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ABSTRACT

The aim of study is to investigate the solid solution of barium titanate — bismuth
sodium titanate — bismuth gallate (BaTiO,-Bi,,Na, ,TiO,-BiGaO,) and barium titanate — bismuth
sodium titanate — bismuth aluminate (BaTiO,-Bi,,Na, ,TiO,-BiAlO,) in terms of perovskite
phase formation, phase transition, morphology and electrical properties. The polycrystalline
sample of 0.9BaTiO,-(0.1-x)Bi,,Na,,TiO,-xBiGaO, and 0.9BaTiO,-(0.1-x) Bi,,Na,,TiO,-
xBiAlO, when x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 was prepared by the solid state
reaction method involving the use of high-purity starting oxides and controlled atmosphere
sintering. Phase development of calcined powders, the crystal structure and phase transitions
of sintered ceramics were analyzed by X-ray diffraction (XRD), dielectric measurement and
hysterysis loop measurement. The morphology analyses were undertaken by scanning
electron microscopy (SEM). XRD results showed that a single phase perovskite structure
was formed in the ceramic at 0.00 <x < 0.06 of BT-BNT-BG and 0.00 <x <0.04 of BT-
BNT-BA. As the amount of BG and BA concentration increased, pyrochlore phase was
found. The ceramics with a perovskite structure showed a tetragonal at 0.00 —0.02 of BT-
BNT-BG and 0.00 - 0.10 of BT-BNT-BA. As the amount of BG concentration increased
structure, psudocubic was found at 0.04 <x <0.10. In addition, dielectric results showed that
the phase transition temperature of BT-BNT-BA from tetragonal-psedocubic (T.) decreased
when a small amount of BG was added. As for BT-BNT-BA dielectric results showed

that the phase transition temperature was similarly cause of nine phase transition. As the

III



amount of BG and BA concentration increased, the ceramic became denseless and poor
developed grain morphology with almost lots of porosity was finally obtained.
Keywords : Lead-free piezoelectric, BaTiO, , Ba, Na, . TiO,, BiGaO, , BiAlO, , perovskite

structure, dielectric properties.
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sanilunquisy 4 nqu Taunguitlinnudnanaingaldun nquesndinusenaziasen

Ed

(oxygen octahedral; ABO,) ¥ail Tnsaadramasova’lngd Tau A uay B 1iluleoouan (cation)

]
o

FaegiyuuazNduIagUIna1dl (body center) ¥oamiruwadama1ey uaz 0 1Huloeou

a 1ot ) Y ) o a ad a da 9t
DONFIAUDYNAINATININU (face center) YUDIMUWIFAA l‘]fi'll]ﬂlﬂﬁli‘i@lﬁﬂﬂiﬂYI'L.lUlJEl‘lf'ﬂi.‘_l'ﬂ
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[ AN 32 NQU ]
|
| |

] 1 o ) LI | o
rﬁnmm'lumuqﬂguﬂnmq aumes Idyaguanang

(non-centrosymmetry) ) (non-centrosymmetry)
( ~ oo k
LlﬁﬂﬂﬁﬂﬁﬂW{UT"ﬂﬂlﬁ anIn

(20)

S »,

' B
@y a o )
llﬁ’ﬂ\iﬂl!ﬂﬂllT‘iTiﬂlﬂﬂ‘l’!‘jﬂ

e (10) \J

I

( wa [ a d a -\‘
uaaaauiaos Iaomnnin

L (10) P
l
| | I |

Tasanay | | Tassadanuioanazaasoa | | o EEET ..
) . ] lnTsaand | | ¥uvosdmim
HAAnUUTOUA VY910 0NTIU

[ Wﬂﬂﬂn‘msaﬂﬁ"lﬂﬁj

]
[ Baricﬂ [ Cpzm ] [ PLZT ] [_#Tj d{ﬁ

3UN 2.5 inunmuaaInsiiaRanawauINAs 1]

Tawia 1 Saqule Ts8i@nnsnd Inan lswduugud dosninmleTs8idnns nTanm
(ferroelectric domain) UMs9AGHAAITUBEBT: Tasudaz Tamuilszneudiowtiiuyad
Sunannegiadu (loond1 108 mizwad) Fumazmirmadinssatandiondetuuas
wunduTamududosumalan lufagiiilassadunassInuoaszilann 2 uwy fe
Tauiimannanuiston (stain-producing domain or switching) HRANIA 90 BIAAVUAY ¢
waz Tauii li1diRae1nAuiAS uA (nonstain-producing domain) ¥1yN180 BIAITLLAY o

TuvazidagniilnseadesenTugasoal Tawuuuufinilaiiyy 71 uaz 109 eaMAuUIY ¢

q

] [l

wag Tamuuuunaesiyy 180 83mAULAU ¢ msnfasunlasvuavesiaginain Tamunoy

v [l ) ¥
Anitagava i imsadunaldun
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2.3 auiin ladannin (Dielectric property)

fagladdnnsn Wuriiantavemuadalih Wi uazdiannsafudszeInih
1&8nda0 Fesmnnwaunsalumssnfiudseyiiihwesasladdanin Sondr mawg
9% (capacitance) tiieldaun IWiwnmsladidnnin msladidnnsnevidams Twarls

o X &

Fudu Fumdumirasvealna lsmsudonitaniioU3inas (et polarization/unit volume)
Fadra Inan lsmFugaierdanalions ladidnndnfidnaug Ifhgenw ludae Tavauia
maladidaninfimniinefffvadesianua 3 @ Ao Man muenduing (relative
permittivity : €,) AwWAINUIABIANNSA (diclectric strength) azAANugELladiEANTA

(dielectric loss)

o s ¢
2.3.1 MAMWHOHTUNNE (Relative permittivity; £,)

= v o ] ] - ) ] Py e 9 ~ 1
Wnsandunulsegediaie Ae Wunkuvnunidie lans Taulszozyia

" w g o Y o ) " e " 1 o A Ao 9
pAY d WuimihaavouWuvIuMAY A serinuduvinudugyannia dedldnd Wi

" ] { 1 1 % o, [} = ] v =1

v Aseunruvuu Taenusu Tanzunun iozdundulsey +Q uazdnurunilavziluilsey

¥
-Q mlszethvzdludadauiy v deaums 2.4

Q=CV e (24)

Q
=4

58 C=2
H CV

1o C fie Annw i (capacitance) ImiruilugasuiaeTad (c/v) wievhia (F)
1 ] o d A
mnnuy Mihdevenisanuannsalunisdmnulszy delinnuy luihuna
' A d ) y X 9 o o = ﬁ‘ P 1 " '
milagunuiszgldunmmiu Swndadulszyiivinaiuivuumnannsgoriaszuing
uruvuunng 9z 14y Inihimasauns 2.5
EoA
@ a— —— Y
3 (2.5)
e ¢ Ao Arnnuy IWih Tmiodluvhsa @)
€, fio Anei ladidansnlugmannieiing 8.854 x 10 vh¥adomwns (F/m)
a £ d o oo ' ad a a 1 d 2
A fio Wumihdavoaunu ladidnnsn Imisailuaisiawas (m)

& a g = = ] o
d ne ﬂ’)'llmu'l’uf)dﬂ"ﬁ]lﬂ‘f)lﬁﬂﬂiﬂ uruung (m)
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Vacuum Dielectric

T ]

Electrometer Electrometer
(a) (b)
714 2.6 naves ladidnninsgniednnuilss guauguunu Tasldedn Tnsiiwes faaueg
aaring iile 15z wih 11 (o) Tueimamuimwaedndfia i vo tiag (o) ks

lagidnvisnla1ua1eding v el Vo [11]

1
A A A

N adg ) & 1 1 1 1 9 =
lunsundas lagidnnineauegs g auRuIEY A192189 Il azlinn
A X [~ o 1 = 1wt o w 4 I A o '
FNUY U IUMIBIMIA UATEN INEONTNANT (relative permittivity : €) WIDITUNN
T A a g ~ : . = o
A1AeN 19BIANTIN (dielectric constant) VBTN AIANATT 2.6
ErEgA
C=—"""- sevvein (1 2:0)
d
o n _ad ) 1 o g ' A o o o
maims laddnninagludgunudszyezomumasauazauluannuilsz

TWannsnadidufulszyunafnudaig Infhge1d

2.3.2 anunanulndiann3n (Dielectric strength)
a o o 3 e o W 1 & a
awaanu ledidnnin Humindngesnnildlumsdszdugunimues
a g a A& a g a Ad a1 =< ' ' w d
lagidnmin gamnuaemnulasidnnsntbiulSinantenisanumumuden nuaiedng
ag ~ ad a " 1w @ { a g A w
voulagiannin awnuladidansnlinumnudnd Iwihgeganlasidnnindenldanls

