEEIRA LS s 8 SLAMA TR SEVU A IR D ud s

d1mTUNRTRVan 1 seEb utBnARERIva ININEIRIA IR N TSR wAa ey Lattiasaaeg 1
(=1 '] A

Uszan 0.5,N51308 il ne 8L AS DDA AT UWA S5 IMAL B o UL L AT 2SR L AS 18RS 1Y

(Raman Spectrometér) audnalusy 35 1nawings tanaltl
[ |

UM 3.5 indassuuawnlasiivees (Raman spectrometer) 3u DXR Smart Raman
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3.9 A3I9FBUANBIEN AU WINYMIENADIanssAUBIanATaULUUADINTIA (Scanning
electron microscope; SEM)
mﬂﬁﬂﬁmﬂ%’ﬁnmﬁaé‘ﬂwngﬂ'ﬁwLLasmuwmmaqaqmﬂw‘%aﬁaLLUaﬂUaauﬁLﬁﬂﬁu Wiendnn
asueiruduiudseninsladelunsruiumseioufiunnanafudinanensaanieTeuls g
Buannisaseusiegniidnvasiundiduasuauasy (Suspension) legiluazatasie
\afiaueanagea (Ethyl alcohol) udwhauazensmumsiosdansleda (Ultrasonic) Usyang 5-
30 UMWl BYNIARIBENIRENTEBHIBEN NN UHUME IUA (Copper tapes) uuusulinIw
fou wauduveunaiufoulidegiafinioulivenasmsinanswiunesunalssuna 1-2 noa
uaziisliliefiaueanesedsumumumia R EYRWs RRa ULiueaiiley (Stub) uia
hluwdoufimivesiusiudionasiuianslapliinainatimadsss (Sputtering) (Huiaan 30
Tniwasinluasadetanvasndas iy iigndefanssaudiladsousuudansia (SEM)

sananalugy 36

3U# 3.6 ndasgavsIMUBIENAsEULULEDINTIA (Scanning electron microscope)
U EVO MA10
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3.10 As7vdaUaNUA A BANNS NV LTSN

A3IvIRAaN NI RUALRVS (&) uaAdiusznaunisgedenidladidnnin (tano)
voasiindlle’ Wieutumsasuuasgamgiiuasaui Ingihiesiiinfigeansnaaouudali
SeukazrunuiuisasatinoAseinas (Grinder—polisher) laglgnszmiunstoiues 600 was
1000 aadiy WHlFesfindifirnusundszata 1 fadwes hauarermesiniitaudsie
indasdansilediniduia 30 urit suldnruduiigamgdl 100°C Wunan 1 $alue viluinaans
wun urinugudnanaariiuiiniida sindudhanvidaliih (Electrode) Tagldnatiuriinun

Jl‘ L - 5 L L3 -4 = - L] é " -
nimtihvenesiliniaesiy (legszRbilileuuinaveviesiin) wanhllenfigumgil 750°C

-1

Wuauiu 20 und aausn /UM e ln IR uWILasiniu

Baesfinleinaiu 2natdialy Y ‘ 2% s dssladidnninaay

Che

AT ldlunsmaass 1 10 wae 100 kHz
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Place of sample

JUT 3.74pT0T TCR metel $1-4280A

3.11 nsesvdeuaNUAnInAIEavasIandaauIulnuaz sdavas oa
ViINIasIRaaUABIATEE (Strdin) 2ayiannietadurriiwuy dnipolar  was bipolar
TneYan 1556 Wa e nati 0o HusItk U BLLY lazadtgdldasng nudifusseuinauiylni
uaz SR A LNsWABLWE U TonIdn Bamatosnaniadysiiie udtaTaqlasuaunlvihdy
s YilavenSatiayAmAs 80 (95S train) With miius £ i 90 A L W uiiAs sy drvsunas
3298 BARATA AnuaistnR U WV AAsTd 0.6 et a1
SN IPRTady WSampte -Holder) AT B adng AG L AsdnAs, 3 IS8, High Voltage
Amplifier wagtiuy AT Tws s Ui pgaorosRaines 1vaa.ua—1’=§aa"§’:ﬂ'ia%’ama%?ﬁam%'ﬁaﬁu Radiant
RT668 Fetroglectric Tester Hialaglugun 3.8 Mviinaad il viinasde 60 kv/cm tudin

vayanNdEE syvinaaudn il ualva LSt vlsa st isliindeyawdhluiessviuas

v

Weutuns

Highvoltage amplifier

Fotonicsensor

"""""

h Place of sample

U1 3.8 uanaAiosinmuAssaLaLINUEAWaSTa
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Uni 4

WHan1INnaay

luuniiaznanfwanmeassiildmiiveulasasnandinisduasieinamdnlussuy
BNT-BT BT Sr;Nb,0O; (SNO) waz BZT-BSn lukAagssuumnay navainiswmsey i’aﬁ}ﬁi:nawaq

BNT-BT/SN uaz BT/SN laefAnwmavaaniadiu SN ludaguszneu

4.1 nansnsndsUWaUIavauasTasad1anEnvasasUsznoy BNT-BT
NMSAUATIEVHIHAT BNTBT oraaUi)is OTamaudveuds thasdniidunsienlaunsi
mimwi’mgmmunmgmmu%’a&anm‘lﬁgﬂuuunmﬁuu?Luu%’aﬁgaﬂéﬁqguﬁ 4.1 NHANIINAADA
WU 31nYuN1E°E° 20-80 mmﬁﬂuamguLLuunﬁcﬁumt,uu%’a?ﬂamﬁ dogaaasiuslLuunis
devusdenduesatsussaay BiNa,7»Ti0, #siangnu ICOD no 898199 lesiifiaiaty
viavaie 9 fin oz iinniiaduia o edepadosiulnsas st uumossanlng 99ntants
naaoslsiin JUETUAN S Rewuss I BT A das i T 38 laan U es s Annsyuauns

WL

¢L10)

Intensity (a.u.)

(100)

Bi!szauzTiOJ
JCPDS no. 89-3109
| l | I N I | 1
T T T T T T T T T T T
20 25 30 335 40 45 50 55 60 65 70 75 80

20 (degrees)

UM 4.1 jUuuunmaidenuuiviendussadndadaladenlmun wuideslmnun

(Biy 2Na, , TiO4-BaTiO;) MdwATwlaAMeITURATd@n Uz apIUTl
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a'1mSaag‘uLﬁaqﬁulﬁ'i121'1mmé‘umwﬁ%ﬁu@f’gwémaamiﬂizﬂa‘u Biy.Na,,,TiO5-BaTiO;
& TnewdlafinsulassaiawdnSostunuin uom fin 200 i 45-47 liiansuenoonagis
Foarauvesiia in 111 ddnvauzunay wazlifinisuoneen aglidesiuliilasiadrandnie
gnuimn w3a gnuardiaileu (pseudo cubic) Wuiihdanadr sUuuuMsEsuLSElonduana
udniidaasevily likansnisegsiuiuvoasiasou Tnevaluuds ansusenou BNT  avuans
Tassaine seuludnseu fieamgiivies uaz asUszneu BT filassadawdnuuy wmsslnuea 21
MATeiAetamuin devinisde BT asluansusznay BNT fidndau 0.6 mol ssdusznauas
Wewlasiusening sauludnseu was wuu wmselnuea wavlansauvinslninilaowsy Son
Saduiiin MPB lapguuuy nMaaeTlusdenTvewmanantilé uan s sianfuYe aegadaay
nﬁﬁiajwmwaiwlugﬂuwr‘ﬁLgmmué’aﬁl.am'i'uaamanﬁna‘miﬂuwrsw:mwm{!uwﬁnmaq
asUsrneumuayMafhsanimdumsiBua T Arkaan witdnisns e n S uuii s iin

dawalvinsdanaiiuralidmausimes

| oy B v
4.2 wansasvdavidausaVsuaslaseas1manvasarsUTENaY Sr,Nb,05 (SNO)

Z
3
X ) -~ 15 ot
g 5 e 2
‘® =
) 2| 3 =
E Sfs S = g
58 ¢
5:‘-3?3‘.
R =%
Sr:\'b,(),
' JCPDS no. 70-0114
1 I I I L .In rl‘ b Balle o gy g s
Y T 1 T Y T T f

1 I
20 025 30 35 40 45 50 55 60 65 70 75 80
26 (degrees)

UM 4.2 juuvumsidenvuiidienduasmsndnansouiislulaws (SrNb,0,) fuasziléeneg

W/UFATean wro s
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v
@ L3 ./

BANEN  SrND,O; (SNO) gNALATIERTUAIENTEUIUM U RS U@0 Uz ve T Uay

u

(v

Adlumsasivdeugluuumaiisnuuisdianduamandniiodonls Togguuuumaidsanuussd
wondrasndnuaniazuil 4.2 nguuuunsdsnuusdendwuin wandnfidaeiladsuuuy
msidguusidiendns i gﬂLLuunmgU’Jmu%’qﬁLanﬂJwaammgm ICDD no 70-0114 Hangaity
a15Usenau SroNb,O; Han1sAaRInudNI hjwugﬂLmumiLgmLuu%'aﬁl,aneﬁl,wauﬂamJaan 30
JUuuumMsidsnuudsdienduesarsdedu uandlidiudn assasuanswiladioUd Aeadiodn
anysaifigamai 1200 °C Fudugamgilunisusaleveswndn SNO PNUINFIWFULUUNT
Buauudiiiondvesansoudioylulaws (SruNb,O;) wunELaY 70-0114 wuitwananillasiasa
wanuuuaalvsoutn duandawasiifes-e===3933_A“6.- 2672 A ¢ = 5683 A i SG.
Cmc21(36)  wavaNUANITTARBINUINANN SO HUNINATSENR,O; (SNO)  Tauaslaifliva

= v 4 L o5 é’ as b N e =i s o = i
wanUaeuieuufwdlinandaldwmiusiiiunifaioriaavsenoudsafio ws indely

4.3 wan1sasdadeuauiansuaslasiaitmdnuasaisusznay BaTio; (BTO)

= BaTiO.-Presursor
f_‘—:'
¥
o 2
® f P = e &7
= s ‘ Yy
GJ g : g - ....‘;“ 2 PPy 24 [ oegrees #
= oL 1 :
= ] i l 8 §
I . == o | R T TR T | T
4 | P— —r
r T
T T T T T T

T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140

20 (degrees)

o = o o ¢ w a Y Y ada . .
3UN 4.3 sUuvunmisideuuiidenduainunisiinseilaseaseaedssia (Rietveld analysis
method) va1a15Useney BaTiO; duasieimenssuiunisuijisenaniuryeauds 7

gampiimsunuaaledviiiu 1300 °C Wussezinan 4 Halus



48

luduvewndn BTO muﬁé’aﬁlﬁﬁwmm‘%auﬁwn'szmumiﬂﬁﬁ%mamummLL’?NI@EJ
sUsuNsdsauusedlenduansiesuil 4.3 Tasuuunisdeauudidiondsnadmmn YN
huihmsliessilasaiatdnameisn1siesiuuuiniag (Rietveld analysis method) 1as
msfisuiudeyauinsgiuaingutayauinsgiu Crystallographic Information waneway 73643

forandLIsTe JANA2006 LLazwaﬁlﬁuamﬁquﬁ 4.3

o ' a o v a W % a . 1%
A19199 4.1 AW NlAINNITILATIERLASIAS1enewATA Rietveld launisldeatiwas

JANA2006

t-BaTiO;
precursor
Crystal structure tetragonal
Space group | Parm
a(A) _ 3:9987(2)
c (A) 4.0324(17)
c/a- 1.0104(2)
VA’ 60:432(6)
2(Ti) 0:52302(1)
z(0y) -0105277(3)
z(0,) 0:48893(2)
Ross (%) 1.19
Rs (%) g
Roup (%) 9.72
X 147

iﬁ'ué'uﬁﬁ"nLamgULmunﬁLgﬂmuuﬁ'{ﬁhaniﬁlﬁmmﬂ?aqﬁa dydnwal “+7 Aumauansd
E'ULL'U‘UH']‘JLf-lra’}L‘U‘Ll‘?d3LE}ﬂ%mﬁ%‘Iﬂﬂ']‘iﬁ'm'lmﬁ’w‘d@ﬂﬁfun'i‘ duluwnsihduansssunu (h k
0 wasduddeauandiiiuiinnuuanssssguuuuniaideauusidiondildnmsinseisae
iwdasflauazainnisfuandeseniunng sailiwuin gULLU\Jm‘iLﬁumtuu%ﬁLan%maamwﬁnﬁmu
nsumalndiigamgll 1300 “C/8h  aesedastusUuuumaisaiuusidionduasaisustnaum
asevalng BaTio, #iillassadawdnuuuwmnszinuea (tetragonal crystal structure) ansilweddaya
ums§u Crystallographic Information wunetas 73643 laaliwumauvanyasusiinduiavu

FINUIWINEN BaTiO, dana1 deuanfivnisnfiwas (@ = b = o InaldssfuAuaniiv
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wisniliesvindeyanasgiu laeila1 a wiriu 3.9987(2) wae ¢ Wity 4.0321(17) A Farrea
dndedeilénnnsinieilassaiendnddndie93 Rietveld 1vudndne R (R-value; Rp.,
Ror Rup) WazAIAmusiudluntsiassiuansiiod x° fan9eit 4.1 usnaaniinasiasied
lassafamdnmisgeiiag JANA2006 Sranansamisumdsezaonlumizead (unit cell) vadng
Wan BaTio, lasney danandlupisiedt 4.1
wingslsnausmadeintauislsemsveamalnn TR eid nusanEa e @ end a
Liansonsaninansusenevilifinudusdaviefauduadndle saulugdsansinusunm
tounnnit 5% Taotwinld msthwedadudunfiansaniufumeatia XRD Seilanusniy

wazlasumuauly §side waderibu-adntasalat.Raman spectroscopy)

4.4 wan1snsvasvivauIansuatlaseadawdnvesarsusznav BaTio,  #aswmaia
suanlasalatl (Raman spectroscopy)

mMiAAswirlandnuailanziagwatasaiuagdinany siaevisenanlusdiuuves

awna T (Renidn spectium) uassigui 4.4 ANFULU U UAUNASUTRMSNEN BaTio,

iuanluguing ¢y woda ﬁﬂi’imam‘wuwswumffuaemn.é’a‘aﬁ’ugULLuusﬂmuaLUﬂm%’mae

ansusunau BaTio nfilassasawan v umesylnuea

BaTiO3-Precu rsor

B, ETO, + LO,)

E(TO), A (TO)

Raman Intensity (a.u.)