= 1 4 ' w a g G U 1
Tagdswminaudenisaenimermilaniig  t1iae ladidnningniloudioainiiuaig
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anng e ldanuduvesdidnaseunia leesulunmsiznee i lnaruiag

=
=
el

s oA

f
A d T a 1 a g = U a 1 aodg =
lagiannsafaununiinunulasidaninuazdiiannuniianiunulasidnnina

=

adg o o a 5
aq lavmnn3inszgmihmonazyildinanis lnavesnszua T

2.3.3 mnsgaydeladidnn3n (Dielectric Loss; tan 0 )
] a N ad a X . 0w a ¥ g
ﬂ1ﬂ31mg‘mlﬁﬂlﬂaLﬂﬂﬂiﬂ (dielectric loss, tan 0 ) dmfuessiinmiuilus
{ & w f = i o J <
anugydeimnavuanms wasnu IWihueduianmsasunlamdsouldfuguo
4 1 i o o : 9 o 1
oue unldounlasflundesuanuieu fudu dsrunsnlsznaldnadadiuvenim
n 9 = Y [ Qs o 1 o 1N ¥ =y = o
laf3ounmanaseiuvessurudniguuIuiazaIniinda ldan19essninaud

& " a N ag & & 1 { A a =) o
walTunmvesmanugyde lasdnvisniuannndszana 18 lusenawd 1 ATagindg

2.4 Insaaramesenlalng (perovskite structure)

Tnseadruuumesea’lng 1fusefdonsuangevessunaidonlnnuua
(caTioy) Tigaslassadamliily ABo, e A naz B fulessuvon Feflvuialessu
Tnguazidnaumay umasdaglii 2.7 Tassaramesera Indiifiugnnvnmiusad
111 Face-center cubic closed packing (FCC) lan'lapauinn A weyfiyuvesmiiiusad
ponduazayiviiuesmiwad uazlessunin B VUNINDY IUBBITNNANNT WA

N (octahedral side)

Cation A

51 2.7 Tassahaumesevalnd [12]
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asdsznouiiiIassafauuumesedalndezsouldfawanasdszaonlungu
; a da o 79 3 Yy ad a ¢ a

Innuuatitanates) a1 q wiiaddownillszgnaldlunududidanseiindisiin
961919 BaTiO, SITiO, uaz PbTiO, a15UszneulunguwesInmia (zirconates) d61913Y
PbZrO, Lz BaZrO, wazaivsznaulunqudu q 8019w LaGaO, LaAlO, way KNbO,
e o o o J 1 1 i

Aludu uenniniilassaamesevalndfdesaiiudnalsznoudosveaniizslnssadhaiiog
molulaseaireanfianuadududounin q viadszinn sdruruaITaNIwIAD

S 9
(superconductor) BNAY

2.5 araslaalnnuue (PZT)

= o Y a d a A o
Tull am. 1952 Jaffe wazamz(13]  ldnunudagqitelvdianniniiiaznuiu
o @/ .
pafsznoundn fio a5 1A lnniun (Lead zirconate titanate; Pb(Zr, Ti))O,: PZT)
% d et s = <0 = v 4 = ar o
FuduasitiauianafioTeddanini laamuinn - awisaiezdsundsnunaliiu

wasu i 1dgs Hgampiigigata 380°C (1 MPB) uazdalimdmlszanigain Iuihidna

= o @ o Y1 = - a d o o a
nge imsvaizesn i Idae danaledannsngs mawes Tawalaniuaiiannnis

=

11 PbTIO, ( T, = 475°C) Al PbZrO, (T, = 234°C) IWAUAY 119 PbTIO, UAIFUguInYigS

YU

ud2 PbTio, sznlavuTassadneiniin lifhuanss Tnueaitinnuonaduuny z o1

T s 1 1 " Qy
uAU x Haz y 93 6% msuananainadawaliimanmdunioluluiuaugann

o o =

v A =1 @
A3 aauiinezinni Ao Pbzro, iiudarugung i

«u

3 {4 o

1 PbTIO, U3 gnsMidudaruguing

= o { a a o = { wa a

giseld Pbzro, wasulassadenniatinluilusenludasen AlautAuuuioud
a g a o dl | = s 24 a

e Tlsiannsnmsiz Ina Isirduiifanianisnilgudnanues z7" svuiimaduiu

aurndnnu vy

o

o PbTiO, Ay PbzrO, nsuiuludadaudie q o214 Pb(Ti, zr)o, Wilignin

dwanslug 2.8 asanaie q vesgrihisom x Hanlszunm 0.52 Wuudnuiianuiim

msziluuSnuh Po(Ti, zr )0, wnlasunnmaseInueaidlusonTudasen Taviiveuiva
o = A =] g o i

Y037 N1A(phase boundary) vFMMiLNeUIzTwdUATINAIRINALUAY x UAAIIINS

o [ 3/ £ gm 5 v 1 ad 1 a 4: " i
wasuudasigmadeduiinatuldnnyrsguungiiisonea9u3 13191 morphotropic phase

o a

1 { ﬂ' lg { 1 _ 4
boundary (MPB) 1flusiai PZT wasuutaslnsiadialaelivudveungingruinui

a o

-

! wa A ad a o a v aw 1 {
PZT veliaudfiiielsdianningegadwaaluzlin 29 dWndtusonaunan PZT i
3
auiadfis Tadidnnsngegalugas MPB ms1¢1%23d PZT Manglugl 2 igma Ao ase
TnueanusenTudaseaseli war lsiwdu 6 uay 8 Aemuawdny daiwiodrldInads
o A

=) ﬂl ey - =Y 5 {
saidoaTamununai Tna launnduansaudfmo Tedidansnlduindu  pzr 14w

gammnssuinezlidaulszneumaniiil MPB fie Pb(Ti, ,Zr, )0, WouINUAL PZT
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500 T = T T ¥ ¥ 1 i L]
e Cubic
400
O =
o Tetragona
£ 300
2
g o
= Rhombohedral
S 200 .
a (high-temperature
100 = Morphotropi ]
/’ hombohedral \ orphotropic
Orthorhombic p: (low-temperatqre phase boundary
1 1 i 1 i 1 i i 1.
1 0.8 0.6 04 0.2 0
PbZrO,. W75 \ K PbTiO,

317 2.8 IpnInEfiusves Pb(Ti,_Zr )O, gungiia1a 9 [14]

2000 - :
g 40.7

|
: 40.6

1500 |- ;
: —0.5

|
; 40.4

«3-1000 -

| —0.3

i
s00 - K } 102

'~ {
: | 40.1

[

i

1
PbZ1O, PbTiO,

3UM 2.9 MamwvenduwniveaTaqifioTadidnn3 AL3 198 morphotropic phase boundary [14]

I o P s 4 g 7 o w ' ¥ a
'ﬂU‘lthiﬂﬂ"lll mi“n’e)en"lﬂlfﬂ‘Uﬂdﬂ:ﬂatﬂuadﬂﬂi:nauﬂanﬂlanﬂﬂna1mﬂﬂﬂ€gm

:’, = 9/ d'
vanwdsems nalumswaauaznis1¥auiianin
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1. 0o lwdvesazmiiyaszimod (Uszuta 800°C) v lidesniuguussomalums
IH1BUHTN (sintering) Bd195ARUIa IHER A ILVBIdIUNANYBL TR IMIgNADN
% & Yi_ o g ¥ a 3 ay =
2. 980 leAaveangnaszme Idhwi Idanumusa lumswiaad Idimowdn
(reproducibility) mlden
4 4 d =Y 1 a :
3. oon lwdvoenznuiuiy asldiRadyrinaniiznisernia Favarwllszinn

o = 2 o w o w =1 &
Tasmmizdszmaanigomsn lamudosinad msvlSuumslduesasdseinniininiu

o o =

£ ]
uazlulpiumsyiiailiduingduaswyiaii 3 awszdivuveansznilegamvinssuly

Uszme'lng

o d
2.6 asmImuauRan e IWihuazdidanseiindvesannmels

Q

v '
o a ' =

annwglsdiluaaminddudglnsel ldihuazdidansoiindnddauvanilaves

o
b

Tan Taodus Inanus Inadudlszangiasel Idfhuadidans elindiudivSinagaiu

9

e

o o

A ot @ [} v 2 a o  dA A
eanvinmaTuladnliniswanedislingaiia erivu Insdwiiledie liiain
] o [ ° - § o a 1 a  w
wyvasni Wudu ildgus Inadudlumsiden1daudt dawaliSuinamsldnaaduat

. - e
gunsal Idhuazdidnansoilndiinniu
1 = o o = L) o - = Q' 3
ualuvaz@oanui liinavezninwdasuaiguasel Infhuasdidnnsetindiiuiiu
" o LI N ¥ £
a1 usuiy mimadsymaluanamglsdldeonuiasmslumsnauquaisia
b 4
o 1A T 1 [ ey
waznismiateyinmartt uanguuislunaazdszmaniinonndualimiduuay
¥ .
Tigeandesdui Minadymilunial§ia dniuannimglsdialdeonsuiivmive ¥

o

a o a - = o & a a v 1 - ) a  w
audnduiu I lufemafosuuazmudseansaminvy Maludmuveznnnansus

]
—

a d Y o a 4 =y =
IMHwazdidnnseind msiuiiuiandsenoulunieald Idihazdidnnsotind

wu azia Usen uaalion Wudu Tasvezdaulugszgmirlmviedalas liruns

mdafuilddoadensudiougdunaden Tasszdeuimeanamylnlidesnsiioy

& a a o ¢ LU a d - ¢ a o g

enunuiSnuveznngnndafusiglnsol Iihwazddnnselinduazarsiniiilu
< 4 = = L

partlsznovuluginsalinsesld Iihwazdidnnsetfindaail

a o a Jd

2.6.1 sziflsuamraenaveswan s Infhuazdidanseding [15]

&

Waste Electrical and Electronic Equipment 139 WEEE Auszdivuns

" Y
samsainnsedld Infuasdidanseting Taosudouiinatduldneludszmaaudn

i s -

¥y r
anmnglaUnoludun 13 Famaw 2547 dagiszmedvessufouilienauasmiluns
Hosdumsimnlsmavesmnndadus Idiwazdidnnsedind (WEEE) duaiunisi

‘;’ 1 as o g -] o 1 n
Fua I/ TagnduAu (recovery) tazaslad/nistinauin1d v (recycle/reuse) Tavru
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o o d a y =
SEUUNITSVAY (return) 1AZMIIANVIIVIIN (collection) VYDIRHARLAZINDAAAIINIT U
- @ oA o o = X ar X @ o
HazNanTENUABAAIAdoNSWIAANIAMIAISAYIN WEEE szdovuiivannyulaverdundn
o A Y a Yad o ¥ & o a &
AusuAareuvednan arvnngTsdldsmuuamasgiududmlumssamsirumaons
T N 3 &
voanaanusuazimuaiimuioiua1 1un15 Recovery/Re-use/Recycle tiazlvnalnaaia
=1 A - @ W Yy a o a o = [ P
Wwasesdlelumstdulddnaaninagns lumisdanisnusnnaniuaiNnuasiy
Alszaninmuazduariiga Tasmsdmualiduandeuiludiuiarvouarldsolunis

b
ANTTNINUA

o o (¥ - a [ d 4
262 subsumssinanislyaisduassvyialusandsannsoldiiwas
= o a 4
diannsonnd [15]
Restriction of wuse of certain Hazardous Substances in electrical and
5 = e < e o o 3 [ =
clectronics ~ equipment ¥30 RoHS  ilusziilvunissinanis lee1sounsiouaviialy
N ad a & g ; ' o 4
w3014 IWFhuazdidnnseting Wusuiiouvesannmglsl Fadszmaediaiiumanisiie

]
o A

UM 27 unsInw 2546 uaziimaldulFaaaun 1 nsngiau 2549 Tauszilouildl
o % o o ¥ o A g a1 4 4 v a ¥
TagUszaenlumsdinamslsmsduasisniunvasuyeduazaaaaouludun
w301 Idfhuazginsaididnnsetinduaziiie Idaunsadanmsvininsea 14 100 14

v a2 v ° a 4 a a A
Yaeadvtilin mssuasisdesinning 6 vilaluginsaiindoaldlWihuazdidnnseiindi
wiindinanannimglsy Faldua aznaeb) Usen(Hy) uaallou(cd) 1envzTasiion
™) Twalusinm-luiiiaeBB) naz Twa Tusiiun-1adlila-8i505(PBDE) uagnsal i

aa - Y 1 y ¥ o 1

uardannseilnd i annsamimsdunaunu’ld Amunsaldasis 6 Uszandnanld

uadeal luilSnaanududusinaie] daanalunisan 2.1

A15197 2.1 uaedlSnaanuEd I U AT o UAT A DI 6 Tl

a3 Psuannuutu(ppm)
Azfia(Pb) 100

son(Hg) 1000
uAAIIBN(Cd) 1000

wnae Iasdou(cr) 1000
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Twalusium-ludiia(PBB) 1000

A Tusfioun-1aMiia-81505(PBDE) 1000

nnszfisuiiaesdenansznu Tavaseaedlsznounsgilnsalinoals Iifway

ad a o A = i s ! " & P &

alannselng wWeannimslsznoy PZT 1Wuesnlsznovaiulvg ¥3lu PZT Ymisazn
d ¢ v o ¥ & a Yy Y= a a ad a &

(Pb) 1JueeAszneundn duiudufanisdundidnyivursiinifieTedidans aeun

naunu PZT

2.7 %ﬁ@!ﬁﬂimgtﬁnﬂ?n\l% 1501207 (lead — free piezoelectric material)
Tudagiiutlszimadia q 1&dauiudinnuddyluisevesdunadeuduetiann
Taoludl a.d. 2006 anamglsdldeenszdouidismsmisamuyainvoandn s Wi
uazdiannsolindg (waste of electrical and electronic equipment : WEEE) nazsziioun
Faomsdisanisldmssunsiounsinlundasusinsoald i wazdidnnsodind
(restriction of the use of certain hazardous substance in electrical and electronic equipment
: RoHS) TaldvimsfnuaqiiteTedidnnin13msazia doumaunumsifielsdidnn3n
fifimsazdafuosmlszneundn Fenzdauiiulansminiinelfifauanzdedanden
Taumwzedudsdiinsmsamusingunsaisidnnsoiindmdiii hign3s msi @Ay
aulanaz ldhimsinnn e msluszuyTwimaFou sy ulown (K Na)NbO,)
uuiFoulnmiun (BaTio,) wazdainlm@onlnnuun (Bi Na,Tio,) uaasdanisag 2.2
osnnmsszuudananiaiing i Taaduy denFomfousumses 1s8idnvsn

'
a

VoA ] d PV [ Jdu 9 [ = a d a Aa o
nauau 9 ﬂUWQVl‘iﬂﬂ'llJ' ﬁ'lJUﬂ‘U'P)Qﬁ'Iiﬂf]‘HHﬂUQﬂﬂUﬂ']'lﬁ'lSlWﬂT‘]iﬂlﬁﬂ‘Yl'iﬂﬂllﬂgﬂ’.]lll

o

< o &y yva = ¥y o - AT - Vet
'ﬂﬂﬂﬂisﬂﬂﬂﬂﬂﬂ iN"lﬂumsﬁﬂ‘H1ﬂuﬂ111mx‘wmmm'itwﬂﬁh’ammﬂiﬂiunquu !.Wfﬂﬁii

v
o

a a | U ad - { @
'IJ5Zﬁ‘ﬂﬁﬂ1WYlﬂmﬂll'ﬁdi@3J']ﬂﬂ'J']’cT']ilﬁﬂi“}fﬂlﬁﬂ‘l’liﬂﬁﬁﬂ%ﬂ?l‘ﬂu’ﬂﬂﬁﬂi:ﬂEl'lJ‘H‘ﬁﬂ
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= wa ad a =1 ad a o ~ a g - 9/ &
19N 2.2 ﬁllllﬂulﬂﬂlafn"l5ﬂllazlwU'I‘]falﬁﬂﬂ?ﬂ‘“aﬂ?ﬁ@lﬂﬂi‘h’alﬁﬂ'ﬂﬁﬂzliﬁ']iﬂﬁ ﬂ'}tlu

analaz gy [23]

d33 Tc To-r/T d
Material E/8, Loss k, Ky,

(pC/N) (°C) (°C)
BaTiO, 1700 0.01 190 0.36 0.5 1115 0
BaTiO,-Ca TiO,-Co 1420 0.005 150 0.31 0.46 105 -45
(K, ,Na, ,)NbO,(HP) 500 0.2 127 0.46 0.60 420 -
(K,,Na, ,)NbO, 290 0.4 80 0.35 0.51 420 195
KNN-Li 950 0.084 240 0.45 0.64 460 ~20
KNN-Li 3%;Ta 20% 920 0.024 190 0.46 0.615 310 50
KNN-LF4 1570 y 410 0.61 1 253 25
KNN-SrTi0,(5%) 950 £ 200 0.37 = 271 27
KNN-LiTa0,(5%) 570 0.04 200 0.36 - 430 55
KNN-LiNbO,(5%) 500 0.04 235 0.42 0.61 460 70
KNN-LiSbO,(5%) 1288 0.019 283 0.50 3 392 45
NBT-KBT-LBT 1550 0.034 216 0.401 - 350 160
NBT-KBT-BT 820 0.03 145 0.162 0.519 302 224
NBT-KBT-BT(MPB) 730 0.02 173 0.33 0.59 290 162
SBT-KBT90 870 0.04 110 0.15 0.507 296 -