E(LO,). A (LO))

Ll L] L ] L} L
100 200 300 400 500 6(')0 700 800 900 1000
. -1
Raman Shift (cm )

FUW 4.4 sUnuusuuaneii (Raman spectrum) wasansusenou BaTio; aATzvidy
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] =

nszuIuNsURAGedeuzveds gumadinswiuealen 1300 °C van 4 Falus

-‘B‘qmﬁLﬂﬁzﬁl,%ﬁﬁﬂazmﬁ’wﬁﬂmﬁLﬂﬂ:ﬂﬂaﬁmsmmnmqwﬁ‘isuuaumm (point
group theory) 1aakdn dsdmiundn BaTio, tu lussuvamsasvaslassarawuuditn (Pm3m:
Oh') aznauauBwionIsnsEAUMEANEIATLELBUN ISR WiaiFun1 IRactive (3F,, (R) +
F>) uiliannsomeuauesienisnsedusie laser lumalinsiunu wiofiieni1 Rman inactive
Futfu wnlassadnandnues BaTio, daasisildiunuuintn Aarlivsingfinsiuuanady
1o wiluweusdt BaTio, fiflassarandndunuuinnstinuea (Pamm; C4.) Fsfinsideusenan
fIuMUIaNLIASUDIBEABY Ti 'luﬁwuwjeaﬂmszﬁmaa'ﬂaaaanﬁmu (TiIOg)  damalviinnig

a v} .y “a | &
wWasuwlaswasan il (polarization)-AefnmTsmevauaewaiasmiuiuseandu 8 Tuua Ao

* L r. -".fgn -

%guusaﬁmﬂmazmmuﬂm*\@g

: Qﬂ]w‘@ﬂﬂ&&&% ¥'1300 °C (Hunan 4 $alus

s .\
(A N

Auasignilaannnszua

&

panadunsndn BaTio, VAT

\

Wuwvuwaselnuea

4.5 Namsniwaaumlau“ﬁg'n‘éu.az'l'.ﬂsqa%’qwﬁnﬂaqaﬁﬂiznau 0.9BaTiO;-(0.1-x)CaTiO;-
xBaSnO;

mandnluszuy BCT-BS gndaassvdiunszuiunisuiinzenaniusesuds wavdniunis
é’wﬁugﬂuamm%uma‘s’tﬁa'[ﬁl.ﬂuL?ﬁwﬁnﬁﬁmmwmmuajq laswsnilnszuy BCT-BS wndndau
asfUszneuMInTaaeuendnuaimalassadadndomaianisidauuresadiondauand

‘; o L5 s € e 1 13 4
Tuguii 4.5(a-c) azumlsiguuvumaidenuuiviidndvamndaduasiusynauuansguuuuiing
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Augluuumsiduuuisdienduosmamesevalndauddelinu sUuuumadsavuiidiendues

o

wauwdanUaau wie guLLU'UnmﬁymLuu%’aﬁLSn«ﬁﬂaqaﬁmxwuLaa wans LA IINTEUIUNS NG Y
woshilddwmansenudsiaiosnmasaamesanalnafiduasieild uanlesounsasaiings
Usenaudie Ba (164 A) uax Sn''(0.605 A) uwsidnluunuitlu BCT Iefodreauysalfiguuniinis
w1 1300 °C lesau wuden unsnidiluagludumis A veslassasranesevalnduas lesey Sn
wnsnidllegaiumis B vedlassainanesenalng \amsindsaasazaevetudseteauysal

uennilniiliindiadiudaaiuesiusznay BS iidiutusuansluzui 4.50)

(a)[" N (b) e (c)
S\ 777727 L
ool | SSNZAE N /™
T e ] 52 e AT
= * 5 ] PN " i
. 0.0500 l ,g WA J ! o
\3 LJ.___.; )-————-—i—a - ':* \ ! .’ i N
b —:":2-'117 —— g e T “4'.-."".——-')- - A . _-;‘v“ o “ w‘"ﬂla A
ez .‘I'-U‘ul.;so; . .. .i 'l._' .. I. . /, i -- . "; " -.J\v".‘.‘m
3 2700125 I {71A. : 4 : \\1 N ¥ . _. .
20D T ) QOIRINIDION] ¢ | M
= (G AN LT , § /5
I pie Ik Nt ol k) /1
| S 1y S /-
» & = 233\ 2 ¢ £ %
A T i %?1 ¥ ]
20 \N\30» 40" \-50 60 . 45 46
20 (degrees)

UM 4.5 (a) JUuvUm s ULYeTY itendueawsiATLIE U BCT - XBS warveefiniiyy 26
(b) 38°-40° (c) 44.5°-46°

gﬂLmUm‘né’vmmu%'aﬁtﬁn%L%;au‘l\Jmw'f'lu;.‘m 20 Panilessinnsunuitvesleseuiil
Sailluajnitde Ba® way Sn” Tusyuu BCT vildiinsvensvosuanii 9IN3UA 4.5() uanens
ueNYasTinTzuTy (002) war (200) iy 26 Usvanu 45° lasildndruasdusznau x = 0.0000 wy
MIUBNU8IinszuIy (002) way (200) Fuduwendnuaiveslassaiundnmmssinuea wasile

dndiussrusznauess BS 1NTU TEaew1aseninefinszuu (002) way (200) tesasdadudnaiu



52

vAUsznauiian1swWasuwlaslassasrsonvmselnueaduselssentni 00375 < x <

d =3 - = -y -
0.0750 mﬂgw 4.6(a-b) LLamu,amwum'5mtma‘z’uaxﬂimmwamamwwaqwﬁunssu'u BCT -

o ' [ ! a o w ] L3
xBS warlumisedi 4.2 HERNIATATTUAUILUULATANARLUDIVUIALNTU Iﬂﬂﬂaﬂﬁ'JUE]iﬂU‘iﬁﬂaU

¥ = 5 o “ n‘ c‘?’ A
0.0000 < x < 0.0375 flassasewanumselnusatukanfeanisniiwes a uas c Wivdwile BS

i i €

WnduvililSunnsvesuaniioiiudy wasiidndiuasAausznau 0.0500 < x < 0.0750 illAseadaa

U
=3

golsseninuunaniiowisnives a AeeqiinTuluvusi wanfiens1iwes b way ¢ Wuduidle
ﬂ: -: 4' = J’ v o 1 =i a e i o
BS winu asninnistUadevaslassasiluduniseanssania lngiinainnisunuiivas BS vin

L y = o« - L o
Wuasiwwisiimeildouwlas waza 24U 9INFUN 4.7(a-d)

NS |
s NPERL Y

1 -
\\ : 1_¥ e
ST )
- S ¥ N\ T
= LN %
O 640 ’@A : I
63.6 J -
) . : . - ;
0.00 0.02 0.04 0.06 0.08

Composition (x)

J o o 1 J = = L2 b ' (3
UM 4.6 namuasiaLduiuS SEnI A LaniewIsiwes (a) LasUSunsvesninuiead
(b) fudmdruesfusznau x Tussuu BCT - xBS
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BRI € [ESNN ()
e _és- 7 =1 = ; < :
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% - b ¢ A ) ()
0.0000 3.9800 + 0.0075 3.9800 + 0.0075 4.0160 + 0.0044 63.6150 + 0.3102 96.1+1.3 25.1+3.7
0.0125 39810 + 0.0068 39810 + 0.0068 40170 + 0.0037 63.6629 + 0.2764 95.9+1.4 24.7+3.7
0.0250 3.9900 + 0.0004  3.9900 + 0.0004 4.0240 + 0.1641  64.0625 + 0.0061 94.4+0,9 23.3+4.2
0.0375 4.0000 + 0.0066 4.0000 + 0.0066 4.0270 + 0.0034 64.4320 + 0.2675 95.2+2.1 24:3x3.1
0.0500 4.0052 + 0.0014  5.6500 + 0.0062 5.6590 + 0.0049 128.0597 + 0.2960 94.9+2.4 22.8+6.2
0.0625 4.0054 + 0.0012 56580 + 0.0005 56644 + 0.0011 1283698 + 0.0767 94.7+1.1 20.4+0.4

0.0750 4.0109 = 0.0026 56683 + 0.0067 5.6743 + 0.0059 129.0051 + 0.3726 94.1+2.8 18.4+3.2
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High piezoelectric response and polymorphic
phase region in the lead-free piezoelectric
BaTiO;—CaTiO3;—BaSnO; ternary system
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This study attempted to replace Pb-based piezoelectrie.ceramics with a non-toxic lead-free (Ba.Ca)(Ti.Sn)O5
substitute, according to'currént environmental standards. The,design of the (Baig az5,Can 175 (Tl «SNJO3
lead- free piezoceramicsréported hereinvas based on-chemicalimodifications by varying Sn concentrations
(x — 0.0500-=0.1250)"Theeffect of Si-jorimodifications-on structural evolution and dielectric, ferroelectric
and-piezoelectric properties-was/investigated.-Partial-substitution of Trwith Sn yields a suitable composition
with multiphase: Boundarnes-near| roons temperature=Ash a_result, the ‘eomposition, x = 0.1000, shows
outstanding-piezaeledtricwal(ies\of a3 % 515pC N=L.ahd dy, 1293 pmyVi! at 10 kV, which are higher
than*those found| in-commercially availabte seft PZT. Furthermeore, anomalous dielectric relaxation is far
below the'rhombohedralto ortherhombic phase trapsition st 7= 90-150 K, and was found clearly in all
‘compositions The-relaxation fitted, the/ Vogel=kulcher mode! with,an aetivation energy of £, = 20-70
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Introduction

Lead-based perovskite piezoceramies are suitable for universal
actuators, sensors and trapsducersin many-electromechanical
devices, due to their superiority in both the piezoelectric coef-
ficient (d;;) and conversc piczoelecttic coefficient{d;,), as
determined by a strain induced-electricifield.' Despite‘their very
useful properties, the impact of lead-containing ¢eramics on the
environment has caused global:concerns As.a result, three
groups of lead-free piezoeleetric materials have been-developed
to replace commercial Pb-based: materials completely. Fhese
groups include BaTiO,-, (K,Na)Nb®,- and {Bi,Na)TiO-based
ceramics.” The figure of merit (FOM)ufor the ‘piezoelectric
actuator is determined by the piezoelectrie.d; eoefficient, with
its value defined as the S,/ Enax ratio, where Suis the induced
strain and E the electric field applied. Therefore, it is important
to achieve a high strain under minimal eclectric field.* Piezo-
electric properties of commercial lead-based materials usually
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meVand-freezing temperature of Tyr = 65-85 K

demonstrate d,y - 400 pC N Land @, - 600 pmV ' for sensor
and actuater modes, respectively.**

A-high strain/response in (Bi;Na)TiQ;-based systems was
reported; with d, valuesiof about 300720 pm V- .*” Tan et al.*
recently reported. a giant electrostrain of ~0.70%, with d,
1400 pm V Vinnon-textured (B'i,Nat)TiO‘rbased ceramics. The
outstanding electric field induded strain value in the (Bi,Na)
TiO-based ceramics displayed a'large S-E hysteresis loop at
a-high electrieal field (>40°kV em ). Higher d;; and d, values
also ‘were’ obtained in (K,Na)NbO,-based ceramics.”™'® Never-
theless, it is difficult to preparc dense ceramics by using ordi-
nary sinteéring¢onditions and also implementing methods such
as sintering aids.''** Therefore, numerous binary and ternary
BaTiO; or simple BT-based systems have been more attractive
because of théir excellent d; and d;, values, which are greater
than those in the two former systems.'*"* Thus, the BT-based
system was suggested as a potential choice for replacing Pb-
based piezoclectric materials in some applications. It is well
known that compositional design based on chemical modifi-
cations is the basic approach for enhancing piezoelectric
properties. Cation substitution in the perovskite structure
(ABO;) can be performed at the A- or B-sites and can induce
either the morphotropic phase boundary (MPB), which is
similar to the MPB behavior of Pb-based piezoclectric mate-
rials,"* or a polymorphic phase transition (PPT), where several
structural phases of slightly different chemical compositions
can coexist with each other near the ferroelectric-ferroelectric
or ferroelectric-paraelectric phase transition temperature. The
large d; value of 697 pC N ' and dielectric permittivity value of
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around 75000 were reported in binary BaTiO;-xBaSnO;
ceramics by Y. Yao et al,” who showed coexistence of quasi-
quadruple phases such as the cubic-tetragonal-ortho-
rhombic-rhombohedral (C-T-O-R) phase.

In general, single phase BaTiO; exhibits a tetragonal (T)
structure at room temperature (~298 K). The rhombohedral to
orthorhombic (R-O) and orthorhombic to tetragonal (O-T)
phase transitions occur at ~183 K and ~273 K, respectively. The
Tr o and T, ¢ of ceramic shift to a higher temperature by
doping Sn*' ion in the Ti'' site of the BaTi, ,Sn,0; system,
while the Curie temperature (7,) decreases.'™'® On the other
hand, doping Ca®" ion in the Ba™' site of Ba, ,Ca,TiO; ceramic
tends to lower the T, ¢ transition temperature, but only affects
the T, temperature slightly, which helps to keep the latter stable
for actual piezoelectric application.' Furthermore, both-Ga®™
and Sn*" ions were doped in Ba- and Ti-site§ of.th¢ BT structure
in order to bring the Ty , and Ty, ¢ eloseto room temperature
and also create a multiphase compound. Li et al.**teported high
piezoelectric propertics with di, < 510 pC N "and._clectrome-
chanical coupling coefficient (£,,) — 48% in [Bay Cag(Tig.a
SNy 4)0;, which resulted from the compound being close to the
PPT boundary comprising the O=Tphases. They' also reported
the effect of Ca content on the piezoelectric properties  of
(Ba, ,Ca,)(TipwsSnpus)@, ceramics. Later, Zhu ef al." showed
that the (Ba, ,Ca,)(Tiy:Sng0:)Qx svstem-exhibited d ;. up to
568 pC N ', k, — 47.7%y and ‘dy; 1013 pm V /' near room
temperature at the O=T boundary. Furthermore, cfforts to form
a mixed phase by compositional moditications wercattempted
in (1 - x]Ba[Sn[]_,211.“”‘)0_1—x{Ba(L?Cau'_}.}.'.it};hJ“. {Bain.qﬁt(:%.m}("
Ti; Sn,)O; * and (Ba, o, Cay, )Ty SN0 * ceramics, where
the R-T, R-O-T and O-T phase boundaries rwere found,
respectively, resulting in-the; enhaneement. of -piezoelectric
properties. Based on the literature,"#. the structural pseudo-
ternary diagram of the BaTiO,-CaTiQ;-BasnO,; (BT-CT-BS)
system is shown in Fig.” 32" This study focused- on .the
(Bag.s25x)Cao.17s o) Tijg 9SNJO0s (BT-CT-xBS) €ompositions,

@  Cubic phase () < Ths study

® Tetragonal phase (T s Lereral. [Ref 16)
Orthorhombic phase (0)) N Liernd [Retl. 17)

® Rhombohedral phase (R) 0.00 0\ Lictldl. o JREE I8}

® R+T 0.25 o dhy er al. |Ref™9)

® O+T Ohaguc Ml fRef 20
O+C T ZhirPralelRel. TT7

® RO+ Lineral. [Rel. 22X

BaTiO,

Fig. 1 Ternary diagram of BaTiOz-CaTiOz-BaSnO3 ceramics
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which traverse the multiphase region, as shown by the *<&
symbols in Fig. 1. A suitable composition may display multi-
phase coexistence at room temperature, in which case a high
piczoelectric response is expected, based on the MPB or PPT
concept.

This study explored the polymorphic phase region of
(Bag gas5::Cag q75 o)(Tiy +Sn,)O; ceramic, with the compositions,
x — 0.0500, 0.0625, 0.0750, 0.0875, 0.1000, 0.1125 and 0.1250,
being fabricated via the conventional solid-state reaction
method. Phase transformations and coexistent phases resulted
from chemical modifications of the Sn ion at the B-site, and the
relationship between the compositions and piezoelectric prop-
erties was discussed.

Experimental

The (Bay 425, ,Ca, 155 NTi; Sn,)O; ceramics with the compo-
sitions; x ="0.0500-0.1250; were prepared by the conventional
solid-state reaction method, with metal oxides and carbonates.
Dricd BaCQ, (=98.5%, Sigma=Aldrich), CaCO; (=98.5%, Riedel-
de, Haen), TiO, (99.9%, Sigma-Aldrich), and SnO, (99.9%,
Sigma-Aldrich) powders were weighed in accordance with the
stoichiometric ratio. All mixed powders were milled with yttria-
stabilized zirconia balls for four-houts by high-energy vibration
milling; and ethanolwas vsed as an intermediary before drying
in an oven at 85° C for 24 h. Next, the mixed powders were
caleined at 1200 € for 4°h (heating/cooling rate of 5 °C min ).
The caleined powders were sieved'for uniform particle size and
mixed with 5% polyvinyl-alcohol (PVA). Circular disks of 10 mm
diameter were pressed uniaxially with 2 tons weight for 2 min,
and sintered-at 1150 Cfor 2 h in-air (heating/cooling rate of
5 ¢ min ") The density.of the samples was examined using
Archimedes’ principle for the desired relative density of over
95 %

An-X-ray diffractometer (Bruker-AXS D 8 Advance) was used
to determine the structure;of powders obtained after the sin-
tered pelletshadibéen ground using Cu Ke, radiation, and data
were collected in the 20 range from 20" to 70° with a step size
(20} of 0.02, together with/a time per step of 1 s. The sintered
samples were polished until they had reached the required
smooth surface before the Raman measurement was taken. A
Raman spectrophotometer (Dispersive Raman Microscope,
SENTERRA; Bruker) was used to support the XRD data, by using
the 532 nm exciting line of a He-Ne laser, with recorded wave-
length in the range of 50 to 1000 em ' at room temperature.

The ceramic samples were prepared for electrical measure-
ment by polishing both sides of the pellets to a smooth surface,
using 600, 1000 and then 2000 series number of grinding paper.
The samples were polished down to about 1 mm thickness for
dielectric measurement, and <0.7 mm thickness for ferroelec-
tric and piczoelectric measurement. Ag paste electrodes (Her-
aeus, C1000) were applied and then fired at 750 “C for 30 min.
Dielectric characterization was performed using an Alpha
Impedance Analyzer (Novocontrol, Germany) in conjunction
with the physical property measurement system (PPMS,
Quantum Design, USA), at a frequency of 10-10 000 Hz and
temperature range from 2 K to 360 K, to determine the phase

RSC Adv, 2017, 7, 30166 501/6 | 30167



This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Advances

transition temperature. The ferroelectric hysteresis loop was
measured by using a ferroelectric tester system (RT66B; Radiant
Technologies, Inc., Albuquerque, NM), based on the Sawyer-
Tower circuit, with Vision software and high voltage amplifier
(Trek) in silicone oil at room temperature, and a frequency of 4
kHz. The unipolar and bipolar strain characteristics were
measured for converse piezoelectric measurement, using the
MTI-2100 photonic sensor with fiber-optic probes (high-
resolution module resolved to 0.01 pin, 2.5 angstroms), in
conjunction with the ferroelectric tester system in silicone oil at
room temperature. The d;, or converse piezoelectric coefficient
was calculated from the relationship of maximum strain
divided by the maximum electric field (Sya/Emas). The ceramic
samples were poled in silicone oil under a DC electric field of 30
kV ecm ! for 30 min at room temperature before the.direct
piezoelectric coefficient (d,;) was examined. The'd,, coefficient
was measured using a Berlincourt d,; meter (YE2730A, APC
International Ltd., USA).