SBT-KBT85 1000 0.05 120 0.16 0.491 250 ¥
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BBT-KBT90 837 0.05 140 0.23 0.538 297 144
BBT-KBT80 630 0.04 95 0.15 0361 290 238
Sr,NaNb,0,, 1100 - 120 - - 280 -
1o /g, fo ANNUOUTUNNT (relative permittivity)

Loss fie  mddlszneumsgadonialadidanin

d, fe  minsiifeTedidamin (o)

k, Ao mdudszansgaou Iniudinaluasy

k, fio mdulszdnigaonIdilidnaluszuuiinanin 33

T. fio  guuyiigs (°C)

T,, fo  guupin/asumasiness Isseudn lidhumnsyTavea (c)

HP  fla msoavaziou

2.7.1 Insaaavediaquiglsddnninlsmsazi [3]

o a d a & ]
Jaaolwdmaninliasacnt  ausontalssananinsaadeld 3

¥
dszian fe Taseadiauy Wea@uuseud (ungsten bronze)  Fuvedaiin (bismuth
layer) uazlnssadrawesoralng (perovskite structure) TaufisnatramsanyriaaiioTy
a o a @ q.' o d.y
dlanninlimsaznind Inseadadane 1t

il Iﬂ‘iﬂﬁ‘:‘l’ldllﬂﬂ‘ﬁ’uﬂlmﬁﬁ 1 (bismuth layer-structure ferroelectric : BLSF)

o i 3/ E =Y o o .
JogNu 1AT A NI UTUVE AN (bismuth layer-structure  ferroelectric :

v
@ = 1

BLSF) Wudaamihaulslunsni l)1iuiaadidanseiind wosnniauianialnin

q a

[

Tasuau fimasiladi@nnindie”) uazligumailigiqar,) w9iin BLSF Sammzdums
i iudagitsTstidania lfasaemnamnsa 1o dfiquugiige 19w mumed
(senser) 19504N509 (filter) a2 3 1HUADS (resonator)

1.1 fimainlnnua (bismuth titanate; Bi,Ti,0,, : BIT)

NMSANYIVOY Cummins 1AL Cross WU BIT Neutiamiolediannin
aiq l e s o 9/ d' =) o o 1 =1 = Z
79 uamsdaauiavildun diesnnmamsoy BIT sevinthunsunaziiniuuiamn oana
gaiamanudumudar 39ldviimsite lulaoylesaumn™) waznuidoulessuv®™) a

a o ' & ' d § 4
‘11-““1)'511"'] BIT ﬂﬂﬁﬁﬂ‘lﬂ’nuﬁmmquu f‘)fﬂqlliﬂﬂ1uLﬁﬂquﬂ')'l”l‘ﬁ’u%u‘u'aﬂhluiﬂlﬁﬂn
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=

taznuuAuy lusEUY Bi,Ti;-xNb,0,,(BITN-x) az Bi,Ti,-xV,0,(BITV-x) muaiay 1z

v a o P
Tgamgigsanas AsgUa 2.10

9

700
690
6807
670F
660 ¢
650

Curie temperature, T, (°C)

640 F 1 MHz

030005507 006 008 01 012 .14

Nb and V concentration, x
Ufi 210 naluansn iU senagung g d (To) veussiiinluszuy BITN

N W N

wag BITV AUAMduduY0d Nb nag v [3]

1.2 fiain Innudloumunuan (bismuth titanium tantalate; Bi,TiTaO, :
BTT)

nnMsAny IS TusZUY Bi,TiTaO,-StBi,dTa,0,(BTT-SBTa : SBTT2(x))
Faws1iin SBTa Houuplesniny 280 °C udilferSinaves BIT vty wudnild
gungiigfutinnnd1 900 °c uazdiurlnineinsdendendsanina-Tuih (k) Ay
0.12

2. Tasaadramesovlalng (perovskite-structure ferroelectric)

woTsdidnn3niili Tnseadnuuuimwesevlalnd 1dun uuidonlnnuua
(barium titanate; BaTiO,) Dennin Ta@on Innuua (bismuth sodium titanate; (Bi,,Na, ,)TiO,)
Perafa TwunaiFou lnnuua (bismuth potassium titanate; (Bi,,K,,)TiO,) taz Iwumaidoylu
Town (potassium niobate; Knb0,) iiluagiiieladidonin1¥msazdriiiansfifivTsdidn
¥3n(d,) AoudregeluussmfaqiioTadidnnindaofu Funmedmdumsi i
uonyIAe3 (actuator) azms il ldndanugs edalsinuSaqmartieiqungign
mssadoata i 1dnn iasiinnumaniudiningdh

2.1 nuiFonInnuua (barium titanate; BaTiO,:BT)

uuioulnmuua BT) Wume 158idavsnoon lodid Inseadrashuneso
ff'lﬂﬁﬁfhﬁnﬂsz?m?i{@:mu"lﬂﬂu%ana (electromechanical coupling factor: k,,) ﬂ"au‘ﬁ'nqa

a1alshaw BT figuugiigiaT, = 120°C) vildagamgioglumsldauuny Sadeariiy
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EY

QUUALl °l°rtﬁwu Tagsiimsenyusslinlusyuy (1-x)BaTio,— x(Bi ,K,,)TiO, (BTBK-

a

= =:.

100x) (o1 (Bi,,K,,)TiO, (BKT) U9 mm 380°C wuduilomsiulSnaves

° A A A 5 o c: o
BKT vz ldguupligiiiuiiu dsgi 2.11 *nsmu"lmm BTBK-20 Uguvgifgs > 200°C

il

¥ . i

p19l3fnu mﬂm"lﬂmanmﬂ(t)mn mﬂgunaauavﬂqmw i ﬁzﬁmaﬂmlﬁmﬁu

W x daqalfi 2.12

400 %
350 b= BTBK 100x

300

250 |- oe Ref. [6]
0Wrg0®®

150

O
®

f=IMHz

148 o
5 1 | 4 L
0 02 0.4 0.6 0.8 1.0

(Bi,,K, ) TiO, (x)

Curie Temperature, T¢

s 2.11 n'iwluﬁmmmﬂuwuﬁwmuqmHnuﬂs (T)) Al (Bi,,K,,)TiO; Y09

wr3iinlusEuy BTBK finnwi 1 MHz [3]

ffcf: 8090 [BTBK100x) prpy s prRK30
g 3 BTBK75
o %% praKs
= BTBK10
B 2000 f
2 :
Q O i A1 i i i

i2 |

10 |
it | 8 F
S 6
" 4
34
= 4§

0

0 100 200 300 400

Temperature, T (C)

4 Y ' " a ' P ad a a
sUf 212 nsmluaaannuduiussenanem an O M Anei ladidnnsna (€,) vearsiinlu

511 BTBK #177119 1 MHz [3]
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2.2 i Ta@oy Innuua (bismuth sodium titanate; (Bi, ,Na, ,)TiO;:BNT)

a @ = o a Ao wa a d a da

Ui Tx@onInnuua BNT) WuwsiinnlauiameIsdidaniaia
i Inan lsimdunaunae(remnant  polarization: P) 1M1 30 pe/em’ taziigaungiigimmiiy
320°C g lsnnwlunsAnudeyamuminio Tedidnninves BNT daldfqangiilumiamn
Fumeingandn 1200°C o li ldmsiiiafitianumuuniugauaiquugi 1200°C wiRas

Ed

gmovae Bi' Tunszuaunismndumed mlimsdaitoadd iida 18 lidms1eliaanu
v o 4 Va3 Y = A
AMUNIUAI01INMBS Tun5 I (thermograph: TG) wuniimingadsliifiesninnsszime

LT

4+ A ' o o a s o o a o
Y04 Bi' NQuniigend1 1130°C dadulumsinBumes BNT szdoshiigungil 1100°C

3/ P & P 9/ a da ' v o a1 oo a
uazlynaiuuna 100 ¥ Tue 9 ldndnfiianumuuniuduwns 95% tmdulseans

1 a "W v A o ad a o
gaav Wil uFananiiny 047 uaz Tsnsiiie Tadidaninmiiny 91 poN

2.3 Thuman@oy luTorun (potassium niobate; KnbO,: KN)

TwumaFouluTowa (kN) HlassadnuuvesIsseufinfigauginounas
Tgaunndlumstluumadi -10 225 uas 425°C Taon/GounlaneeTssondinltifumnse
TnuoauazAafin audidy FaKN Tounfamaielsdidavinfinuansedomasiin 1
ANuMuUUge Tasnszuaumsiminnlaai ldunszdeslsatsavaziou (hot pressing)
Tumaissoy