Results and discussion

Fig. 2(a) illustrates the XRD pattérns of BT=CI=xBS (1= 0:0500~
0.1250) ceramics at room temperature, which closely match the
JCPDS diffraction peaks of pure BaTiOs, as shown by vertical
black lines on the plane. JCPDS numbers 05-0626,81-2200, 85
0368, and 31-0174 belong to tetragonal (1) urthorhembic (O),
rhombohedral (R) and cubicAC) symmetry, respectively. All.of
the samples exhibited a pérovskite structure; and no secondary

or impure phases weredeteeted. “This result indicates that

a solid solution was achicyved by Ga® and Sn'' diffusion at the
A- and B-sites of the perovskitesstructure, respectively. An
expanded view of the peaks at 2¢ = 38.5-39:5. 41-46.5 ; and
55.5-57" is shown in Figs 2(b). Diffraction peaksfor the
composition, x — 0.0500, exhibited tetragonal symmetry, with
splitting between the [002) and (200) peaks.ar 20 =45 The
peak intensity of (200) and (21 1} was slightly higher than thac of

e MW Nl . Y N
(a) . (b)
1 L
;: E é i s R 2
d [ g2z & LA
b I = =l T E
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b CELL L S |
= 1200750 |- | A W
x - 00613 t
ool |
g HE &8 8|8
g8 g5 22 ]
v el i
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20 30 40 S0 60 70 300 45 46 56
20 (degrees)
Fig. 2 (a) XRD patterns of BT-CT-xBS ceramics with the composi-

tions, x = 0.0500-0.1250, and (b) the expanded peak at 2¢ of around
38.5-39.5°, 44-46.5", and 55.5-57".
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(002) and (112), respectively, as observed at 26 = 56°. The
crystal structure at the composition, x — 0.0625, continued to
exhibit T-symmetry, with peak splitting and intensity similar to
that of the composition, x  0.0500. By increasing the Sn
content, the expanded diffraction peaks became broader grad-
ually for the compositions, x — 0.0750-0.1000, at 26/ = 45 and
56", Eventually, the peaks were seen to merge into a single one
at the compositions, x — 0.1125-0.1250, as observed at 26 =
397,45 ,and 56°. Each enlarged diffraction peak did not match
the T- and O-symmetry exactly at the compositions, x — 0.1125-
0.1250, but rather matched the R- or C-symmetry, due to no
splitting at 20 = 45 and possibly because of its mixture, The
structural phase transition of BT-CT-xBS ceramics may change
from T- to R- or C-symmetry. The compositions of the phase
transition “regions were in the range of x — 0.0750-0.1000.
Furthermoreythe diffraction peaks shifted to lower angles with
in¢reasing x content, indicating the replacement of Ti*' (with an

ionic radius of 0.605 A); and Sn*" had a larger ionic radius of

0.69 A. The detected expansion of the unit cell was similar to the
results observed by Singh et al. in Sn-doped BaTiO;.*

It is known rthat XRD data proyide mainly global macroscopic
symmetry of.ceramics; the local structure of small cluster
regions. of different feeroclectric phases may not be evidenced
clearly.. In contrast, Raman spectroscopy is an informative
technique that characterizes lattice dynamics and local struc-
ture,and was used to examine local structural distortions and
low symmetry ferroelectric phases-in many lead-free piezoelec-
tric systems.**** Irwas used in conjunction with the XRD results

‘of this stiidy to support the presenceof different local structures

and ferroelectric/phase transitions as a function of composition
in the ceramics.

Fig. 3(a)=(c)show room temperature Raman spectra of BT-
CT-xBS ceramies, with the compositions, x — 0.0500-0.1250,
measured in-a frequency range of 50-1000 em . There are five
atoms insidethelunitieell of a perovskite structure, which has 12
optical “vibrational modes.. The optical modes in a cubic
symmetry, with Pmim space group, belong to 3F,, + F,, irre-
dueible representations. The Fy,, modes give A, and E modes,

(1) (h) (¢)
: 0l s
=
=. w1128 I 1 W [
3 N
,c. = LUREET 1) -.\
"—J: |
= x = {0878 —~— -
g 7 3 3
=
— S wazse i
X m;l“ N
| ' t ‘. A0V A LO,VELO, ) v [5
\ | by - voson ==l
£k ETO_
2 A, TO VE(TO) ALO) < < el S
400 600 800 1000 100 200 300 200 300 400

Raman shift (em™)

Fig. 3 (a) Raman spectra of BT-CT-xBS ceramics with the compo-
sitions, x = 0.0500-0.1250, and (b) and (c) the expanded peak at
around 100-300 and 200-400 cm %
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while the F,, modes provide B, and E modes when trans-
forming into the T-phase (P4mm). The A, and E symbols are
Raman-active phonon modes of the T- (C,,) phase, which split
into transverse (TO) and longitudinal (LO) optical modes when
an electrostatic force is induced. All Raman-active modes in
Fig. 3 agree well with previous reports.****

The characteristic peaks of a perovskite ferroelectric phase
can be observed in all compositions that consist of a sharp peak
at around 296 ¢cm ', and broad peaks at around 520 em ' and
724 ecm ', which correspond to the E(TO,), A,(TQ;)/E(TO) and
A, (LO3)/E(LO;) modes, respectively. Furthermore, an interfering
effect between a narrow and broad A,(TO) mode presents a dip
ataround 176 cm ', which is attributed to a ferroelectric phase.
It is known that Ca’' ion can be substituted in either an A- or.B-
site of the perovskite BT structure. The Ca solubility can-reach
upto x — 0.04 for B-site substitution in BaTi, 4€4,0,.*” Pokorny
et al.*® recently reported an A,, peak’mede at ~800 ¢m. ' that
associated with the mixed Ti*" and Ga®' occupaney.of the B-site.
In this study, the A, peak is absént in the Raman-data, which
confirms that the Ca®" ion prefers to diffuse into, an A-site
of the perovskite structure/in (Bag s (Cagass o)(Tip 1Sn)0,
compositions.

The compeositions, X & 0.0500-0.0625, show the character-
istics of a T-phase due to.a*broad peak at around 270-¢m
which corresponds to the A,(TOs) mode-and a minute peak of
the A,(LO,)/E(LO) mode at arotind 469/¢m’'.**® This resultis
consistent with the XRD patterns observed for the composi-
tions, x = 0.0500-0,0625: Although' the ‘main feature of ‘the
Raman spectra is consistent with the T-phase for the composi-
tions, x — 0.0500-0.0625, thercare changes seen in the range of
100-300 cm . These arg associated with the polarBO, vibra-
tions that are characteristic of the O- and R-phases, as Sn
content increases in the compositionsyx.|  0:0750-0,1250. Study’
of the temperature dependent Raman spectra of pare BaTiOy
indicates that the peakmod¢ n¢ar 191 ¢ém_Yonly existsin the'O:
or R-phase and not in the T- and C-phase.*** The A;(10,) mode
near 191 em ! has been reported as a characteristic of the O-
phase,™ which starts to emerge in the._composition.'x 0.0500
until x = 0.1250, as shown in Fig. 3(b]. Three peaks that present
at frequencies of 106, 155 and 191 cm_ ' correspond to E(TO,),
A,(LO) and A,(TO,) modes, respectively, which is characteristic
of the R-phase.**" Nevertheless, quantity of. the:R- or O-phase'in
this study is not significant in the ceramics.

The asymmetric band was made to fit at 160-300 cm * by
peak de-convolution with a Gaussian function (R* = 0.97).
Fig. 4(a)-(d) show fitted peaks for the composition, x  0.0500, x
— 0.0750, x — 0.1000, and x — 0.1250, respectively. The peak
number 1 is located at around 191 em ', which corresponds to
the A,(TO,) mode observed in only the O- or R-phase. Peak
number 2 and 3 are around 232 and 260 ¢cm ', respectively,
which corresponds to the A,(TO,) mode. Perry et al. reported
that the A,(TO,) mode is present near 230 cm ' in the O-phase
and transforms to 267 em ' in the T-phase." The emergence of
both A,(TO,) modes also was reported in Ba, CaJZr,05Tioos)
O; ceramics, with a crossover from the O- to T-phase.* The
intensity and area under the curve of de-convoluted peak
number 1 tend to increase, whereas peak number 3 tends to
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Fig. 4 The'peak de-convolution at 160-300 cm ! of the composi-
tions, x — 0.0500 fal,x %0.0750 (b), x — 0.1000 (c). and x = 0.1250 (d).
respeetively

decrease, indicating that the R-phase develops and the T-phase
is lost. This corrésponds.to the variable intensities of the E(TO,)
peak, suggesting that the volume fraction of the R-phase
increases: as the peak becomes sharper with increasing Sn
content [in Fig. 3(b)}. Itis interesting that the Raman spectra in
Fig. 4(a)=(d} clearly show the presence of T-, O-, and R-phases in
all compositions. lt.can_be concluded, based on the XRD and
Raman results; that-theglobal structure'of x  0.0500-0.1000
ceramics.exhibits a T-phase based mainly on XRD data, while
the O-and R-phase are presentin some local areas of the global
T-phase structure, which-is:supported by the Raman results.
More evidenee of local nano-elusters is seen clearly in the
presence of the E(TO,) peakat 106 ¢m/ ' in the Raman data. The
E(TO,) peak is telated w0 Sn—-0 motion in the perovskite struc-
ture and regarded-as an indicator ‘of the presence of the
nanometer-sized Sn-rich perovskite phase.* The presence of the
E(TO,) peak is possible at 106 em’ ' only if Sn-rich domains
extend over tens of univeells, in erder that the phonon can give
rise toadefinite Raman peak, The existence of Sn-rich clusters
in the Ba(Ti, Sn,JO, also was confirmed clearly by the
synchrotron X-ray_Abserption Near-Edge Structure (XANES)
results, even though splitting peaks in the XRD patterns were
not observed.'*In addition, the peak intensity of the E(TO,) and
ALOF)E(LO,) modes decreases explicitly, and the dip at
around 176 em ' between the A,(L.O) and A,(TO,) mode grad-
ually vanishes with increasing Sn composition of up to x
0.1250, as shown in Fig. 3(a)-(c). These results indicated that
the relative volume of the ferroelectric phase decreases, due to
the appearance of the paraelectric phase in some local areas.
The characteristic of the pure cubic phase is supported by two
broad bands at around 250 em ' and 520 em ' It also cor-
responded with broader and higher peak intensity of around
250 cm ' at the compositions, ¥ 0.1125-0.1250. Thus, the C-
phase is mixed possibly with the compositions, x — 0.1125-
0.1250, which correspond with the dielectric data presented
below, in that increasing Sn composition shifts the T. temper-
ature close to room temperature for the last two compositions.
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The Raman findings, based on the combined results of this
study, agree well with the XRD data that clarify the crystal
structure of the samples.

Fig. 5(a)-(g) illustrate temperature dependence of relative
permittivity (¢) and dielectric loss (tand) of BT-CT-xBS
ceramics by specifying the acronyms and color bars for different
phase transitions. The three pronounced tan é peaks in the
compositions, x — 0.0500-0.1000, are associated with the three
ferroelectric phase transitions: R-O at the temperature of (Ty o)
= 200-250 K, O-T at the temperature of (T, ) = 250-300 Kand
T-C at the temperature of (T ) = 300-350 K. The ferroelectric
phase transitions show a significant change of compositions. As
expected, the R-O and O-T phase transitions were shifted close
to room temperature, while the Ty ( or T, decreased slightly
with Sn substitution. The Ty ¢, 7i, rand T, are evidénced clearly
near room temperature at the compositiony X _0.1000, which is
seen clearly in Fig. 5(h), where d¢,/dis plotted for the compo-
sition, x — 0.1000. As x increases to over 0,1000, the three phase
transition peaks merge into/oné broad peak-ac T, for the
composition, x  0.1125. The R-O and O-T phase¢ transitions
disappear gradually at the ¢omposition,/x = 0.1125 [Fig, 5(i}],
which implies that the O-R-T phast convergenge is located in
the composition rangeofx  0.1000 and 0:1125: i-‘,-inail'y; thereis
only one ¢, peak left that corréSponds to the R-€ phase transi-
tion at 7. and the R-phase appéars”in’the comiposition,/x =
0.1125. ! )
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The T, peak shifts to a lower temperature and broadens
gradually with increasing Sn content. This result shows similar
behavior to Sn-substituted BaTiO,-based ceramics, as reported
in the literature.** By substituting Ti'' with Sn*', non-
ferroelectric SnQ,, octahedra enter the matrix of the ferroelec-
tric phase. The non-ferroelectric regions disrupt the long-range
order of the TiO, ferroelectric octahedra, causing unstable off-
center displacements of Sn atoms and oxygen ligands, which
lead to lowering T.. Also, the local T, values may vary, due to the
random distribution of Sn in the samples, leading to a broad
diclectric peak with diffuse phase transition.*

According to the modified Curie-Weiss law, diffusc phase
transition follows an empirical ¢, relationship with temperature:™
W

=vy=2 1
® £ C =Y (1)

where v is diffusenessiand C is the Curie-Weiss constant. The y
\_'zi_h__le _'i,s- characteristiciof the phase transition; ¥ — 1 describes
/the-normal-ferrocleetrictbehavior related to a sharp phase
transition; whereas 1 = y =\2'denotes a diffuse phase transi-
tion, Fig..6 shows In[1/¢ — 1/¢,4] dependence on In[T — T,,] for
the dielecrric constant measured at 1 kHz. The y value increases
gradually from 1:39/to_1.89 with increasing Sn content, which
corresponds’ to phase transition br_uadcning at T.. In other

- words;, the. phusc _(_ran'Sitjnn l:J_e_'come_s more  diffuse with

Jincreasing $n substitution.
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Fig. 5 Dielectric permittivity and dielectric loss versus temperature curves of BT-CT-xBS ceramics; x
2-360 K at 1 kHz; derivative of the dielectric permittivity versus temperature (de,/dT) for the compositions, x
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In addition to the three ferroelectric phase transitions,
dielectric data in this study show a broad tan 4 peak at 100-160
K in all compositions. At the same time, the dielecerie permit-
tivity increases gradually from ~90 to ~700.in T ~2-180 K, with
a small broad kink at ~125 K, asshown in Fig. 7.In.addition,
a small low-temperature shoulder peak in tan 6 was found in
the compositions,  x 0.1125-0.1250: - Fig. 8 shows the
temperature dependence of tan § at various frequencices for the
compositions, x -+ 0,0500, x = 0.0750; x=-0,1000, and x
0.1250, respectively, whieh demonstrates thetan 6 peak shifting
towards higher temperaturcs with inereasing. frequengy, In
general, this dependencesis charaeteristic of Cither a simple
Arrhenius-type thermally-activated process:

’ o A ) :
! fi. Cxp (—I'_::*r* (Z]
or a more complex ‘freczing’ progess, asdescribed-by the Vogel=

Fulcher (VF) model:
I, -
) (3)

/ o exp ( = m

o0

=
L

0 25

nimTs :
- 61000 # L0 20
nis !

r=01280 >
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OO0
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Fig. 7 Temperature dependence of dielectric permittivity and loss

tangent measured at 10 Hz for BT-CT-xBS ceramics. A small ‘kink’ in
dielectric permittivity at T ~ 125 K is marked by a vertical arrow.
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In eqn (2] and (3], fis the applied frequency, f, the attempted
frequency of dipolarreerientation, E, the energy barrier of the
reoricntation progess, 7 the maximum temperature of the tan 6
peak at-an applied frequeney, Ty, the ‘static’ dipolar freezing
temperature and &y the Boltzmann constant, An attempt to fit

the datawithieqn (2) produced réasonable activation energies of

E, intherange of 330-625 meV, but unphysical attempts at high
frequeneyfi, at 10'*<10** Hz, were well beyond optical phonons.
Results of the fit with the Vogel-Fulcher model of eqn (3) are
shown in Fig. 9 for the compositions, x = 0.0500, x — 0.0750, x

0.1250, respectively. The fitting parameters are
listed in/Table 1. A good quality fit with physically sound
parameters was obtained for the compositions, x — 0.0750-
0.1250, with £, ranging from 270 71 meV, f;, 10’-10'""Hz and
Ty - 65-86 K. Fhe poor fit'for the compositions, x = 0.05-
0.0625, was ateributed to a poorly-resolved tan 6 peak, probably
resulting from scveral partially overlapping peaks in the T= 50-
150K -range. Indceed, Fig. 8 shows that the main tan 6 peak at T

= 00500 i< 14 & x=0.0750
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Fig. 9 Natural logarithm of frequency [In(f)] versus 1/T of BT-CT-xBS
ceramics
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Table 1 Parameters and degree of good-fit from the Vogel-Fulcher model for BT-CT-xBS ceramics

Composition In f, (Hz) fo (Hz) Tye (K) E, (meV) x’

x = 0.0500 12,21 = 1.44 2.01 x 10° + 4 131.27 + 2.77 5.6 = 3.0 0.07043
x = 0.0625 9.54 = 0.58 1.39 x 10" £ 2 123.14 + 0.87 2.2 +0.7 0.10293
x = 0.0750 19.14 = 2.27 2.06 x 10" + 10 80.46 + 6.21 43.2 + 14.7 0.02408
x = 0.0875 23.34 = 2.01 1.37 x 10" + 7 65.42 + 5.30 70.6 + 16.3 0.00807
x = 0.1000 16.54 = 1.43 1.53 x 107 + 4 88.38 + 3.80 26.7 £ 7.3 0.02479
x = 0.1125 16.49 = 1.60 1.46 x 107 £ 5 83.89 + 4.75 30.0 = 9.1 0.03163
x = 0.1250 16.63 + 1.31 1.66 x 107 + 4 85.79 + 2.79 26,4 + 6.0 0.04949

100 K, as well as the low-T shoulder at 30 K, becomes resolved
more clearly with increased Sn substituting x.

It is not inconsequential to identify the source of low-
temperature dielectric relaxation explicitly. Both.defects and
domain walls can cause Vogel-Fulcher relaxationsimilar to that
reported here. Low-frequency (i.e., fi, =10210" Hz) relaxation is
assigned usually to the domain _wall"motion,*. whereas. high
frequency (ie., f; — 10°-10""/Hz) relaxationis.attributed to
defect-induced dipolar relaxation.* Attempted relaxation at
even higher frequency (5 < 10"-10" Hz) may originate in
perovskites from small polaron effeets:* Coupling between the
dominant domain-wall and defect-dominant relaxation mech-
anisms was discussed in ref, 40:

For example, pronounced VF relaxation'with E,« 72-meV, f;

10" Hz and Ty | 90 K was reported for the BaTiQ;-
0.3BaSn0; nonergadic relaxor.' The energy scale_of this relax-
ation is similar to that found inthis work, but the attempted
frequency differs by 2-4 orders of magnitude. Existenee of the
FE state with the domain-walls is nota necessary requir¢ment
for dielectric relaxation:“In faet, defect. relaxation 'in non-
ferroelectric perovskites _has been-well| documented in the
literature. For example, relaxation-of the Li impurity ion in
KTaO; has characteristic parameters of £,.= 86 meViand f, 8
x 10" Hz;" Mn defeet on theSr site in'StTiO; relaxes at fopss
10'*-10"* Hz with E, » 64-78 meV."“In nen-stoichiometric
BaMg, 3 Ta,,;0;, Mg ion misplaced at the Ba.site relaxes at f,,

10" Hz with E, — 38 meV, whereas oxygen vacancy relaxation
occurs atf, = 5 x 10" Hz andEy 360.meV. "™ Otherteports.an
the relaxation of oxygen vacancy.in perovskites ** show strong
composition dependence of activation energy-in:-the-range of
350-910 meV. In view of the literature data discussed; it'seems
unlikely that the low-temperature relaxation“reported-here is
associated with oxygen vacancy relaxation. It is most plausible
that the low-temperature relaxation in the samples of this study
is attributed to either defects of impurity or Sn*" and Sn*’ ions
misplaced at the A-site because of the rather slow relaxation
dynamics (Table 1).

The ferroelectric phase diagram was established according
to the dielectric results, as displayed in Fig. 10(a). The diagram
consists of three ferroelectric phases; R-, O-, and T-phase and
one cubic paraelectric phase. T, decreases linearly as the Sn
content increases at the rate of 765 K mol ' and Tx , and T ¢
shift close to room temperature for the composition, x — 0.1000.
As a result, ceramics with the composition, 0.1000 < x < 0.1125,
are expected to exhibit the O-R-T phase boundary. Fig. 10(b)
shows a contour plot of ¢, as a function of temperature and
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composition related to the phase diagram for BT-CT-xBS
ceramics. The maximum ¢, values are found typically in the
neighborhood of the 7, line, as shown by the yellow-red
boundary. Maximum ¢, is located at 327 K for the composi-
tion, x  0:0875.Itis well known that dielectric and ferroelectric
properties contributeto the variation of piezoelectric properties
suchas.d;; ~ P, #which has been used to describe the role
of identifying direct piczoclectric properties in several KNN-
based piezocteramics. In partieular, most piezoelectric mate-
rials u.s,uaily operate at room temperature. Thus, Ty o and Ty
are important factors=that lead to commanding properties.
As. the phase transition temperatures (7w o, To-r, and T
shift .close ' to ‘room ‘temperature for the compositions,

360,

o

Temperature (K)

230
00500 0,062 0D730470,0875 0.1000 0.1125 0.1250
A compaesitions in BT-CT-xBS e
'

360 1.490x10°
1.395x10°
1.206x10°

—~ 330
-
S Lo17x10*
E
g 300 827310’
o
=] .
= 6.380x10
o
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4.487x10’
2.593x10

240

7.000x 10’

0.0500 0.0625 0.0750 0.0875 0.1000 0.1125 0.1250
x compositions in BT-CT-xBS
Fig. 10 (a) Phase diagram of BT-CT-xBS ceramics, (b) contour plot of

the dielectric constant with temperature and composition of BT-CT-
xBS ceramics.
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x — 0.1000-0.1250, the room-temperature value of ¢ is
enhanced significantly. Even though the highest composition, x
= 0.1250, is in the orange area (¢, ~ 13 500) at room tempera-
ture, it has a cubic phase and is, therefore, not expected to show
outstanding piezoelectric properties. It is interesting that the
compositions, x — 0.1000-0.1125, are inferior to the composi-
tion, x — 0.1250, in terms of ¢, but they are expected to show
outstanding piezoelectric behavior because of their multiphase
composition. However, the composition, x 0.1000, could
possibly achieve the highest piezoelectric properties because
the composition, x — 0.1125, is located too close to the cubic
(paraelectric) phase. In comparison, the relative permittivity
value of the composition, x — 0.1000 (¢, ~ 5580), is higher at
room temperature than that of soft PZT (¢, ~ 2000-3500) and

other BT-based (¢; ~ 3060) ceramics.'® This is«in accordance

with a report by Shi et al.™* in that Sn doping.causes enhance-
ment of dielectric permittivity, duc.£o_the formation of ‘polar
nanoregions (PNRs) that are buried in the BT-based matrix.

In order to comprehend the' preferable relationship between
the constructed phase diagram and clectromechanical proper-
ties, ferroelectric and piezoelectric properties were measured as
a function of Sn compesitions: Fig. ‘11(a). displays room-
temperature polarization in an clectrie ficld of up to 50 kV.
em ', measured at a fréqueney” o Hzelt'is seen elearly that all

Sn-doped compositions produce a wypical ferroelectric /(FE)

hysteresis loop with remnant polarization | (Pg), saturated
polarization (P.) and coercive ficld (£} ‘The Sn=composition
dependence of P, P, and E. is Shown-in-Fig. 11(b). TheyE,

value tends to decrease athigher x because it is easier o switch

the non-180" domain wall in the R-phase, which is mixed with
other phases at x © 0.1000-0.1250, as‘supported by the XRD,
Raman, and dielectrie resalts. This behavieor.is similar to that
observed in other lead-free piczoceramics, which show-lower E,
values in the R-phase.'"?' Also, the P, and B, values are likely to
decrease with higher Sn concentration{ It is evident that 2 and
P, values are varied by Sn-substituted compositions, which
result from different structural” phascssy A change:in_the

20

(a)

00500

v
10 v 00625
r= (075
y - ON875
r 11N
v=07T125
r=0.1250

Polarization (p.('lcmz)
5 &
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« Compasidons in BT .0CTvls

-20

-60 -J'n -,:n (|| ."u JT(I &l
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Fig. 11 (a) Composition-dependent P—E£ hysteresis loops of BT-CT-

xBS ceramics at room temperature, (b) P,, P. and £, with composition
dependence.
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hysteresis behavior of the BT-CT-xBS ceramics is represented
quantitatively by the FE loop squareness, Ry, calculated from
the following equation:*

P I P
P, P,

Ry (4)
where Py g is the polarization at an electric field that equals 1.1
times the E.. Ry is equal normally to 2.0 in an ideal hysteresis
loop. The R, tends to increase with x; the first peak of Ry 0.90
is found at x = 0.0750, and maximum R, — 1.04 occurs at x
0.1000. Results indicate that the loop features most squareness
atx  0.1000.

Strain induced by an ¢lectric field was measured to investi-
gate the efficiency of BT-CT-xBS ceramics for actuator appli-
cations. Fig, 12 displays a unipolar strain versus E for BT-CT-
xBS ceramies at room temperature, with the maximum £ — 10
kv em ' appliedThesstrain increases gradually with x until it
reachesthe highest valuc of about 0.127% at x — 0.1000, before
decreasing to 0.028% at X% 0:1250. The normalized strain value
or converse piezoelectric coefficient (d.,) was calculated from
the relationship of S, /Emax iniumits of pm V' Fig. 13 shows
the-ds; and d,, dépendence of compositions in BT-CT-xBS
ceranies. Similarténdencies are seen clearly in both d; and d;,
values; The d,; and. d}; coefficients increase initially at the
composition, X < 0.0625, with d,; — 385 pC N ' and d;, — 804
pm V" until maximum values 6f515 pGN ' and 1293 pm Vv !
are reached at ¥ 0:1000, Eventually, both values drop to d;; =
104 pC N Vand dy, 285 pm V- atw — 041250, due to the cubic
phase that dominatés the phase mixture, The highest ds; and

Jd; value.were observed clearly atthe composition, x — 0.1000.

The high piezoclectrie résponse in.the composition, x — 0.1000,
is-caused by its. multiphase transition temperature located near
room temperature. The 7y, To, 1, and T are evident near room
temperature.

It 15 well-known that the dynamic of multiphase transition
has preferred ariented polarizations in more than 26 directions
at the composition, x — 0:1000,/(i.¢., 6, 12 and 8 for the T-, O-,
and R-phase, réspectivély), which confirms the diclectric result.

The PPT and MPB region cnhance ferroelectric and

]

[”4_ (e2s
a 00750
I NR75

-

- v 00 ”#
~~ (08 r=0.1125 .’
e = e -0.1250
&
=
1™
=
w04 4

0.00

0 2 4 6 -] l10
Electric field (kV/em)

Fig. 12 Unipolar strain with electric-field of BT-CT-xBS ceramics at
room temperature.
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piezoelectric properties, due to the intrinsic (compositions,
polarized rotation, and polarized elongation/compression) and
extrinsic domain wall effeet,™** Flattened free energy is caused
by being near the Curie temperature, which affects the intrinsic
effect.® The compositional design based on chemical modifi-
cations creates a low T, at the-composition; x —0.1000, which
leads to an easy path for polarized rotation and extension at the
multiphase boundary that acts on_a unit cell. scale. This
contributes to intrinsic structural instabilities , and improved
piezoelectricity. Furthermore, ‘the phase:boundary: makes: it
easier for domain wall motions**” because of structural insta-
bility near the Curie températures In particular, the non-180-
domain wall motion of @- and R-phase®! induces piezoelectric
properties that show'a particularly-high strain: As discusscd
previously in the dieleetrieresult, the,composition)x.—0.1000,
exhibits Ty, ¢, and T¢, y phasetransition near room temperature:
Hence, the electric field has.an enormous impact ‘on’ phase
transitions more in this.composition than in others. It was re-
ported that polarized rotation fram a [111] to.[001] direction,
induced by an external electric field, can.drive the phase trans
sition from R- to T-phase in the ‘pérovskite ferroelecerics,
BaTiO;.** Polarized rotation with flat frée energy can motivate
lattice-deformation, leading to a better piczoelectric Tesponse.
Thus, large piezoelectric coefficients at the ¢omposition, x
0.1000, are believed to ease polarization of the rotation-by
enough electric field during strain measurement, due to the
nearest R-O-T multiphase transition.

The maximum values of d;; and d;, at the composition, x
0.1000, in this study were compared to other lead-free piezo-
electries'******* and commercially available soft PZT ceramics,
as shown in Fig. 14. The values of d,, and d;., are comparable to
some BT-based ceramics. However, the best d.; and d), values
are higher than those reported for commercially available soft
PZT (d3; = 410 pC N ' and d;, — 600 pm V ').* This Bag.q,s-
Cag 075Tig.9SNg 105 piezoelectric material is devoid of Pb, which
is attractive, non-toxic for the environment and follows current
legislation. Its use is possible for replacing commercial lead-
based piezoelectric ceramics in actuator applications.

30174 | RSC Aav, 2017, 7, 30166-3017¢
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ﬂ This work
Commercial
. Literature

soft PZT

BNT-22BKT

0 500 1000 1500
d. (pm/V)

BL1-50BC 1 620
BT-64C 1-9.6B8 0
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Fig-14 ' \Compdrison of dyitop) and d:: (bottom) coefficient values of
Bb'and Pb+free piezoelectrie-ceramics:

Conclusions

The lead-free Ba, 4.5, Cayges - Ty 450,05 piezoceramic system
was prepared wa the conventional solid state reaction method.
This study found that the substitution of Ti with Sn by struc-
tural maodification of the perovskite phases improved the
dielectric, ferroelectric and piezoelectric properties. The multi-
ferroelectric phasc transition (R-0, O-T and T-C) near room
temperature was found to improve the piezoelectric response of
the-eceramics significantly. The composition, x — 0.1000, shows
the highest d;; 515 pC N " and d; — 1293 pm V ! values
based on the results of this study. Also, this study reported
anomalous dielectric relaxation at below Ty , phase transition,
with activation energy of E, = 20-70 meV and freezing
temperature of Ty, = 65-85 K.
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ARTICLE INEQ

Fead (ree plemele-dnr inAhie ternarysystém ol 0. ‘»‘Ba’!‘lth-(ﬂ 15 CaTiOG-ABaSnOy [BCT-2BS], where x = 0.00-
0075, was fabricated viu' a conventional solid state reaction. The effect of substituting BCT with BS on the
crystal structure as well as dielectrie, ferroeléctric and strain behaviorwasinvestigated systematically in order to
search for outstanding actuating performances inlead free prezoelcetric céramics. A ferroelectric phase diagram
of BT-CT-BS.way cstablished in this work. and a multi-ferroetectric phase composition was designed near
ambient temperaturé, based on an established phase diigram. The BS substitute depressed the ferroelectric-
paracieetrie phase temperature slightly, and raised the transition temperatures of O-T phase transformations,
thus, the'ortharhombie phase could be stabilized above 1he ambient température with ¥ > 0.05. As a result, the
polymorphic phase composition showed: outstanding piczoélectric values of ky = 41.7%, dyy = 469 pC/N and
diy = 1335 pm/Vi@ 10 kV/em, which are suitable fordead free piczoelectric actuator applications,

Keywords:

Lead-free piezoceramic
Barium titanate-based
Multiphase boundary

1. Introduction gonal, ‘tThombohedral and cubic phases with a morphotropic phase

The development of lead-freée piezoelectric.materials has received
much attention in past decades, due to their nontoxic naturesand
several current environmental regulations from many countries || 1],
Lead-free piezoelectric candidate materials. can be. categorized as
bismuth layer, tungsten bronze and perovskite Structure |4 Among
them, perovskite-type ferroelectric is attentive as-a_replacement for
lead-based piezoelectric materials, since comparativel¥high_piezo-
electric response and high relative permittivity were found in this
crystal structure |2.4|. Lead free candidate material based on perovs-
kite structure, such as the alkali niobate family, Bi-based family and
BaTiOs-based (BT-based) family, has been investigated extensively in
pure and modified form |1 4|. As compared to alkali niobate and the
Bi-based family, BT-based candidates have drawn great attention since
Lin and Ren | 1 | reported the outstanding piezoelectric coefficient of ds
= 620 pC/N in Ba(Zr,-Tigs)05-50(Bag-Cag 3)Ti0,. A ferroelectric
phase diagram has been proposed, which displays regions of tetra-

boundary (MPB).| | |. It is known that the MPB plays an important role
in- ephancing piezoelectric properties of the perovskite-type ferro-
electric family ||, Further studies have searched the vicinity of two
converging triple points with multi-ferroelectric phase coexistence in
either. the binary or ternary system of BT. BT generally exhibits 3
ferroelectric phase transitions; the cubic paraclectric phase to tetra-
gonal ferroclectric phase (T,) that occurs at 130 °C, tetragonal to
orthorhombic phase (Ty.), which is close to 0°C and below -80 °C
(Ti-x), and orthorhombic to rhombohedral phase with the polar axial
placed diagonally along the body | 5.6 |. Doping the system is a common
way to engineer the ferroelectric phase transition temperature in
BaTiO; [6]. Ty.o and To.g can be tunable, close to room temperature,
by substituting Ti'* with Sn** at the B-site in the perovskite structure
of Ba(Ti,Sn)O; | |. Furthermore, the relative permittivity of the
ceraimics increases approximately three times greater than that of pure
BT. Unfortunately, Sn-substitution dramatically decreases T. of the
ceramics |0, which can be suppressed by substituting Ba®* with Ca*"

* Corresponding author at: Electroceramic Research Laboratory, College of Nanotechnology, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
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Fig. 2. (a) Raman spectra of BCT-xBS ceramics with the compositions, ¥ = 0.000-
0.0750, and (b) and (¢) the expanded peak at around 100-300 and 200-320 cm ™" (d)
E(TOy), A\(TO,) and A, (LO) as a function of composition.

in the A-site of the perovskite structure |6|. Recently, High piezo-
electric of ds3 of 440 pC/N and planar electromechanical coupling
factor of k, = 45% were achieved near the T-O boundary of (Ba,_,Ca,)
(Tip.948n0.06)05; 0.01 = x < 0.04 ceramic [8]. A high piezoelectric
coefficient ds3 of over 500 pC/N was stabilized in a wide compositional
range of (Ba Ca)(Ti,-,Sn,)0;; 0.07 < x < 0.11 |Y]. More recently, Zhu
et al. [10] reported an outstanding converse piezoelectric coefficient
dy; = 1444pm V™! in the BaTiO4-CaTiO,-BaSnO, ternary system.
Thus, it is widely believed that Ca®* and Sn®* ion substitutions should
play a significant role in the multiphase coexistence formation, and
generate outstanding piezoelectric properties of BT ceramics. Based on
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Fig. 4.0 Lattice parameter and (b) unit cell volume of BCT-vBS ceramics.

recently published work |5 11}, the ferroelectric phase diagram of
BaTiO, - BaSnO, CaTiOy was established, as shown in Fig. 1. The
“white composition region” in the phase diagram is expected to exhibit
two/three-ferroelectric phase coexistences, based on the authors’
knowledge; as these compositions have not been explored before.
Besides, the multiphase coexistence boundary line needs to be inves-
tigated in order to achieve high performance lead-free piezoelectric
ceramics in the BaTiO3-BaSnOs-CaTiOy ternary system. This study
examined the composition groups indicated by a “circular dot” to
complete the multiphase coexistence boundary line in BaTiO3-BaSnO;-
CaTiO; ternary systems, through increasing the BaSnO; content and
focusing on a search for the multiphase coexistence composition of the
system, in order to obtain outstanding piezoelectric properties. The
research results will be beneficial for the design of the polvmorphic
phase boundary (PPB) line, with high performance in BaTiO;-BaSnO.-
CaTiO; ternary systems.
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Table 1
Crystal structure information and physical properties of the BCT-xBS ceramics.