Egeron Mazanz lammsanwiauiania Idihves Twumend o ledou
14 T01uA (potassium  sodium  niobate; KnbO,-NaNbO,: KNN) wuiiiminaii ladidnnn
rouddumnsimdulssantgaanlifhdnatiqe edalsinulunsoudhuysinii
aammuuniugainildnn iesndeslfnannulumsmndunes Tashiro azane I

a

mmsAnyursinluszuy (K, ,,Pb,,;Na, JNbO, TasviimsnFuaeingungil 1170°C (il

& T 1Y a da 1 s o A ' a 9y
140 31 Tue Wy lawsimnidanumuudugadnumnmes mseudewaauna Trii

MY 0.44 nazuaAIENMLIs TvnuudiaziouRls T asgilin 2.13

TO00O0 T - T T 100
8

10000 |- 450
e B
g e 121 7 2
S Y

100 F -4-50

10 i 1 1 i A Em
300 310 320 330 340 350
Frequency (kHz)

U 2.13 uarmadnyuzmsifas Tanuug-ueuas Tsuuuguo (K, ,,Pb, ,Na, JNbO,[3]

A
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3. TR39a UM IMAU UTOUS (tungsten bronze structure)

o e [ o = A
'.}ﬁﬂ‘ﬂlliﬂﬂﬂ%J’NLLlI‘im\?mﬂull'i@’uGﬂ%%u‘ﬂ]dﬂl@ﬂﬂﬁlﬂ’lﬂﬂﬁ?Ell],EJElE]L! uIn

a

I A Y =;L (=1 ~ =4 ad =) ~ A oA 9
uay loveuauiinie Taed lilimsgydennuiualsddnninuazlgungigineudia

q-:ii’

2 w a Y v P A I A g o
goaamnenumsth 1) 1daungungiige awdnmelsdiannini ldnnasazasueands

Qs o

[ I X o W ead . '
voemsUsenovved lu Toiuanusneani laalkali) tazdani larlidin(alkaline carth) WU

a

o w o 9Yd Y y o 4 o ~ 9
manzdmivmnh 1y lniuiaglunIesnsioty wiesdanslatin uaziawes udu

1 a dg a o W ¥
wansUseangidwassiini laon

2.8 nuzan lnnius (BaTio,)

~

nuiFon e Batioy)  luaisnguhifiaziniussdilizneuiinig Auwy

= a g = ~ A a & 1 1 e /
woAnssumealsdmnnin Imsfaounladlaseaiundnnaiu denadeauanianig Wi

[a) ~

¢ o'
uazIasaainmeganin Batio, il Inssadrwuumedsena lndngungiimiless (svuu

u u

§ = N~ i
130°C) vy yilawadues BaTio, suithunuugnuiai(eubic) #linstaizos laoauniugili

A a b 1 ~ ¥ 9 . a ad X g 9 9
2.14 'V]@qﬂl'ﬂgﬂﬁ1ﬂ'ﬂ§m]ﬂf}iaqu']uu Iﬂi\iﬂﬁ']\ﬁl@\i BaT103 SNANTUALVLIVULIaNUBDE LEU“J

~

/¥ 1 a 3; I3 '
;3ﬂuuwmmmﬂﬂuea(tetragonal) HAYY TumuﬁlmamﬂwwWﬁ‘mwmumuﬂu c AU

=

f-'.; 7 d‘t EJ =Y r;g ~ dl ﬁ\’q
mafavunladinssaieunuizinavuneungilszinm 0°C uag -90°C Taofgangien

a L]

< o ! a &
Huee T5390UN(Orthorhombic) TAUNUALIFITII1

v e 1
N1 0°C 1u giimaad azAsuTnseaiial

' ' o A & = ) v =
AMLLINIIYNFIUNA NIITwada(gUR 2.15) dmsdfouliledereandesmasniuia
~ v 1 =] A A 7 = AN A d a A o
a3 Ina lsauvueany luwan TanuiBane) BaTio, wilainei lasianninfgmg i

g ) o & =) & y ~ = o

20°C 11w 230 TuhenaReInYs uag 4770 Tuiirneaanin iladnnhianiensidosduuy

1 o

9 a 4ty ad a d @ o o A =] o - ,
quvi lvesinia ladmnns milu 1740 (@manuduiutuesawmuiinned (Lichtenecker

s relation) Tumeduands laddnaniafau e s silnagaogizning 2000-4500

'3 W = Qs éll
TagununTz LIUMIAToNIAZAILLT AU,

o

—9

02

L 7

514 2.14 Tnsaadeueaes BaTio, [11]

Ba2t
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' 1] Bt

4
2

Orthorhombic

=)
[}

= ————

P ok
i

Tetragonal

Ui 2.15 msnasunasyiinwadveswaniaul BaTio, [11]

= o c; a:; 2
2.9 1IWNNLIVO

K. Chandramani and A K [17] 18Anyissnanvunau Tumasvosiagursiingsien

d = " 5 2 1
AN7 BaTiO, NVUIABYAINAI Falvuiaaana 105 wrTumasie 28 wiluwas Taw
o Y Q. o, A pLS § & <
dans1ev 199033 high energy ball milling Wona lumsuamuiun 1 ¥ Tuaiu 20
& 2o 9 = A a A A
H Tuniudwalduniaueseyniniiviinanaiz oo 1InEN 105 w1 Tuwasmaniios 28 17
Aa £y @ o a da L. & 2 ¥ o
Tuias ikamsnaaoailiianuaenndeenunqu@uiioguds Famstugd il
£ H 1

tnvuunimivenh liwsiinigamgil 1350°C Wunat 4 3103 Anumuuivve i
v -4 3 1
n1dvzmuvuaniiounin 5.65 goc 11U 5.84 gree IaraulWihaudrs (8) 910 2.25 kViem

o 4 A a ad a o
(1u 4.77 kV/em uazaniiie Tadannin (d,,) 910 99 pC/N 11y 121 pC/N

159N 2.3 auiAveuws N BaTiO, ﬁnmmimwhm [17]

a1 lumsva (h) 1 10 15 20 30
VUINDYNIN (nm) 1051 61+2 L2 2844 3843
AMWHUUUTUNIE (g/ec) 5.65+0.01  5.69 5.72 5.84 5.79

amlnar lswduanfi(uClem’) 27401 29401 5102 61202  6.5:0.2
iy IWiandie (kviem)  2.3+0.1 2.6£0.1  3.4+0.1  4.8+02  4.1£02

AnsifioTsB@nnsn (pC/N)  99+1 1031 1121 12142 11642
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Lanfang et al. [4] l&fny1aid ladidnns nuazauiiamle 158idans nvesiaqusiiin
(1-)BaTiO~x(Bi, Na, )TiO, (x = 0.01, 0.02, 0.05, 0.1,0.2, 0.3) 7ifi Insaerfrahumesonea nd
Fa9nmsasdeudds XRD  uaasldifiuniasildianuuasmesedaladuazon
A151AY BNT finanemsuansdnyaziireniaud ladidaninuazmunifme 1sdidansn
dfoify BNT qﬁu linuavoure1sdidansn-w131 818An3n (secondary phase)ﬁmm:‘,
wugamgiigin/Aounasly Tashifhfudfe Taofi BNT 0.1 mol wummlwanlsiwdu

o 1 - L 2 2
asnagagauaziimauy Iwihaudragendt BT uigns tile BNT tiniiu

(200)
(100)  (101)
= (002)
eon (111) 211)
- e N SN NI
£
."‘é
=
=
8 7 A Y O
2
§ BT-BNT20
I=

[ At "““A"“

BT-BNT30|

i i i i i i i i i i

10 20 30 40 50 60

26 / degree

3UN 2.16 armana XRD ¥01311in (1-x)BaTiO,~x(Bi, Na, ) TiO, [4]



Polarization [uC/cm?)