Ceramics International 43 (2017) S121-5128

x Lattice parameter (A) V(A" Density (%) Grain-size (um)
a b c
0.0000 3.9800 £ 0.0075 39800 1+ 0.0075 4.0160 + 0.0044 63.6150 + 0.3102 96.1 + 1.3 251 = 3.7
0.0125 3.9810 = 0.0068 39810 + 0.0068 4.0170 + 0.0037 63.6629 + 02764 959 + 1.4 24.7 = 3.7
0.0250 3.9900 = 0.0004 3.9900 + 0.0004 4.0240 + 0.1641 64.0625 + 0.0061 944 + 09 233 £ 4.2
0.0375 4.0000 = 0.0066 + 0.0066 4.0270 = 0.0034 64.4320 + 0.2675 95.2 + 2.1 243 ¢ 3.1
0.0500 4.0052 = 0.0014 + 0.0062 5.6590 = 0.0049 128.0597 + 0.2960 949 + 24 228 + 6.2
0.0625 4.0054 + 0.0012 + 0.0005 5.6644 + 0.0011 128.3698 = 0.0767 94.7 + 1.1 204 + 44
0.0750 4.0109 + 0.0026 + 0.0067 5.6743 + 0.0059 129.0051 + 0.3726 94.1 + 28 184 + 3.2

Fracture surface
f
i o

Fig. 5. SEM micrographs of BCT-¥BS cefimics increasing BS Content: {a) x = 0.000, (b)

2. Material and methods

The perovskite type oxide of 0.9BaTiO;-(0.1-x)CaTiO4-xBaSnO;
[BCT-xBS], where x = 0.00-0.075 powder, was synthesized via solid
state reaction methods. Thus, the Equimolar ratio of BaCO, (Sigma-
Aldrich, > 99.0%), TiO, (Sigma-Aldrich, > 99.0%), CaCO; (Sigma-
Aldrich, > 99.0%), and SnO, (Sigma-Aldrich, > 99.0%) was vibratory
milled in ethanol (Fulka, > 99.5%) for 4 h. The precursor was dried
and calcined in an alumina crucible at a temperature between 1200 and
1350 °C for 4 h. The calcined powder was vibratory milled again for 2 h
before being sieved and mixed with 5 wt% polyvinyl alcohol (PVA)
solution, and uniaxial pressed into green disk pellets of 10 mm
diameter. The pellets were sintered at a temperature between 1400
and 1500°C for 4h in a covered alumina crucible. The X-ray
diffractometer (Bruker D8 Discover AXS, Karlsruhe, Germany) with
CuKa radiation was used to identify the crystal structure of the sintered

~

00250, (¢) x = 0.050, and (d) x = 0.0750.
pellets. Raman spectra were measured using the 532 nm exciting line
(Dispersive Raman microscope, SENTERRA, Bruker) in order to
support the crystal structure identification of the pellets. The surface
morphology and fracture surface of the ceramic samples were exam-
ined by a scanning electron microscope;SEM (QUANTA 450, FEI).
Silver paste (Heraeus, C1000) was coated on both surface sides and
fired at 650 °C for 30 min for electrical measurement. Relative
permittivity was carried out as a function of temperature at different
frequencies using an LCR analyzer (HP4284A, Hewlett-Packard, Palo
Alto, CA), which was connected to a programmable high temperature
chamber furnace. The ferroelectric polarization-electric field (P-E)
hysteresis loop of the pellets was measured at 4 Hz at room tempera-
ture using the standard ferroelectric tester system (RT66B; Radient

Technologies, Inc., Albuquerque, NM). The bipolar and unipolar

functions of the electric field were achieved by using an optical
displacement sensor (MTI-2100 fotonic sensor). The pellets for piezo-
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Fig. 7. Transition temperature and maximum relative permittivity as a function of
composition x.

electric measurements were poled first in silicone oil at room tem-
perature under 35-40 kV/em for 30 min using a direct-current (DC)
power supply. The piezoelectric constant (dy3) was collected using a
quasistatic d;; meter (YE2730A, APC International Ltd.). A resonance-
antiresonance method was employed to determine planar electrome-
chanical coupling factor k, using precision LCR meter (E4980A
Agilent, USA) following IEEE standards.

3. Results and discussion
3.1, Compesition dependent on phase structural transformation

L1z “(a-c) display the room temperature of Raman spectra of BCT-
xBS ceramics for x =-0.00-0.075. All compositions exhibited typical
ferroelectric Raman-active mode, which agreed well with the Raman
spectrapattern of theferroelectric BT-based phase. The Raman band of
BCT-¥BS ceramies for x = 0.00-0.075 indicated that all compositions
exhibited ferroelectric behavior. Based on group theory analysis,
tetragonal BT has 3A,(TO) + 3A,(LO) + 3E(TO) + 3E(LO) + 1E(LO
+TO) + 1B, Raman active modes | [ 2|. On the other hand, all phonons
of cubic BT belong to 3F,, + Fs,, which does not include a normal
Raman active mode. Fig. 2(a) shows six characteristic signature
patterns of the ferroelectric tetragonal structure in the compositions,
0.00 < x < 0.0375; i.e. the interference dips at 178 cm™', asymmetric
bands of A,(T0.) mode broaden at 243 em™', E(T0,) mode sharpens at
303 em ', swelling A;(LO2)/E(LO) weakens at 465 em ™!, and E(TO)/
A1(T04) and A(LO3)/E(LO;) broaden at 514 and 718 em™, respec-
tively. An additional Raman peak was not observed with BS substitu-
tion, which proves that there is no change in the structure that agrees
well with XRD results. The Raman spectrum of the ceramics presented
evidence of crystal structural change in BCT upon BS substitution. By
increasing BS content, the Raman active mode, especially in the low-
frequency region (100-300 cm™'), connects to vibrations of the polar
BO,, octahedra, which changes significantly. With increasing BS con-
tent, evidence of a smooth transition from tetragonal to orthorhombic

5124
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phase was observed; the low frequency shiftof the A, (TOs) 'made and
appearance of the A;(LO) mode were at 192¢ctm™'. It sisia well=
established fact that the A;(TO.) mede for the tetragonal phase has-a
vibration frequency of around 243 ¢! and shifts to 222 em > for the
orthorhombic phase [ 1 1], Besides, the A{(LO) mode is more prominent
in the orthorhombic phase, but vanishes:in the tetragonal phase {42},
Fig. 2(d) displays the E(TO.), A;(10) and &,(LO) mode as a funetion
of composition x. Appearance of the'A,(LO) peaks shows that“the
tetragonal to orthorhombic phase transition occurred at a composition
boundary of x = 0.05. Furthermore, the peakiintensity 6f the A,(LQ)
mode increased monotonously with increasing:-BS eontent [1Fe “2(b)],
with which the E(TO,) mode shifted significantlystowards=a.lower
wavenumber at 301 em™'. This means that the B-O stretching-force
constant has decreased. It is well known that an increase in the mean
equilibrium B-O bond distance decreases the bond stretching force
constant. The increasing bond length correlates well with expectations,
due to an increase in volume of the unit cell caused by substitution of
the larger Ba®" ion (1.64 A) for Ca®* ion (1.34 A) on the A-site, and that
of the larger Sn"* ion (0.69 A) for Ti'*ion (0.605 A) on the B-site.
Furthermore, the low frequency shift of the A,(T0;)/E(TO) and
A (LO3)/E(LOy) mode at 510 em™" and 714 cm™', respectively, also
was evidenced, which attributed to decreasing Cay, defect formation.
These results are in agreement with a previous report on Ca doping BT
by Chul et al. [14].

X-ray diffraction spectra of the sintered BCT-vBS ceramics are
exhibited with different compositions in Fig. 3(a-c). Each pattern
represents a typical crystalline perovskite structure without trace of
impurity or second-phase formation, suggesting that Ba*~ and Sn"* are
diffused completely into the BCT lattice to form a solid solution in the

5125
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structured composition range. Furthermore, the diffraction peak posi-
tions of these ceramics shifted to a lower angle with increased BS
content (Fig. 3(b)), due to substituting smaller radii of Ca®* (1.34 &)
and Ti**(0.605 A) with larger radii of Ba®*(1.64 A) and Sn™* (0.69 A)
and thus expanding the BCT lattice.

Fig. 3(c) shows a close examination of the doublet around 20 = 459,
which suggests that the BCI ceramic (x 0.00) has a tetragonal
symmetry at room temperature, and is characterized by splitting of the
(200) and (002) peaks. The tetragonal is distorted gradually with
increasing BS content, as presented in Fig. 3(c). With increasing BS
content, the interval between (200) and (002) reflections becomes
smaller, indicating the transformation of tetragonal to orthorhombic
phase, which occurred at a phase boundary of 0.0375 < x < 0.0625 at
room temperature. The lattice parameters and unit cell volumes of
members of the sintered BCT-xBS ceramics are plotted Fig. 4(a) and
(h). Density and average grain size are also given in Table 1. There is a
svstematic inerease in unit cell volume with increasing BS content, as
expected. Tn'the tétragonal region (0.00 < x < 0.0375), both c- and a-
axis parameters inerease with increasing BS content. Nevertheless the
increasing rate in a-axis is slightly higher than c-axis resulting an
increasing in-unit cell volume. In orthorhombie perovskite region (0.05
=X < 0.075)ronly a-axis parameters slightly increase, but the b- and c-
axis parameter-lengthens with increasing BS content. This result may

‘cause by octahedral tilting/rotation along with the b- and c-axis. The

trend of the lattice distortion, by substituting BS content, is consistent
with_previous studies=|', [ 1| and corresponded verv well with the
Raman results. i(a=d) “show the thermally etched surfaces
morphoelogy and fracture surfaces of the BCT-xBS ceramics for x =
0.00, 0.0275, 0.050"and 0.075 respectively. All ceramic compositions
show grain boundary with dense paeked microstructure, indicating a
high teramic densification in our study. The average grain size (Gav:
18.4-25.1 umj af the ceramics was estimated using the linear intercept
method. Furthermore, the Gay of the BCT ¢eramics modified by BS
obviously decreased with inereasing BS content, 25.1 for x = 0.00-18.4
forx = 0.075, which indicates that the.addition of BS serves as a grain-
growth.inhibitor,

Iy

3:2; Composition dependent on dielectric/behavior

Sintered ceramies with more than 94% theoretical density were
used for/dielectric, ferroelectric and piezoelectric measurement studies.
Fiavb-shows the temperature dependence of relative permittivity (e,)
and dielectric loss (tan§) for BCT-¥BS ceramics at various frequencies.
The ¢;7and tand versus temperature peaks were broadened slightly.
Ceramics:with.0.00:= x =.0.05 exhibited one dielectric peak maximum,
and a temperature at maximum value of ¢ at T,, shifted to lower

‘temperatures with inereasing composition x. The temperature corre-

sponding to tand maximum also decreased with increasing composi-
tion x. Regarding the composition, x = 0.0625, two polymorphic phase
transition peaks were clearly evident, which corresponds to the phase
transitions of orthorhombic-tetragonal (T,) and tetragonal-cubic
(Tm) phases. The Ty transition shows an increasing trend with
increasing x and appears when the concentration, x, reaches 0.0625,
The Ty temperatures are about 26.00 °C and 27.37 °C for the ceramic
compositions, x = 0.0625 and 0.075, respectively. The T,, decreases
almost linearly with a substation of BS content, as displayed in Fig. 7.
The relationship between T,,, and concentration was given by T,,(°C) =
116.4-748.6x “C/mol. The &,,,, increased with increasing composition
x and reached a maximum value of 13,500 at the composition, x = 0.05.

It is interesting to note that by increasing the composition, X,
especially in high BS concentration, ¢, displays a frequency-dependent
response near the T, attributed to the characteristic of diffuse phase
transition behavior, which is represented by frequency dependence of
the permittivity versus temperature curve in the ferroelectric phase. In
order to understand the effect of BS on the diffuseness of relative
permittivity, peak broadening may be quantified by the diffuseness
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degree (8), which is related to dielectric.constant and temperature, as
follows | 15,16):
(T-T,)

£ m

=1+
t, 24" (1)
where g, is the maximum value of relative permittivity, ‘1, is ‘'the
temperature when &, reaches maximum, § is the.degree of transition
diffuseness and y is the degree of dielectric relaxation, which is equalto
1 for materials with this tvpe of phase transition that belong t6 a
normal ferroelectric; i.e. 1 < y < 2, for materials belonging to relaxor
ferroelectrics and y for materials belonging to ideal relaxor
ferroelectrics. Fig. 8(a) displays a plot of In (1/e-1/¢,,) as a function
of In(T-T,,) using ¢, versus T data at 100 kHz. The results indicate that
a linear relationship was observed in the curves of all compositions.
The parameter y and & were determined from Fig. 5(a) by linear fitting.
Also, the value of y and & are displayed as a function of BS in Fig. 8(b).
The & values were clearly 12.96 for the composition, x = 0.0, and they
increased to 13.38 for x = 0.075. A similar trend was found for the y
value, in that it increased from 1.28 to 1.40 for x = 0.00-0.075.
Increasing y and & values as a function of BS content is attributed to the
formation of non-polar nano regions of BS in the BCT matrix. Shi et al.
[ 7] reported on the Sn dope BT system, in which continuous dipole-
dipole interaction between Ti and oxygen in the BT structure was
destroyed by Sn substitution, due to the orbital hybridization between
Sn and oxygen atoms being much weaker than that between Ti and

-
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oxygen atoms. The long rangeé Coulomb potential cannot be built up in
the matrix, resulting in theniormal ferroelectric domain being unable to
formyand this behavior is similar to the formation of PNRs in the lead-
based relaxor ferroelectric system such as Pb{Ni, .Nb,,5)Os, Pb(Co,,
;;Nh-_:,-;;](){ and. Pb[‘\igl_:;;Nbug]O;{ | 17-21)

3.3. Composition dependent on ferroelectric and piezoelectric
behavior:

Fig. v shows the electrical polarization (P) versus electric field (E)
hysteresis loops, and bipolar field-induced strains for BCT-xBS cera-
mics sintered at optimum temperatures. Saturated and fully developed
hysteresis loops are achieved for all x compositions, meaning that the
external electric field has high enough energy to switch and rotate the
ferroelectric domains. All P-E hysteresis and S-E butterfly loops are
rather symmetric, indicating no apparent existence of the pinning
down phenomenon. Fig. 10 displays unipolar field-induced strain
curves at 10 kV/mm and 60 kV/mm for BCT-xBS ceramics at room
temperature. The unipolar strains increased proportionally with an
increasing external electric field for all samples. In addition, the
unipolar strains increased significantly with increasing composition x,
and reached a maximum value at x = 0.05, when they finally started to
decrease with increasing BS content. An excellent electrostrain of
0.30% was achieved at 60 kV/mm for the composition, x = 0.05, which
exhibits the T-O coexisted phase. A detailed response of ferroelectrics,
such as remanent polarization (P,), coercive field (£ and (P, — P,)
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value as a function of composition, is provided in Fig. 1 1(a). It can be

seen that remanent polarization (P,) increases slightly with BS content
and reaches the maximum value of 11.86 pC/cm” for the composition,

120

90

Temperature (°C)

1L0000° 001257002500 00375 0.0500 0.0625 0.0750
Composition (x)

Eig, 12, Ferpoelectric phase diagram of BCT-yBS ceramics.

x = 0.05,while-the coercive field (£.) declines slightly with the
substitution” of BS. Also, a sharp decrease in [, value was observed
clearly at a composition between x = 0.05 and 0.0625. At the
composition, x 0.05, the P, remains at a high value, while E.
decreases sharply because the O-T phase coexistence causes instability
in the state of polarization. The dominating T-phase in 90° domains
generally exhibits higher E. values than the O-phase. The direction of
polarization can be rotated easily by external electric fields, due to
decreased tetragonality in the samples. The (P.,, — P,) value displays
the same trend as that of E.. Higher (P, — P.) values are observed
evidently in the T-side (0.0 = x < 0.05) of the system, and then they
decrease significantly at the coexistence phase composition, x = 0.05.
The significant decline in (P, — P,) value is related to phase transition
from the orthorhombic-tetragonal phase near room temperature.
Similar tendencies also are seen clearly in both d; and ds, values.
The converse piezoelectric coefficient (dsy ) is obtained from the

direct piezoelectric coefficient (ds;) measured by a das; meter. The plot
of dy; and dy;" values is presented as a function of BS content in
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Fig. 11(b). The ds3 and ds,~ exhibit a similar tendency for ferroelectrics
and reach the maximum values of 469 pC/N and 1335 pm/V@10 kV/
cm, respectively, as x increases to 0.05. Fig. |1(c) displayvs the planar
electromechanical coupling factor k, of the BCT-xBS ceramics as a
function of BS content. The apparent improvement on k,, value can be
observed in the composition range 0 < x < 0.05. The k;, curves reached
peak value of 41.7% at x = 0.05, and decreases with higher BS content
(0.0625 < x < 0.0750). The significant enhancement in the piezo-
electric response of BCT-xBS ceramics can be attributed to the O-T
coexistent phase near ambient temperature, vanishing anisotropic
polarization near the O-T phase transition and greater mobility of
domain walls that make the ceramic extraordinarily “soft”. This also
makes it possible to obtain fairly high piezoclectric responses at an
external electric field as low as 10 kV/em at ambient temperature.

3.4. Ferroelectric phase diagram
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Lead-free xBaZr0;-(0.85-x)BaTiOs=0,15CaTi0;: x = 0.00-40.20'(xBZ) céramics were prepared successfully using
the conventional solid-state reaction method. Unipolar electric-field-induced strains of the composition x =
0.125.in the polymorphic phase region (PPR) composition show an extraordinarily high normalized piezoelectric
coefficient-(d,3) of 2244 pm/V with relatively low hysteresisiat a low electric field of 5 kV/cm, which is higher
than that of most reparted lead=frec ceramics. The PPR composition also exhibits excellent fatigue resistance to
bipolarelectric cycling with negligible loss ofelectrie-field-induced strain after 10° cycles. A two-phase mixture
model featuring short-range ardering, whichisdispersed in the long-range ferroelectric phase, is proposed to ex-
plain the outstanding piezoelectricproperties, The reversible electric-field-induced phase transition between the
two states is responsible for the large normalized piezoelectric coefficient and fatigue resistance. Under repeated
electric cycling, the domains become more dynamic, and the change in domain configuration becomes easier due
to decreased energy requirement upon polarization reversal. Furthermore, the ceramic shows single crystal-like
behavior characterized by a nearly vertical slope in the polarization hysteresis data, which correlates to the elec-
tric field induced transformation from a multi-domain state to a single-domain state. This environmentally be-
nign lead-free ceramic, with outstanding properties, has great potential use for highly responsive and reliable
actuators,
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1. Introduction

Over the past few decades, a large market has been established uti-
lizing lead-based piezoelectric ceramics, i.e. PbZr, _ ,Ti,04 (PZT), due
to their wide effective temperature range, excellent properties and
cost-effective production [1-6]. However, the toxicity of PbO is of par-
ticular concern because of high vapor pressure and its release during
high temperatures, which causes environmental problems [6]. Further-
more, PZT ceramics were reported to be unstable in either an aqueous
environment [ 7| or simulated retinal fluid [8]. Therefore, Pb-based ma-
terials may not be appropriate for many long term applications [8]. As a
consequence, emerging legislation has restricted the use of lead and
lead-containing materials. Concern about the toxicity of lead-
containing ceramics includes a wide scope of comprehensive rules
such as REACH (Registration, Evaluation, Authorization and Restriction
of Chemical Substance) [9], RoHS (Restriction of the use of certain haz-
ardous substances in electrical and electronic equipment¥ 10,11 }.and
ELV (End-of-Life Vehicle) [ 11]. Therefore, lead-frée piezoelectric ce-
ramics have received much more attention récently, due to the afore-
mentioned environmental awareness and legislative.coneerns | 1, 3.
12-14),

Barium titanate (BaTiO4; BT) isameng lead-free-polycrystalline ce-
ramics, and was the first piezoelectric transducer ceramic, discovered
in the 1940s [15]. Itis still a typical lead-free system based on a perov-
skite structure that has been investigated intensively. The morphotropic
phase boundary (MPB) is/characterized by a composition=induced
ferroelectric-ferroelectric transitionsand-was observed to promote a
high piezoelectric response in the PZT system [164. Inorder to-achieve
high-performance ceramics, the properties of BT have been modified ei-
ther by replacing the A-site and/or B-site using several ion Species such
as Sr,Ca, K, La, Sn, Mn and Zr |17 2 Hyor making a ferroelectiic solid so-
lution based on designing a composition which incorporates an MPB or
polymorphic phase region (PPR), with a temperaturé-induced phase

transition [22]. The lead-free system Ba(Zr /Ty s)05-x( Bagy Cay ;)10

(BCZT), with its superior piezoelectric properties of dqy = 560
620 pC/N and dy3 -~ 1140 pV/cm was reported recently by Liu and Ren
[23], and it demonstrates promising piezoelectric properties that are
comparable to lead-based piezoelectrics. Excellent properties originate
from the PPR composition of 50BCT, with multiphase coexistence of
rhombohedral (R) and tetragonal (T ferroelectric phases néar room
temperature, where a negligible energy barrier can ease polanzation ro-
tation, thus allowing optimum domain reorientation during the poling
process. While focusing on piezoeleetric ceramics for actuator applica-
tions, a large strain output at the lowest electric field withminimized
hysteresis ceramics is desirable. The normalized piezoelectric coeffi-
cient (ds3) is the converse piezoelectric coefficient measured by
strain-field method. Here a unipolar triangular-shaped electric field'is
applied to the sample, and the displacement is recorded.at the same
time. The di3 is defined as d 5 = S,../Emax Where Eyrand S,ayare
the maximum applied electric field and corresponding unipolar strain
output, respectively. The d;; is one of the most important piezoelectric
properties relevant to the use of these materials as actuators [2]. High
d+3 values were reported in lead-free K, ,Na, ;NbOs-based [24] and
(BipsNag5)TiOs-based ceramics such as BNT-BT-LN (d;; ~ 600-
800 pm/V) [25] and BNT-2.5Nb (ds; ~ 1400 pm/V) [26].

When compared to BT-based ceramics, BNT-based ceramics require
large electric field levels generally higher than 50 kV/cm (25,26, thus,
BT-based ceramics are more suitable for practical applications, due to
their lower coercive field, which does not limit their use. Furthermore,
BT-based ceramics exhibit a lower degree of hysteresis than BNT-
based ceramics, which makes BT-based materials more promising for
current applications that utilize PZT-based ceramics. Excellent piezo-
electric properties of BCZT-based ceramics have been observed and at-
tributed to the miniaturized domain structure [22] and change of
domain structure between multidomain states and single-domain
state under [27]| an applied electric field via an intermediate

nanodomain state [27.28]. Results from in situ transmission electron
microscopy have shed light on whether or not the orthorhombic
phase single-domain state that forms during application of an electric
field is a result of structural transition from coexistent rhombohedral
and tetragonal phases [29]. This miniaturized domain structure coin-
cides with the high piezoelectric response in lead-based piezoelectric
systems [30]. Besides comparable piezoelectric properties, the desired
properties for alternative lead-free piezoelectric materials should in-
clude reliable performance during long-term applications. Fatigue is
one of two major degradation phenomena that is considered necessarily
for the life expectancy of a device, as AC fields have an influence on elec-
trical properties [31-34|. The fatigue behavior strongly depends on test-
ing parameters such as the electric field amplitude, shape of the pulse,
number of cycles, temperature, frequency and also electrodes and mate-
rial modifications [32]. Bipolar loading was found to have a more pro-
feund impact on fatigue behavior and results in the most severe
fatigue degradation. In the study of PZT, a reduction in strain and
switchable pelarization was found to initiate in the range of 10° cycles
at electric field levelsequal to twice the coercive field [ 34,35). However,
BCTZ ceramics were found to show excellent fatigue resistance [31].
However; studies about fatiguesin BCTZ ceramics are still few. In the
present-work,.a-mgh performance lead-free piezoelectric ceramic has
been designed-based on-the polymorphic phase mixture model in the
ferroelectric ternary phase diagram of BaZr0;-CaTiOs-BaTiO5. The
ABaZr04-(0:85-x)BaTiO-0.15CaTiOy; (XBZ), x = 0.00-0.20, system was
selectediin order to search the polymarphic phase region (PPRs), with
excellent piezoelectric properties. Changes in the phase transition be-
havior in aceordance with inereased BaZrQs content were revealed,
with dielectric, piezoelectric and ferroelectric properties being deter-
mined. A ferroelectric phase diagram.with the PPRs was established in
this wark. An‘examination of the polarization and strain as well as the
bipolar fatigue behavior at 10 cycles was performed. An model for
the fatigue-free-behavior-in BaZr0;-CaTiO3-BaTiO4 system was also
elabarated in'this work. The results of this study will be of great benefit
for the design.of high performance lead-free piezoelectric materials
with excellent fatigue resistanice for reliable and long lasting actuators
applications.

2. Experimental procedure

The xBaZr0,-(0.85-x)BaTi@4-0.15€CaTiO4; x = 0.00-0.20 (xBZ) ce-
ramics were preparéd by the conventienal solid-state reaction method
using ‘BaCo, (>98.5%, Sigma-Aldrich). ZrO, (99.0%, Riedel-deHaén),
CaCo0, 199:5%, BDH Chemicals)and TiO, (99.0-100.5%, Riedel-deHaén)
as starting.materials. Each starting material was weighed according to
the stoichiometric formala.and ball-milled for 18 h in a polyethylene
bottle with yttria-stabilized zirconia balls, using ethyl alcohol as medi-
um. The mixture was then dried on a hot plate, stirred regularly and
placed in an-oven overnight. After drying, the precursor was calcined
in an alumina crucible at 1200 °C for 4 h. The calcined powder was
ground using a mortar and pestle and ball-milled again. After sieving,
the powder was mixed with 5 wt¥% polyvinyl alcohol (PVA) solution
and uniaxial pressed into 10 mm diameter green disks. The pellets
were sintered at 1400 °C for 4 h in a covered alumina crucible,

The density of the sintered ceramic disks was determined by Archi-
medes' principle. Ceramics with ~92% theoretical density were used in
this work for characterizing and investigating properties. A laboratory-
scale X-ray diffractometer (XRD, Bruker AXS D8 Discover, Madison,
WI, USA) was used to determine phase purity and the overall structure
of crushed sintered disks by collecting data at room temperature and
using 20 over the range of 20°-80°, with a step size of 0.02°/step and a
counting time of 1 s/step. Raman scattering data was collected by
using a 532 nm excitation line of a He-Ne laser with a Raman micro-
scope (Thermo Scientific™ DXR™ Raman microscope). Raman spectra
were recorded from unpoled samples over the range of 100-
1000 cm ™' at room temperature. Surface morphology of the samples
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was investigated using a Zeiss EVO MA10 scanning electron microscope
after gold sputtering. In order to prepare electrodes for electrical prop-
erty measurements, the samples were polished and silver paste was ap-
plied on both parallel surfaces before firing at 700 °C for 30 min. The
temperature-dependent dielectric constant (g,) and dielectric loss
(tana) were measured over a temperature range of — 150 °C to 200 °C
and over a frequency range from 100 Hz to 0.1 MHz using a custom sam-
ple holder placed in a Delta Design 9023 Environmental Test Chamber
(Delta design, INC., Poway, CA, USA) coupled with an LCR meter ( Agilent
4284A, Santa Clara, CA, USA). Ferroelectric hysteresis loops were mea-
sured at room temperature and 1 Hz using a Radiant Technology ferro-
electric test system (Precision Premier II, Albuquerque, New Mexico)
utilizing Vision software. Strain hysteresis measurements were ac-
quired at room temperature using this system coupled with an interfer-
ometric sensor (MTI Instruments 2100 Fotonic Sensor, Albany, New
York). The samples were poled in a silicone oil bath placed.inside-a
Delta Design 9023 Environmental Test Chamber (Delta design:INC;,
Poway, CA, USA) by applying a DC electricsfield-of 20 kV/cm for
25 min at 110 °C. The electric field was held-while cooling down to
room temperature, The low-field piezoelectric coefficient (d43) was de-
termined at room temperature inpoled samples with a YE2730A d;
test meter (SINOCERA. Yangzhou. China). The planar-electromechanical
coupling factor (k;,) and quality factor (Qy)-were-determined in poled
samples by a resonance-antiresonance method with-an impedance an-
alyzer (Solartron S11260A equipped with Solartron 1296A dielectric/in-
terface, Farnborough, UK) in'the frequency range of 100-600kHz, using
the SMaRT impedance measurement software pragram. The study of fa~
tigue was performed with an unpoled sample by applying a 10-Hz bipo-
lar triangular waveform at 20 kV,¢mfor 10%cycles. Polarization and
strain hysteresis for the fatigue study samples were performed using
the aforementioned systems.

3. Results and discussion

Study of the phase evolution and overall structure of BCTZ ceranics
was performed as a function of composition. The X-ray diffraction pat-
terns of the crushed sintered ceramics are shown in Figz - In'order to
determine the phase evelution‘further, Fiz. 2(a), (bl (¢) andi(d) illus-
trate enlarged reflections for the (111)c. (200)¢ (211%¢ and, (220}¢
peaks, respectively. It can be'seenclearly that all specimens possess a
monophasic perovskite phase with-no appearance of @ secondary
phase within the limits of the XRD technigue, This reveals that XBZ ce-
ramics had a well-developed solid selution. In order to determine the
composition-dependent phase structure, the diffraction peaks were
indexed according to the BaTiO, parent phases with cubic (C) symmetry
(PDF#31-0174), orthorhombic (0) symmetry (PDF#81-2200), rhom-
bohedral (R) symmetry (PDF#85-0368) and tetragonal (T) symmetry
(PDF#05-0626). Regarding the compositions, x = 0.000-0.100; charac=
teristic peak splittings associated with T-symmetry were clearly ob=
served, including a doublet (200) and (220) peak and no evidence of
(111) splitting (Figs. 2(b), (b) and 1(a)). The diffraction peaks of the
composition, x = 0.000, correspond closely with the tetragonal stan-
dard pattern in which the intensity of (200); and (202); is higher
than (002)r and (220)y, respectively. As the BZ content increased, all
peaks gradually shifted to lower angles, and the (200), peak splitting di-
minished and finally disappeared at x > 0.100. The doublet diffraction
peaks of (112)4/(222)y and (202)y/(220)y at around 56° and 66° (Fig.
2(C) and (d)) transitioned into a broad singlet peak. Regarding the com-
positions with x > 0.100, broad diffraction peaks with no splitting was
observed. However, it is difficult to differentiate crystal structures with-
in the limit of the XRD technique. These changes show that ceramics un-
dergo a transformation from the T phase to a more symmetric phase
termed here as a pseudo-cubic (PC) phase. This indicates that increasing
BZ fraction leads to reduced lattice distortion and also a change in the
equilibrium phase.
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Fig. 1. X-ray. diffraction-patteriearroom temperature of (a) crashed sintered xBaZrO;-
(ORS)BaTi0,-0.15Ca1i0y: ¥ — 0-0.20 ceramics from 207 to 80°

In.addition, as the*BZ content increased, diffraction peaks were
found to shift significantly-to a lower angle that correlated well with
the increase in average cation radii-and inereased volume of the unit
cell. The substtution of Ca* ' (r= 1134 A,CN = 12) [35] by a relatively
large Ba® " (r=1.64A.CN = 12) | 36}at the A-site, and replacement of
Ti* % (= 06B5A EN-='6) [35/ by'atarger Zr* ' (r =072 A.CN = 6)
[36] at the'B-site'lead to lattice expansion, which causes a shift in the
diffraction peaks to a lower angle. The corresponding lattice parameters,
tetragonality (c/a) values,and unit cell volumes are shown in Table 1. As
the BZ mole content increased, the lattice parameters increased and,
thus, larger unit cell volumes wereobserved. The tetragonality tended
to decrease with BZ content, which correlated well with decreased lat-
tice distortion, as mentioned before. Furthermore, the structural evolu-
tion-observed is consistent with resules from the literature, in that the
composition.at room temperature approaches the mixed phase region,
orcomposition-dependent phase transition region from the T phase
side, with decreasing'c/a values/[37]. However, it is worth noting that
identifying the crystal steucture of the compositions with x > 0.100 is
difficult imy ceramics using X-ray diffraction data, due to the broad
peaks. Therefore; more information should be adduced to define the
phase strueture of these samples.