Polarization [uC/em?2]

E
_9_
Q
c
S
N
©
[¢]
o
20 -10 0 10 20 45105 0 5 10 15
Electric Field [kV/cm] Electric Field [kV/cm]
&
£
8
Q
c
S
1N
@
S
o
-18-126 0 6 12 18 -16-12-8-4 0 4 8 1216

Electric Field [kV/cm] Electric Field [kV/cm]
31U 2.17 uana P-E Fmmes FavewsiiinitidadiuTuaved BNT i

(2) 0.02 mol (b)0.05 mol (c) 0.1 mol (d) 0.2 mol MigainnTiie [4]

=
[0)]
o

—

O

o
T

<

-

I

o
T

sk

N

o
1

Curie Temperature, T_(°C)
3

110

100 i i i A [ i ] 1 1 i ] i 1
000 005 010 015 020 025 0.30
BNT content (mol)

UM 2.18 nansgungigiveuriiinuaaz Tuaves BNT [4]
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&

E ? T ¥ T d T T T T T 12
O

e 3]
- 6" -10 E
e —a—B A
c - )
S 0 —o—E, {8 W
© 5t /‘7[ o
N 7]
= =
« ™ i)
8 d 16 2
+ 4} —_— o
) 8
@ o 414

£

[1H] i

o

3 i 1 i 1 M L . 1 N 1 N 1
000 005 010 0.15 020 025 0.30
BNT content (Mol)

31 2.19 neraas Tnan lnasduandrauaz A e IWihaudsve sinudas Tuaves BNT

[4]

Yue Sun et al [5] 1#Anmfersunavesaniidladidnniniifinaninmsie
Na, Bi, Ti0, asluiws1iin BaTio, nuiuflese Na, ;Bi, , TiO, Lﬁuﬁuﬁlzﬁﬂﬁ’qmmmumi
Fumaiaaniainguugiaineves BaTio, U3 qnT 1auaz 1101557 9A0LRIY XRD
AuaadIifuimsildinnufumesedalnduazii x - 020 Henefigeia2soo

DAL

M3197 2.4 uaAsgUND TR TuBdIAAza IRz [5]

Sample Composition Temperature Bulk
{ C) density
(1 —x)(BT+Nb+Co)  xNBT (g/em’)
1 1 0 1310 5.84
2 0.98 0.02 1280 5.83
3 0.96 0.04 1280 575
4 0.94 0.06 1280 5.83
5 0.92 0.08 1270 5.85
6 0.90 0.10 1260 5.75
7 0.80 0.20 1200 5.71
8 0.70 0.30 1200 5.80
9 0.60 0.40 1170 370
10 0 1 1160 5.77
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B . rom
A== _+BaTIO,
: 7\ e 'NHBIYI‘ON
i ——
; / N—A
Mﬂ/\
/-.\ Lk
= : //k =
< S
B’ ] idegren
=z : i * / ¢ .
g o B A i £=0.40 ¢ e
= =030 A A
- . Y 0,20
x=0.10
] £=0 08
=006 A o
=004
x=0 02
A x=0 \ A
1 i iy ‘ l i ! L l i
20 30 40 50 60 70 80
20 (degree)

UM 2.20 namIna XRD ves1iin [5)

Pio Baettig et al. [18] laiimisdnuiaisineseva lndeonled 1iufe BiGao, uay

¥
BiAlO, W71 BiGaO, il Insaar$1and1ony PuTio, usdeeiimsiadorvesInseaiiunnse

o

Tnueamnuantauiame 1s8iEan3niia dau Bialo, Tanyuz lumsiyeudovaslnsaad

A o o A am ad a o Aoy ¥
MileUAY PbZrO, dallautimme Tsdianninuazn1s Ins1 Isirsunaaie azarsnagessyuy

- 3y =

¥ ¥ » k-
Hdaguvgiias gadnade FamanaIsnaaesruuivgansamaunuiag PZT nads

Y

v Ve v el
‘1Ulﬂuwyﬂﬂﬁmnﬂaaﬂ%ﬂﬁ'30

51U 2.21 uaasTasaadreveaszuy BiAlO, [18]
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OTO
e

'T'
&
e &

31U 222 uAasTaseadaueasyun BiGao, [18]

. " o aog o wn A d ~
AK and Nirmali [19] ladnumuiaifielasidnvinuazantimme lsaidnn3nves
a Ad A roA ¥ ) & ¥ " A
s iniuiinsnedaIadenN(Bi dope BT) #4910R13A519a0UAIU XRD WU TfiAvaq
. 4 = A rg s 4 y 1 0 W .
Bi,Ti,0, INAMNALIMAI 0Nt uiuf 2 wes Feiiedniuiadnavesnmsazaioves Bi
a { AW ia A a an a g o @y
Tu BT Asgii 2.23 Aaves Bi,Ti,0, Mnatuzitidaunsauiame lssidnninuazauiiame
a dg =3 = 4 & s { e
T381aANINVBAUEIINN Ba, (B, THO, #9319 224  Laz91nn1551091uRAvesaiaiie Ta
a g o " 1w a a £y ~ ' 1 i - a d a
atannan 1wy mallsgnsudulszans Wi vGinagaiy  amefidieTadfnnin
' A ' v o Y A A | 9) L ¥ Y A
MAAToALasa WA laaduanae aanaulodinim Bi Wiy Tavaimududun
, & an A agd A ea A W ~ & 30 &
0.5 wt.% ¥84 Bi Ufantaiie lydianninasinarnanges aagui 2.25 damainiiezii

a oA ad A Ad a oA 9/ n 9
s nNe Teaiannintiulasae aanaden Ia

(110)

+Bi,Ti,0,

(111)
200)

(211)

(e)

Intensity (a. u.)

-.*__—._ A Aa

.._._.J'%_J L—LWW__,A‘M.__,_ (b)

20 30 40 50 60 70 80
26 (degree)
31N 2.23 uermana XRD va 95130 Ba, (Bi Ti)O,

(a) x=0.005 (b) x=0.01 (c) x=0.02 (d) x=0.03 (e) x=0.04 [19]
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UM 2.24 1eraaP-E Fenaeidaue s in Ba, (Bi THO,
(a) x=0.005 (b) x=0.01 (c) x=0.02 (d) x=0.03 (c) x=0.04 N 25°C 1AL 50 Hz [19]
0.08-
0.06 1

0.04 -

Strain (%)

0.02 S

0.00 4

-0.02 e : . .
-3 -2 -1 0 1 2 3
Electric Field (kV/em)

31 2.25 nansanrmunssauazatau Iwihyveaysiiin Ba_(Bi TiO

a 3

(a) x=0.005 (b) x=0.01 (c) x=0.02 (d) x=0.03 (e) x=0.04[19]

[ sy a d =Y ~og =Y =Y
Joel et al. [20] 1&Anuidnuazuasaniia ladidansn melsBiinansn taziieTadidn

() g ’ ' . =] en o ad a da =
NINVBULTINA BIAIO, 2INN1INAARINUI BiAlO, Nanvmiuma lsaianninnigumgil

73(T,) gan™ 520°C, Aneiie TaBidnnineiiy 28 pON M Inan lswduandiamiy 9.5

> A a ) ' o A X adA & o !
UC/lem®  Rguupiidewazarinar lssduansranniutigungimuiu dagii 2.26

' o "o 2 A a v ad o
A1 lwan lswduanA1aniny 267 UCom” fiauugil 225 °C autave Tsd@nninuaz
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amy aog = 3’; o 1 = ~ o
andaieladiannsnved BA duzgmirlnfiouieudy BiFeo, (BFO) a2 SrBi,Ta,0,

[

o A 1 Y o g w 1 o a L A
(SBT) A9n13190 2.5 Wy BA vudailuanundalnuvesiagusiinilsimannagnini

a A o o o | 79 9 o o 1 ° == o v Ao o
gaunigige dmiui ldszgnaldviniiumiasarmd uandedl 2 Tosenangfduiu

Yo1in lunsi hszgnd 19 uma TuTad mswlimdosnmneanudouduag 1¥an1nz
Tumsdanszge
100000
i o 100Hz
{1+ 1kHz
. a
] = 10kHz )
100 kHz =
10000 =
] 1MHz e
] o
: S0
1 Pt e
LT
1000 4 Al
A 3 o
ol
i b
T T oL o A
100477 empni e s
Fcompoer T FRS
I N B VAo W\ T (N0 PN
-100 0 100 200 300
T(C)
14
1wsl 00 H2
12 61 Khiz .
10 kHz o
» 100 kHz b) A0
1 MHz
o
8
i a
z
c 6 e
=
4- e ]
O Ll
‘l-’_—il "f;l:“i,u_rj'__ |
2 _r_i[_u Qﬁjwﬁli‘&ﬂﬂj i . 1
e e e L e S e e e
-100 0 100 200 300
T(C)

=t ' AN ad = ! A ) o ad ) . A d o w
31l 2.26 uaasmnait ladidnninuazmmsg i ladianninued BiAlo, Miluianduuss

9NN 1 10™-10° Hz [20]
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§ ey a g o w ~ = o w
M1319h 2.5 ueraaauiia ladianns nuazautinme 1s8iAnnsnves BiAlo, 1WFvuouduiag

'
A a A

e & i 5
malsdmnninnisipnnagiaun Nilaunyiiegige [20]

d,, P at 25°C
compound (pC/N or pm/V) (uC/em’) TG
BAO (this work) 28 (1) 9.5 >520
BFO' 2.5 12 820-836
SBT’ 21 6 325-330

Huichun And Zuo-Guang [21] 1@fnwnimawiialmiiufie (1-xBaTio ~xBiAIO,
(x=0.02, 0.05, 0.10, 0.15) uaz¥msfn Tasesadaazauid ladidnnin feumgiteuna
msunuiivesBi” 11 Ba™ wu A site naziianIsumuives AL Tu Ti'uu B site v 1diRa
mafAeuglirennansg Inueaves Batio, TflusenTudasea vuziinx Lﬁ'u%u"i’ﬁ@
(1-x)BaTiO<BiAlO, naeamsfiuiuyesamnsouy 9INNYUBY Curie-Weiss 1AZINA
mM3uuYeInIsnIzvesiialadidniin  #en1snszanvvesita ladidnniniRatuat
#19 nansgatmnnanzes lsidanindnd lifungdnssunuyiuanaesuag
woAnITutLSuanees ae (1-0BaTioxBiAIO, gwsany |éResdszne x=0.15 i