Furtherstudy of phase evolutions and phase transitions was con-
ducted using Raman scattering spectroscopy. The crystal structures
and lattice vibrational modes of BaTiO; were considered using BaTiO,
as the host phase. BaTiOs exhibits three phase transitions from rhombo-
hedral (— 100 “C) = orthorhombic (0 “C) 5 tetragonal (120 °C) = cubic
phase with increasing temperature [38). According to traditional group
theory, the ideal paraelectric cubic BaTiO; with Pm3m (0}) symmetry
should be completely Raman-inactive. According to five atoms and fif-
teen degrees of freedom for one unit cell, these are divisible into the rep-
resentations, 4F, + 1F,,. Only 3F,, + 1F,, belong to optical branches
[39]. Both Fy,, and F,, symmetry modes are Raman-inactive. Each F,,
mode splits into A; and E modes in the ferroelectric tetragonal phase,
with P4mm (C4v') crystal symmetry below Curie temperature, whereas
the F,, mode splits into the modes of symmetry B, (silent) and E modes.
However, vibrational modes can transform further to transverse optic
(TO) and longitudinal optic (LO) phonons. Then, the Raman-active opti-
cal lattice vibrations are represented by 3[A,(TO) + A,(LO)] + B,
+ 4[E(TO) + E(LO)] [39]. which are phonons with a distinct
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characteristic assigned by a single crystal. Relatively broad scattering
peaks are observed in randomly-oriented polyerystalline ceramics, due

to phonon wave vectors being distributed randamly [40].Changes in.

spectral characteristics should be observed i this-work for a.complex
perovskite structure with replacement of Ti*!_by Zr* " at the B-site, es-
pecially in the 100-400 cm ™~ "spectral regions, which are attributed. to
vibrations related to octahedral‘polar BOs {41 ,42].

Fig. 3(a) shows the Raman spectra of XBZ ceramics over a range of
100-1000 cm ™' at room temperature, with phonen medes nunibered
from 1 to 9, respectively, and g, 3(b) shows the semi-contour plot of
intensity for all Raman medes. Phonon modes of 2, and 4-8for the x
= 0.000 ceramic are assigned to the-T phase, with detailed:phonon as=
signments; including an interference dip at 180°cm™ ', a broad-peak at
255 cm™"' (A4(TO), a sharp peak at 301 e¢m~"' (E(TO “ [0} 4 B;) and
471 cm™ ' (E(LO) + A,(LO) + E(TQ)), and'a broad"péak at 520 ¢~
(E(TO) + A:(TO))and 728 cm ' (E(LO) + (A{(LO)) [43]; being detect-
ed. A clear spectral dip at 180 cm ™ ' {mode 2) is known to result from
the interference of three A,(TO) an-harmonic coupling modes [43].
Mode 5 at 301 cm™ ' is assigned to be characteristic of the T phase;
Fig. 3(a) and (b) show that when BZ amounts increase.to x = 0125,
the interference dip of 180 cm ™ ' becomes more shallow:{green changes
to orange in Fig. 3(b)], which can be induced by phonon damping-ac=
cording to coexistence of the orthorhombic (0) phase [44]. Mode 4 at
~260 cm ™' becomes wider with higher intensity, as the orange area

Table 1
Lattice parameters, tetragonality {c/a) and unit cell volumes.

X Lattice parameters c/a Unit cell volume
_— 3
a(A) c(A) i
0.000 3.9463 3.9888 1.0108 62.1216
0.025 3.9524 3.9882 1.0090 623017
0.050 3.9632 3.9922 1.0073 62.7061
0.075 3.9704 3.9915 1.0053 62,9237
0.100 39717 3.9826 1.0028 62.8239
0.125 4.0109 B 64.5263
0.150 4.0178 - 64.8572
0.175 4,0252 - - 64.2163
0.200 4.0340 - - 65.6431

gets wider-and turns to red.and their centers shift significantly to
lower frequéncies,-indicating an A,(TO) shift, Alternatively, a new
mode was labeled as mode'3-195 cm™' and reported to be another
sub-band assigned to the A;(LO) mode145.46]. This band is reported

to be more'praminent.in-rhombahedral (R) and O phase and it disap-

pears.in the Tphase (2547, Thus, the-appearance of mode 3 A,(LO)
and a shift of mode 4A,(TO) couples with the decoupling of three
A(TO) modes, suggesting the existence of an O phase. However,
mode 5 (E(TO= LO) + By)is a-characteristic peak of the T phase and
still seen, which infers that this x = 0:125 ceramic has multiphase coex-
istence with Trand @ phases at room temperature, as its coexistence in
BaTi0s s well known | 19.29.46 . This evolution of the O phase can be
observed by monitoring the relative intensity of Raman mode 3 and 4
(Tyos/l2s5), as'shown-in Fig. 3(¢), and the peak fitting of mode 3 (red
color).and 4 (green color)of the composition x = 0.125 as shown in
Fig.3(d). Values of |,95/f55 incréase from 0.6 to 1.05 for x = 0.000 and
X'= 0.125 ceramigs, then drop to stable for ceramics of x > 0.15. This
shows the inerementof A (LO], indicating an increasing fraction ratio
of the'0 phase, which correlates well with the fitting peak of mode 3
and 4 and shows mixed phases of x = 0.125. Coexistence was found
in-ceramics of0.05 < x < 0.125, with an increase in O phase fraction ra-
tios: The vibration modes for x > 0.125 ceramics seem to change, thus
implying composition-induced phase transition. The disappearance of
the sharp mode 4-300 cm™ ' was observed. However, the Raman-
active bands including peak dips at 129 cm™', 187 cm™', 289 cm ™,
435cm™ ', 523 cm ', 729 cm™ ' and 795 cm ™! were revealed. This pat-
tern is similar to the characteristic wave bands found in BaZrg 40Tio 5004
(BZT), which suggests a predominantly cubic-type structure and shows
no upward phase transition in temperature [48].

The presence of bands shows the existence of local distortion, due to
the mismatched size of B-site ions, even at temperatures above Curie
temperature (T¢) [48]. This proves similar results to the detection of
non-centrosymmetric Jocal structures in apparently pseudo-cubic
nanopowders [49] and nanopolar regions in incipient ferroelectrics
[50]. The changes in the Raman-active characteristic patterns, with in-
creasing ratio of variable BZ ceramics, showed the composition-
induced phase transitions of the T phase to T + 0 and PC phase. In addi-
tion, the mode 9 peak was observed at around 800 cm™"' in x > 0.075
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ceramics. This Raman peak isassociated with the A, octahedral breath-
ing mode, which is Raman-inactive for anideal perovskite [ 17,19, How-
ever, this A;; mode can be observed for complex perovskites and solid
solutions with two or more B-site species, since different ions in the cen-
ter of the octahedral result in asymmetric breathingsmode, and it be-
comes Raman-active | 17,44], The intensity.of'this peak becomes more
pronounced with increasing BZ ratio. This is in-accordance with an in-
crease in the asymmetric rather than symmetric octahedralbreathing
mode, which correlates well with broadening main peaks that'indicate
a relaxed Raman selection rule ascribed to the B-site disorder in the
samples [17,19].

The ferroelectric state of the materials can be indicated by the rela-
tive intensity of mode 8 and 9. A decrease in values of the I,/l597 inten-
sity ratio, as the BZ amount increases, indicates that the ceramics exhibit
areduction in the long-range-ordered ferroelectric phase. However, the
prominent dip mode 1-129 cm ™', which is associated with a normal
mode involving Zr atoms (Zr-related phonon mode), was found in ce-
ramics with higher BZ content, thus implying a nanometer-sized Zr-
rich phase [48,51]. This feature had never been observed in BT before,
but has been observed in BaZrg 40Tine00s [51] and BaZrO, [41]. Modes
1 and 9 suggest the possibility of a relaxor-like state, which can be ob-
served in the dielectric dynamics revealed in the dielectric properties.
The coexistence of phases correlates well with the literature reports
for BCZT ceramics that approach the mixed phase region [46]. This is
due to Raman scattering being extremely sensitive to the crystal

0.125/ | Forinterpretationof the refefences to color in this figure legend, the reader is referred to

structure and-transitions invelving oXygen displacements [24], which
leads'to Raman‘Spectroscopy beinga particularly useful tool for investi-
gating phase transitions, e.g. in nanocrystalline ceramics, that are barely
detectable by other methods. Fig. 4(a-d) show SEM images of a surface
morphology of xBZ: x'= 0.025, 0.075, 0.125 and 0.200 for ceramics
sintered at 1400 °C. A-large average grain size of about 15 + 4.56 um
was observed in.the compasition x = 0.025, which decreased signifi-
cantly to 946 1 2.15 um as x increased to 0.200 as shown in Fig. 4(d).
Typically. BZ-based ceramics achieve densification at sintering temper-
atures above 1650 "C which is significantly higher than 1400 °C for BT
ceramics [41.42). The substitution of Zr*' onto the Ti* ' -site in
XBaZrO;-(0.85-x)BaTi03-0.15CaTiO; increases the sintering tempera-
ture, causing a refinement in the average grain size with increasing BZ
content when a constant sintering temperature is utilized such as
1400 °C. In order to study the phase transition behavior on temperature,
the temperature-dependent dielectric constant (&) and dielectric loss
(tana) were investigated on cooling over a temperature range of
— 150°Cto 200 °C. Since the phase transition temperature can be locat-
ed by anomalies in the dielectric data, the & and tans values measured
at 1 kHz as a function of temperature for unpoled xBZ-BT-CT samples
are shown in Fig. 5(a-d). Three dielectric peaks were observed for the
x = 0.025 composition in both & and tano data at ~100 °C, ~— 75 °C
and ~— 140 "C which are correlated to three phase transitions. The
peak at - 100 °C is the temperature of maximum dielectric constant,
which corresponds to the transition from the paraelectric cubic phase



114 N. Chaiyo et al / Materials and Design 133 {201

8 ” 16
Grain size (pm)

Particle size distribution (%)

o
¢ 8 10 12 4 16718 20 21 24
Grain sizé (um

Particle size distributio

Fig. 4. SEM images afithe surfacefor xBazZr0i=10.85-x1Bahi0,-015CaTi04: (4] x = 0/025,(b))x = 0,075 () X

to the ferroelectric tetragonal phase that occurs on-cooling: known as
the Curie temperature ( T¢). This|is consistent with theliterature. and
XRD data at room temperature,in that x =0.025 exhibited a tetragonal
crystal structure with a well-defined (200) splitting: The low tempera-
ture phase transition is thought to correspond to the phase transition
from the tetragonal ferroelectric phase to.another ferroelectric phase.
Three anomaly peaks for 0.025 €% < 0.125 céramics:were gbsérved
with more clarity in the tana.curves,which show more sensitive charac-
teristics. The temperature of maximum dielectric constant correlated
with T¢ on cooling. According toreports on the intermediate O phase be-
tween Tand R phases in the host BT and BEZT phases {46 ], and results of
the phase analysis in this study, the:low temperature peak isthought to
correspond to a transition from a tetragonal ferraelectric to an ortho-
rhombic phase (T;.). The third peak is considered to‘correlate with
the transition from an orthorhombic ferroelectric to a rhombohedral
ferroelectric phase (Tog).

It is interesting to note that this evidence reveals the'existence'of the
intermediate phase between T and R, which was thought to be the 0
phase, and correlates with the calculated diagram that features a stable
region in the homogeneous O phase in BCTZ ceramics [52]. The O phase
was reported to assist as a structural bridge, where polarization rotation
occurs among polarization states of R and T phases in the BT-based solid
solution [52,53]. This narrow region of intermediate phase is strongly
temperature- and composition-dependent. The O phase is difficult to
detect by using XRD in mixed-phase compositions around the conver-
gence region, but it was observed by Raman spectroscopy as mentioned
previously. The dielectric data coupled with Raman study supports the
existence of the O phase in these ceramics. It is also interesting that sig-
nificant changes were observed in the temperature-dependent dielec-
tric data on composition with BZ doping.

Fig. 6 illustrates a pseudo-binary ferroelectric phase diagram for the
BZ-BT-CT system, where values for To g Tr.o and T were derived from
the temperature-dependent tans data. The T values shifted toward
lower temperatures linearly with increasing BZ content. Meanwhile,
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0.200 ceramics.

the Tr g and T polymerphic phase transitions were found to shift to
higher temperaturés with a-narrowing temperature window, which
made it more difficult to observe peaks clearly! These three phase tran-
sitions seemed to be closer.and pinched together near room tempera-
ture, thus providing.a convergence region where those phase regions
intercept. Only one broad & peak forx= 0,125 ceramic was seen to cor-
respond with Te. Thiscould confirmthat the substitution of isovalent el-
ements:on-the B-site in BaTiO; can either increase both Ty, and Ty or
decrease’ T 148 |, which is congistent with findings in the literature in
that Zr* %) can_increase Ty o ‘dnd Tg gdn BCZT ceramics [37.49]. The
phasetransitions near room.temperature result in improved piezoelec-
tric/propesties | 1.13.17221 which suggests that x = 0.125 ceramic is a
PPR. As a consequerite, the pelarization rotation and extension, coupled
with the ferroelectric domains, can switch easily under an electric field
providing a large piezoelectric response, due to a flattening free energy
profile in compositions near the PPR [2,23]. In addition, this type of
phase diagram was found in lead-free and lead-based ceramics, e.g.
BNT=BKT [14], BNT-BT [54], BNT-PT [22] as well as PZT and PLZT [38,
55, which are known to have strong piezoelectricity.

Fig. 7 shows &, and tana curves for (a) x = 0.000, (b) x = 0.125 and
(¢) x = 0.200 ceramics measured from 100 Hz to 1 MHz, and an abrupt
change for x = 0.000 ceramics in & and a sharp peak with frequency-
independence were observed. Meanwhile, it can be seen clearly that
the compositions x = 0.125 and x = 0.200 exhibit a broadening of the
dielectric peaks and more apparent frequency-dependent behavior as
x increases (especially at temperatures lower than the transition tem-
perature). This phenomenon is more pronounced in the tané data. The
broadening of the phase transition peak is seen as the full width of
half maximum (FWHM) extended to about 100 “C, suggesting the pres-
ence of a diffuse phase transition (DPT).

In general, normal ferroelectrics such as BaTiO, exhibit a first order
phase transition and the temperature dependence of & above T¢ in the
paraelectric phase follows the Curie-Weiss law [55]. However, a devia-
tion from the Curie-Weiss law occurs in materials with a diffuse phase
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of diffuseness and C is the
characteristic can be gained
s between 1 and 2. The value
order phase transition behavior
law. The value of y = 2 describes a
]. The plots of In(1/&, — 1/&,,,) ver-
) were determined using the linear
X -0.20 ceramics, and the data are illus-
ken at 10 kHz were used for calculation in
charge contributions from the low frequency
tween 1 and 2 correspond to incomplete diffuse

7(d) shows a modest increase in y for compositions from x =

0.000 (y = 1.22) tox = 0.050 (v = 1.42), and then a significant increase

for compositions from x = 0,075 (v = 1.78) to x = 0.200 (y = 1.94),
which suggests that increasing local disorder (which was detected by
Raman spectroscopy) can drive the diffuse phase transition behavior
in compositions with higher BZ mole fractions. This is consistent with
results reported previously, in which B-site cation disorder governs
the diffuse phase transition in BZ-BT-CT compositions [57], and as BZ in-
creases, the higher substitution ratios of Ti* * by Zr* ' increases the de-
gree of disorder on the B-site. The mismatch in size between the Ca®
(1.34 A) and Ba®* (1.64 A) ions on the A-site, and Ti* ' (0.605 A) and
Zr*' (0.72 A) ions on the B-site causes substitutional distortion of oxy-
gen octahedra, which leads to local electric and strain fields [21,48). Fig.
8 presents the electric-field-induced polarization (P-E) and bipolar
strain (S-E) hysteresis loops of ceramics at the applied electric field of
60 kV/cm at 0.1 Hz. The high electric field strength is at least 7 times
higher than the coercive field (E.) and was used in order to ensure full
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saturation of the hysteresis loops. Substitution of BZ causes a change in
both P-E and S-E hysteresis data. Well saturated hysteresis loops with
large P, (> 14 uC/cm?) were achieved in-€ompositions, x =.0,00-0.10,.
The asymmetric S-E loop can be seen.for the compositions. x = 0.00-
0.10, due to the internal bias field'( Ey,,.) in the ceramics, which could
stabilize the domain wall motionand greatly reduce extrinsic-contribu-
tions [58]. Ceramics with a low concentration of xBZ, x = 0.00.and 0.025.
show a strongly asymmetric 5-E and P-E loop. Similar behaviors have
been reported for ferroelectrics.that congain oriented polarized defects.
Asymmetric S-E and P-E loops may be caused by the un-switched defect
polarization associated with a non-gentric distribution of defectdipoles
(59,601,

As the mole fraction of BZ increased, the P-E lpops evalved to a
quasi-parabolic shape, and the butterfly-shaped S-E loops transitioned
into a sprout shape with negligible negative strain.and-a hysteretic fea-
ture. A dramatic increase in strain under a small electriefield levelswas
observed with almost no hysteresis at high electric fields. This implies
that the polarization and strain response is strongly correlated to the
composition-dependent phase transition in this ceramic system. The
small hysteretic feature of the S-E loop indicated that the extrinsic con-
tribution was less pronounced.

The extracted values of maximum polarization (P,,,,x), remnant po-
larization (P,), and coercive field (E.) values of xBZ ceramics are listed
in Table 2 and also Fig. 9(a). The increase in BZ content seems to influ-
ence Ppax and P values slightly. The Py, values increased slightly
with increasing BZ content and exhibited a maximum value at the com-
position x = 0.10 while P, values changed slightly and clearly started
decreasing beyond x = 0.125, as the ceramics transitioned into cubic
symmetry. The E; values decreased dramatically with BZ content, indi-
cating that the ceramics had become soft enabling easy polarization
switching at low applied electric fields. The value of E. of 2.6 kV/cm
for the composition x = 0.125 is relatively low when compared to
other lead-free piezoceramics [13,2526]. With regard to the

compositions with x '2.0.15, the ceramic transitioned into a cubic
phase as T shifted to below room temperature. However, a small hys-
teresis in the P-E and 5-E data were still observed with drastically re-
duced P, (Lig 8). This can be seen in the BZ-BT-CT system, where the
correlation between high-field piezoelectric behavior and the phase
transition is rather weak. The small hysteretic polarization loops, rather
than/linear outputs, are likely to_accord with either the polar nano-
regions in the'ceramics or oxygen octahedral tilts observed by Raman
spectroscopy. However, residual piezeelectricity decays in composi-
tions far away from phasetransition with higher BZ content.

In order to investigate the piezeelectric properties further, the low-
field longitudinal piezoelectric coefficient (dy3), planar electromechani-
cal couplingfactor (k;) and quality factor (Q,,) determined on poled
samples were considered-and are shown in Fig, 9(b). All of the correlat-
edvalues are revealed in Table 2, As the BZ content increased, ds5 values
increased from 128 pC/N (x = 0.00) to 305 pC/N (x = 0.125); and k,
values tended to increase slightly from 26% (x = 0.00) to 32% (x =
0.125). The increase in the piezoelectric response with the increase of
BZ coincides with the near room temperature phase transition. The
composition x = 0.125 showed the highest d3; value with moderate
k,. This is consistent with the maximum low-field piezoelectric re-
sponse of the BZT-BCT system, which occurs slightly above the O-T
phase boundary [61]. The Q,, values decreased dramatically until x =
0.075 and were steady at 0.075 < x < 0,125 before decreasing again.
The compositions with x = 0.15 seemed to experience a degradation in
piezoelectric properties as Tc shifted below room temperature, from
temperature-dependent dielectric data. The ceramics in this region can-
not be poled because they are related to the cubic phase. In addition, it is
noted clearly that ceramics with PPR composition show enhanced pie-
zoelectric properties. The unipolar electric-field-induced strain was per-
formed for xBZ compositions at 10 kV/cm at room temperature; where x
= 0.00-0.125, as illustrated in Fig. 9(c). The d+3 values for the materials
in this study are listed in Table 2. The x = 0.00 ceramic exhibited a small
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degree of hysteresis in the strain loop with & maximum strain of about
0.32%, and a d; value of 320'pm/V. The slope of the S-E dataincreased,
as well as d33, as the amount of BZ increased; As the composition at x =
0.125 is considered a PPR composition with mixed T 4 0 phases;the
unipolar electrical strain‘is about0,174% and the dy3 value equaled
1740 pm/V, which is around six times higher.than that of the pure T
phase compositions. Furthermore, due to the change inslope in the'S-
E data this x = 0.125 ceramic exhibited a very large d+3 valueof about
2244 pm/V at a very low electric field of 5 kV/cm as shown by the'bro-
ken orange line in Fig. 9(c).

Fig. 10 shows (a) P-E hysteresis data, (b) S-E data and (c).changes in
switchable polarization (2P, ), coercive field (E:pand the P-E loop areaof
x = 0.125 ceramic before and after 10° bipolar triangular waveform cy-
cles at 20 kV/cm at 10 Hz. After 10° cycles, a significant changein the

Table 2

Maximum polarization (P, ), remnant polarization (P, ), coercive field (E, ), low-field lon-
gitudinal piezoelectric coefficient (dy;), planar electromechanical coupling factor (k;,),
quality factor (Q,,) and normalized piezoelectric coefficient (d}).

X Prax P; Ec dyy ky Qm dy)
(uC/em’)  (uC/em’)  (kV/em)  (pC/N) (pm/NV)@10
kV/mm
0.000 182 10.8 82 128 026 478.8 320
0025 178 95 7.5 150 029 3488 364
0.050 184 9.0 66 178 030 3282 544
0075 186 86 5.4 229 034 1010 775
0.100 20.0 86 33 260 036 902 1140
0.125 180 7.7 26 305 032 1049 1741
0.150 158 43 25 - .
0.175 145 14 1.4
0200 126 0.8 1.0 -

polanization-loop was observed. The P-E hysteresis loops retained a
shape'similar to that of the virginueycle, but became slightly slimmer
with an increasinig slope in the.P-E loop occurred as almast a vertical
line; The.continuously decreasing area in the P-E loop shown as a func-
tion-of the number of cycles in Fig. 10(c) was used to confirm the
narrowing of the P-E shapeafter 10%electric cycles. Furthermore, after
f‘axigué."s,,;,‘ was seen to.increase by 14% and 12% under negative and
positive electric fields, respectively (Fig. 10b). Sixteen hours later, the
Smax for negativeiand positive electric fields were seen to decrease
from the initial stage by 0:6% and 3%, respectively. This is in contrast

to typical PZT behavior where polarization was found to decrease dras-

tically after10° cyeles of applied fields, and a large asymmetric strain
degradationof up to -58% and -90% was observed, leading to a gradual
change in curvature of the hysteresis loops [62].

In order to quantify the degree and evolution of fatigue, variation of
the 2P,, E. and P-E loop area values are shown as a function of applied
cycle number extracted from the hysteresis loops in Fig. 10(c). The
quantity 2P, is the difference between positive and negative remnant
polarization. Non-linear behavior was found under bipolar cycling.
The 2P, remained relatively constant up to 10° cycles, before increasing
drastically by - 10% after 10° cycles. The E, values were seen to decrease
asymmetrically by 10% and 24% for negative and positive fields, respec-
tively. The horizontal shift of the hysteresis P-E loop could be seen, due
to the internal biased field that built up in the sample. The average E,.
values were found to decrease linearly by 9% in the first 100 cycles,
then stabilize and decrease again after 10* cycles. The reduction in hys-
teresis loop area implies that the ceramic requires less energy to reverse
polarization. It should be noted that the composition with x = 0.125 ex-
hibited a relatively high fatigue resistance when compared to other ma-
terials in Fig. 10(d). Table 3 shows a comparison of the piezoelectric
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properties of xBZ ceramics in this present work with the recently report-
ed modified BT piezoceramics [69-83]. In this study. xBZ ceramics
showed a maximum value of dy; ~ 320 pC/N and a very large converse
piezoelectric coefficient dy5 ~ 2244 pm/V at the composition x =
0.125. This anomalously large converse piezoelectric response coincid-
ed at the PPR composition (x = 0.125) and can be correlated to the in-
trinsic contribution caused by the coexistence of the T + O phases and
the extrinsic contribution caused by a low E. which facilitates the do-
main switching process. Low energy barriers between the two phases
in the ceramics provide a favorable condition for the easier dynamic
motion of domains and contribute to the high piezoelectric response.
Compositions with comparable converse piezoelectric coefficients

shown in Table 3 utilize similar mechanisms to achieve ds; values
over 1000 pm/V [17,23.60,75,80]. Overall, the PPR composition at x =
0.125, in xBaZrO3-(0.85-x)BaTi0s-0.15CaTiO; shows outstanding piezo-
electric properties with promising fatigue resistant behavior.

When referring to the evolution phase results of xBZ ceramics,
composition-induced phase transitions exist with increasing BZ con-
tent. The predominant pseudo-cubic (within the XRD detection limit)
x = 0.125 ceramic had T + O multiphase coexistence confirmed by
Raman spectroscopy. Electrical property measurements revealed an al-
most square-shaped P-E loop and butterfly-shaped S-E loop, indicating
aferroelectric phase. The dielectric data showed diffuse phase transition
and frequency dispersion that indicate relaxor-like behavior. As BaZrO,
is cubic at all temperatures, it induces a diffuse phase transition and
relaxor behavior when in solid solution with BaTiO; [51,63]. The non-
polar Zr-rich phase was confirmed for this BZ-BT-CT system by the
prominent dip of mode 1 at 129 em™' in Raman spectra. Therefore, a
possible hypothesis was proposed using a relaxor model that assumed
a two-phase'mixture comprising nano-regions of a non-polar [ZrOg)
cluster phase dispersed in.a long-range ferroelectric tetragonal matrix
phase: This resulted in an.order-disorder state as it was reported that
the Substitutionof Zr* * interferes with off-centering and ordering be-
haviors-of Ti ions-and the dynamics of polar nano-regions [20,64). The
size mismatch-betweenZr' ' and Ti ' leads to different B—0O bond
length and inequality of the average tilt angle between ZrOg and TiOg
{654, The random distribution of ZrOgTi0, induces the structural and
lattice distortion resulting in disordering of the Ti displacement. This
order-diserder type ordering of local polarizations couple with the
strain results in the large piezoelectric response in PPR compositions
of many lead-free containing ferroelectrics [ 12| due to easy polarization
rotation. Moreover, as reported, BZT-50BCT showed an electric field in-
duced reversible transformation-from multi- to single-domain state,
with the appearance of an‘intermediate nano-domain state [27.28].
The single-domain state-was bélieved to-have orthorhombic symmetry
[27.28.65] Hence, coexistence of the @ phase suggested that the nano-
domains were likely present already in the initial state of this study, as
abserved in PZT | 30], and it could accelerate the reversible transforma-
tion between different multi-domain states. It has been suggested that
this is theorigin of the ultrahigh piezoelectric response together with
enhanced intrinsic and extrinsic contributors in the PPR regime. In addi-
tion, this nano-region phase also is extremely stable against fatigue, due
to the.absence of domain structure [66].

The origin ofoutstanding Bipolar fatigue resistance of the composi-
tion,x = 0.125, also was proposedin this work. The degree of ergodicity
in BNT=based relaxorscanhave impact on high fatigue resistance be-
havior. Regarding the compasition x = 0.125, as a two-phase mixture,
a schematic of the proposed fatigue mechanism model for this study is
summarized in Fig. 1. The blue hexagon represents the polar nano-
region surrounded by the non-polar Zr* * -rich region that exhibits
local'polarizations that impedes the long-range dipole ordering within
ferroelectric domains. The measured properties (P, and E. in Fig. 9 and
Fig. 10} indicate that the fatigue mechanism of the composition x =
0.125, consists of three regimes when subjected to repeated electrical
cycling. Within the first stage, stage |, from 1-10° cycles, the P, stays rel-
atively constant, and E. decreases almost linearly. This stage corre-
sponds to the poling stage where long-range dipole order is
established within matrix as the polar nano-regions exhibit a reversible
reorientation in alignment with the changing electric field (represented
in light blue color). The aligned ferroelectric domains, which do not re-
vert back to the initial state, exhibit a remnant strain (S,e,). After 10-
* cycles into the second stage, the P, increases gradually and E.
decreases continuously. The remanent polarization P, increased 10%
and the maximum strain increased 13% after 10° cycles. This could be
attributed to easing of the electric-field-induced transformation of the
nano-regions, possibly due to removal of pre-stresses and favorable
alignment of defects, which enables facile switching into the ferroelec-
tric phase. A decreased E. enables the external field to align the domains
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easier, as the number of cycles.increased. This is evidence that the do-
mains become more dynamicin this stage, and reconfiguration of the
domain structure becomes easier [32]. Thé area of the P=E loop de=
creased continuously, confitminig-a decreased energy requirement for

Table 3
Comparison of k. d; and d; values of ceramic in this work with recentyréported mod-
ified BT-based systems,

Coexistence phase composition in k, iy s Applied Ref.
BT-based system (%) (pCNj. (pm/V) electrig-field
kV/em)

This work 32 305 2244 ) =
(BaggsCap1s)(Zro 1oTina )0y 57 572 e
(Bag.02Cap.08)(ZrogsTine)0y 485 1365 - [68]
Ba(Zrp 20Tig.so)03-50(Bay ;Cap 4 ) TIO; - 620 1140 Bi 23]
0.87BaTi0+-0.07CaTi04-0.06BasSn0 439 1280 10 17]
(Bag gsCag,15)(Zrg10Tio.00 )03 51.2 423 - - 169]
(Bag.guCag.o ) (Zro.a:Tio.eu )04 44.1 375 - |70}
(Bag.95Cag o5 )(Zro.04Tio.06 )04 35 338 = = 171]
(Bag ssCag.15)(Zrp10Tig .00 )0y 48 470 950 40 172]
(Bap 0gCag 02} (Tip.ueSNp04 )04 48 510 = = 173]
(Bag.97Cag.03)(Tip.uaSNp.0s)04 45 440 = = |74]
(Bag.6sCag.0s)(Tio 0250 08 )0 477 568 1013 5 175]
Ba(Sng 12 Tig ps )03-30(Bag ;Cag 5)TiO, - 530 820 5 |76}
(Bag.g5Cagos((Sng.11Tipgse )05 52 670 1214 5 |60]
(Bao.saCao.1o( (Sno.1aTio )0y 455 521 - [77]
BaTiOs-11Basn0, - 697 - |78]
(Bag aoCao.10( (SNo.06Tio.gs )0 432 405 - . [79]
BaTi0;-6.4CaTi0;-9.6BaSn0, 52 570 1444 5 |80]
Ba(Hfy 20 Tins0)04-50(Bag 7Cag 4)TiOy - 550 - 181]
(Ban 5Sro,11((£ra.05Ti0.05)04 38 380 [82]
(Bag a55r0.05( (£r0.05 Tio.05) 04 # 300 183]

the reversalof the polarization; which could lead to higher polarizations
and strain response 132],

Inadditjon, theincreasing slope in the P-E loop, with higher levels of
electric eycling, implies that the ceramic shows behavior approaches
thatof a single crystal with-single-domain state, which normally ex-
hibits an almost vertical line‘according to the reversal of the spontane-
ous polarization [ 3|, This correlates to the electric field cycle induced
‘domain.reorientation that can-accelerate the transformation of the
multi-domain te'single-domain state in BCZT ceramics causing larger
strain, as-previously reported [28.65]. Some aligned polar nano-
regions might remain in'the poling stage (light blue color) after removal
of the electric field-resulting in a higher S,.... In the third stage, 16 h after
fatigue, the ceramics showed almost no degradation. The S, and Syenm
decreased and appeared to return to levels close to the initial state. This
suggests a degradation in the dynamic behavior of the domains as com-
pared to the second stage, and it transformed back to another multi-
domain state similar to that in the first stage. This is likely due to migra-
tion of defects that inhibit domain motion [32]. A similar increase in po-
larization has also been observed in many lead-free BNT-based ceramics
[31]. This is in contrast to other low fatigue resistance ceramics, where a
reduction in polarization is observed after cycling due to a number of
mechanisms, including domain wall pinning effects due to defects (in
particular oxygen vacancies) [32]. It is known that PZT-based ceramics
possess point defects, i.e. oxygen and Pb vacancies, which can induce fa-
tigue behavior [35]. In normal ferroelectrics such as PZT and BT, the im-
provement of fatigue resistance was reportedly attributed to a
reduction in oxygen-vacancy concentration and coercive field [32,34].
The BCZT ceramics seems to exhibit a weak domain wall pinning effect,
due to a lower defect concentration and the unpinning process [31). The
low spontaneous polarization of the BCZT ceramic results in shallow
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