A N ag =) = oW A as ~
Wa lagiannan eumginasumaimny 360 K 7 1 KHz #ag1i 2.27

T )
—m— 100kHz -
300 40001 " 10kHz
4000 3500 4 1kHz
1500 sl " 100Hz
3000 2500
=8 2000
= 1 1500
" el 1000
c 10004 500
8 400 60 0 50 100 160 200 <100 60 0 60 100 150 200
£
§ 3500(c) —=— 100kHz
= ® 10Kz
g 3000 A 1
¥ 100Hz
25004
]
2000-
1500+
1000+
0 50 100 150 200 0 50 100 150 200
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51 2.27 uamsgungiiuagainei ladiAnns nue a1l (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] laftnuiaaes18n1s1#91n0A7 (1-x)(Na,, Bi, ) TiO,

—xBiAlO, (NBT-BA)(x=0-0.10) #a1i li/Fains 121 1a03% solid state Fae 1inleri3qnives
a13 x <008 e ladidnvE adiudmdahmaiunnhavedin lasidnvEn e T
aeandesfusan BA fulutu e 0.92NBT-0.08BA T euifouiu NBT v3ant
1@A1u04 0.92NBT-0.08BA Ao A lwarlssuand ey 52 Cem’ mrerunInihavds
IR 44 KViem sanafiie TSiann3nviasy 130 pON HazaumnmeImIdoudenday

o

[ ' A 13 o =Y ! % [
na Wiy 023 s ldnmadiviiuues BA i Ifeamniia Inan lswduiagainms

e £ s ai ) e A A g ~ Aadg =
gudelagianvinanas AsgUin 228  uaihldauddiie Tedidnninuazmalsdifinnin

W
AN A3 2.29

Dielectric constant
Loss tangent

0 100 200 ;00 400 0 100 200 300 400
Temperature (°C)

=Y

=: 4.35 @ 1 Al o d o~ ' ) Aag ) =
30 2.28 urAsgaMYINTUAUAMIANTN laBiann3nuazAmTgde lasidnnanue aws1iin

(1-x)(Na, ;Bi, ) TiO,-xBiAIO,[22]

0 60{ x=0.02
401 x= 7 40 X [ aant
20
< /, ] 3 /{J
BN ; / HE
= -20 E:
% r)‘ -40 '__.n"‘l
— -40 =50 raflens
5 200 100 0 100 200 ,_-150100-50 0 50 100150
S 601 =005 60, X=0.08
& 4 3 7
N f/ 40 rf‘
= 20 20
= 0 gl .4
[=] | = i
o -20 20 !
-40 ;‘J 40 "
0 20
200 100 0 100 200-200 -100 O 100 200
Electric field (kV/cm)

UM 2.29 uaas P-E Fameiaaueasiiiin (1-x)(Na, ,Bi, ) TiO,-xBiAlO, (x=0, 0.02, 0.05 1Az
0.08) [22]
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Aman et al. [23] l@fnpimavesnududuues Bialo, Mnaseauiia ladidnnan
a g a ~ a d a o ) =] a d A &
melsdianninuazsifolediannInvesiaassiinfio TadidanIndssrninngnn
(1-X)(BiysNay )y, Bay,TiO,-xBiAIO, (BNBT-BA, x = 0.000 0.010 0.015 0.020 0.025 1Az

& o oy : o ~ o ¥ ey
0.030) “Nﬁ\uﬂi'lz'}'i‘ljuiﬂﬂ?ﬁ solid-state  N191AN BA ﬁ\ﬂl.ll"-h"i"lllﬂ BNBT Vlﬂ‘ﬁ‘W‘JJ’cT‘JJ‘]Jﬂ

~

a g a ~ a g ~ wall A g =) a I Qs
wle Tsdanninuaziielsaiannin TaeNauiia lagidnns nezuaagungita Iwat lssdu

T .
ad o 1 =

& Y ) o : =
(T) Barzmdoun lldguu)iidindl B4104mnN13nT200U04 phase  transition 301

u

oo 1 a =) Y J A‘l . ~ ) 3
gungia lwat lswiuuagaun)ivasumai(T,) wdanuvwile BiAlo, HSuamniy

A aed

(a3Ufle gunniid Inan lagunazainei lasidnvi nfgumgivasumaiued BNBT-BA 12

a a U

A

Q‘ 3 Ql 1 i 1 4 I=1 =) ~ U
annailo BA WNATM) A9g1fi 230 fix = 0,020  HanefidieTadidnvina (d,) waiinumn
wadmIwaNdandsuna- Wil (k) VOuUrIIn  gagAMInL 188 pC/N 1A 34.4%

AWHIAL uaglia Iwan lasduanA1aminy 30 pClom’ a1 2.31

8000
= -0 b 0.020
;2 o 0.010 v 0.025
g 60001 A o015 a 0.030
o
o 4000 -
&
o F
2 2000 | FF4 at 1kHz
-]
o 0
100 200 300 400 500
» 0.0
7]
(=}
- :
o
‘= 0.051{8
-
*)
pl
2
2 0.00

100 200 300 400 500
Temperature ("C)

/ N { ad a ' = a o ) )
31 230 saaemiafisuivuvesaned ladannsnuazamsgyde lasidans nveussiin

(1-x)BNBT-xBA 9 1 kHz [23]

200 40
|
= 150 135
g : i -~
L\ | S
‘_-"a ™
=" 100 130
7 R |
0.0 05 1.0 1.5 2.0 25 3.0
BA Content (%)

y 1 A a g a ' : 3 w 1=y
31 231 uapamasiiie Te@idnns nuazawmniaed nndeuaenasauna- lwiwesasin

(1-x)BNBT-xBA fuiluilenaiuea/3una BA [23]
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Changrong et al. [24] l@fnwiaqusiiindolsdidaninlsaninazia
(1-x- y)Bi, ;Na, .TiO, — xBi, K, ,TiO, — yBiGaO, #uA51¥ ld01nmaiinnsininiin(ordinary
sintering  technique) Ao InsaaravinaluTaseelimsn/dounasedsdanuiioni
v Bi, K, TiO, 11az BiGaO, iuaiu fag1lfi 2.32 FamneiiileTa8idnndng,) naz
u.ﬂnma{nm%miawﬁ'muna-"lﬂ%’lwamﬂﬁn(kp) VUM GIGAIAY 165 pC/N
Az 0.346% mudrduTaof y = 0.01 (x = 0.18) uaz x=0.21 (y=0.01) nazgungialnatls
WFUT,) vzanavile BiGaO, ey ?ﬁ“lumauuin&uqmngﬁﬁiwaﬂim‘fu(n) ABYY
anns naamnfufteziviundiosuanududuves Bi, K, Tio, Rituduam 1udne daguit

2.33

3

(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 (f) x=0.21 y=0.01 (g) x=0.24 y=0.01 [24]
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1401
(@)

130 4 n
1204 \\\\\\l 7

&}

. 1104

"I_:\: .
100 4 [

N

0.000 0005 0.010 0.015 0020 0.025

120

012 014 016 018 020 022 024
X

U7 2.33 uaaguingiia Inan lsiwdu MdfulsdduvefSuia BKT uay BG dmfuisiin

(1-x-y)BNT-xBKT-yBG (a) x=0.18 (b)y=0.01[24]

2.10 P3zUIUMIAsENRUNa s B3 nA8ITUfASenan Uz v sy (Solid state

reaction)

Y [l
Y]

Tumsesossiinmo lodidannsniu 350 ldsuanuiiouuin fe msasouTauld
¥ ]

[ = o 5 as A a :‘; e as [
InQAUITIUA (powder) FIMsiAsouvINIBURMMINVBIHUTIIRNIATBINTuTinud iyAe
sy = o [ a, = -, =) ] ad I 1
autdsdnduodiannn 35iassunurs1linias 153 vuegnaluiTa0AU (U A3
: G 4 ad (aaa d
ANAZNBUIIN(coprecipitation) 18 1A3MBIUBA(hydrothermal) I UHATLITDIULVBIY
. . i i = i
(solid state reaction) I’b’m%a(sol—gel) Lﬂuﬁfu mams‘nﬂamu%:wmsm1m‘sm‘%uniﬂﬂﬂgnitn

< 5 5 = : 4 g ad = g 1o 9
ADIULVD ULV (solid state reaction 50 mixed oxide) 1119a1TUITMSIATouN luFUFOU

¥
o

Il ¥
wion 18 lulSinaiunnrenss msasdudlumsidsznovoenleduioniivomnvealans

Ed
5 lad A d o A =

2 o ) A a 4 a Vet a &£ Y o oA a o
PFIUIINIPN  UATDUNUINVDLIAY 71D Nﬂmf’i11.|ﬂ1’!l.ﬂitl‘1.|‘lﬂuﬂ’]m1ﬁ’q1’!ﬁﬂE]‘N‘lINleJ‘EJmU‘UmJ
=t = =
AEMIANTUUNAUAY
G Y ad asa o ' =] 1 A
1uﬂ15lﬂiﬂﬁﬂ'gﬂjﬁﬂﬂﬂ'iﬂ“lﬁﬂ'luquﬂ“ﬂ]q LLUdi)’amﬂ‘u 2 VUADU AD NTEUIUNITUA

a aan o
Nﬁﬂﬁ?ﬂ@ﬂﬂﬂ (balI-milling) uas ﬂ'l‘imﬂl]aﬂimﬁﬂ']uz‘l]@ﬁlﬁlﬂ
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2.10.1 NFZVINMFUVANANAILGAVDA (ball-milling)
Y Fes a ¥
ATLVIUNMITUANTNAILGNVBA (ball-milling) (T unsuananTaglgnsanalu
' & = 4 A A A o
nmavananuaz lusgnImsuananiioz linsnfasunlasmanil Tiesmsnlfeunlag
¥ ¥ : v
NRMEN MY nszuaumstidTuanutengelunmaiunlfiieanuuiaeynianuni
Maweumarsnlgniursedwlanlasuideegdululiuaneonasnimnldlunis
' A w Y d A~ w Y o
wernayn A yianu Imiuiisdoinu ldwdeundunsasuunaveseynin
" o [
nIzUIUMIUAtesAegnuaaiiunszI UM UANALEYNIA  Tae runs
9 As w d “ A g9 Al & o
nyuvesnNeuanNdnvuzilunsansguennals Lhhimeldlumsatadunils Tunide
¥ 1 ' '
vatwgldmstdesnsvanaugnuanaz assioTunisvasau lulSnafivngauduvia
9 A @ A 5% Y = A A W
veerieua Tagluvugimiauaryugnuanusigegauluzdedinisinisunaaieny

o o

78Ny D Ad31h 2.34

g‘ﬂﬁ 2.34 LAANNITUA Nﬂuﬁ’aﬂgﬂm [25]
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matimmsntesiula Tasmsidenldgnuaniauningaazldmiauanviininiag

=h.
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annsafiiaeen langamgiid wu wilsuawaraan fudu
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2.10.2 matiadisenaniuzyeauda (solid state reaction)

a aan o o o aaa e o v o
msifadfasoraoruzveadailumsifadfisorninsaaisdrvesdani

aan a d =1 a LY v t { =1
dnsounaidiuvesdvrialvidume TasmsIianuiounnasasauidaniuziiu

< & ° Y a @ & a aaa = < = - Ié =
voaduioi Idimamsaatsdvsenaljisvwazmaiiuvedarialniyun Soun
3 1 zJ - as - 1 ar s T
AszUIUMsiN  msunaland (caleintion) M1sAIRUIAABUATAIABAU TAuDIRUAITUNS

sennanuved lossudlumssionmsanvouavoamsuws luTunpUMSIHFUNDS

= o q ) ] o ans <
HIHaN mmﬂmmn}gmmmmm Néﬂ'lﬂ{]ﬂiﬂ‘lﬂ‘m‘ﬁﬂl
¢

4 o o = aan [~
jlijﬁ 235 !Lﬁﬂ\ll!'ﬂ'ﬂi]TﬁEN‘ﬁﬂHm:ﬂ']‘iLﬂﬂ‘lJ{,]ﬂ‘itﬂﬁﬂ"l'l-i:‘lli’)ill‘ll& [25]
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2.11 N39AKY (powder pressing)
at I~] ey 13 =Y 1:5:: 9 = @ @ g LY 9 w
msoaruiluIsmIvugasiiniianuadiendanunumsvugllanens nlany
g =) a W o'y o @ 9 A ] [
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AUNANvaIAIlIzaU(binder) Ferzviminlumsndedulinasinnioudsauiulu
(= o L o w ) o 9 o v o Aa s A kY
puWu nindusa Iy laglganudu mssadana ldsuanuiiigngules
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Miiluasalimanauszrnnarsvina nguazvinadnusasidwimmegan hifinsnlaou
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mssario1a 18t 3 szuudes fie
1 ¥
1. 9AAMIAUIAY (uniaxial) HI92NEA Tl R Tasusafunafiema@en yuau
WY g A o e o o X A a yw & A= o
vz lagdiumiouduseslundind  mssavuzduuuiinga ldnmigiuauiniigyiie
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cﬂwff’aummu UABDRTINITHAATN T1A5N

e 1
maAIouNn

®) | u)
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31 2.36 nErAsTUREUNMIEATUF UL LB INUNLIR YD [26]
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2. 8anuy o Tyauadn (isostatic W3® hydrostatic) M3 13ALgALTTY I UNIYLE IV
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Awe1a uag lasuanuauTagsaulunnianiefiiriuves lva F5tawnsn ldnanvuauiil
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A A 4
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3N 237 uermamssanuy le Tsaundn [26]

3. onumzdou (hot pressing) MIDARIUIAENI IHAMTaU Iz AR i
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2.12 NIZWIUMIHIFUNDS (sintering)
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UNN 3

N1INaAaod

luumileznanfanuaziuavesmisiad Jaggunsel AszuIUMIIETOY tazmMIM
dANUIRNIZYBUFI TN TUTZUY 0.9BaTiO~(0.1-x)Bi,,Na,, TiO,-xBi(M")0, 1o M’ fio Al
10T Ga H9 x TAnaud 0.00 @ 0.10 TaveziSudaudsunoumsiad suRaito TeBiEAN3n
Fosazna maeomrniin nazmsasaviaguianie q 18us astsaoudnvaznig

ey _ c; G lg s T 4
mon Tasaadegania wazanianie e sy siinfiwsouiudsae 11t

3.1 glnsaiildlumanaaes
3.1 wmanaiaannieurhia
3.1.2  vnlusadnsodoud
3.13  milam
314 nszuemingu

3.1.5  gNUA zirconia VINARUAIMAUING1 2 5 1Ay 10 Haamns

u

43

o

3.1.6  WOUANMIIWAIAN

317 HouUAnMITAUAUIEAE (spatula)

3.1.8  fAuniiy (forceps)

3.1.9  fnnoiuuia 600 uaz 1000 iaddaas

3.1.10 ailwaradndmivldases 2 5uaz 7

3,111 unaimandmsuiuniues (magnetic bar)

3.1.12  ogiitivunleud (aluminium foil)

3.1.13 AZUATINTDI

3.1.14 ©2u0giu (alumina crucible) Wiourhila

3.1.15 AINUATT (agate mortar)

3.1.16  urulANNIoU (hot plate) WIBNAINANANTUVVINIMAN (magnetic stirrer)
3.1.17 uﬂﬁnﬁ'[amf?mi"ué'ﬂﬁugﬂ VAR UATUFUINAT 0.7 1Ay 1.3 yudiuas
3.1.18 NSTATYNIIO LD 600 LAz 1000

3.1.19 nSessalensedn nanlavuiim uaslneduneimsa f1da Uszmelng
3.120 1AT0eaATA0A AMAzBUA 0.0001 N$1 WARTALLSIN Fisher Scientific

Uszimadingu



3.1.21

3.1.22

3.1.23

3.1.24

3.1.25

3.1.26

3.1.27

3.1.28
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goumsguugiiilszuiu 250 sarsaud wan TavuTEM Fisher Scientific
Uszmadangu

s Wfhiigaivgiige 1200 osrnmadon wia Tavy3n Nabertherm
Yszmenvosuil

noiiily

A3 B UALOUNTNTITUYUA

Lﬂfi"aqm’mmitﬁmmmm‘i"&'ﬁ'tancﬁ (X-ray diffractometer)

HAA TASUTHN Siemens 71 D8 Advance 1szimaisasiiu
nﬁ’aaqamsﬁﬁ&ﬁﬂmauuuu&aaﬂﬂﬂ (Scanning Electron Microscopy)
HanlAYYTEM LEO §U LEO 1455 VP 1lszimedangy
N304 IAT AN F WA TAvL3 N Radiant Technolosies, Inc.

U RT6000HVA 1lszimannuia

& o ™~ y1'® a 4 a o ¢
IAT999aAI1 1¥lnd Wan IaguTEY Fight Uszmaaiameiuaus

3.2 M1sARNIFlunInaass

3.2.1

322
3.2.3

3.24

325

3.2.6

3.2.7

3.2.8
3.29

U oumsueA (BaCO,) ANNLT NS > 98.5% HARTAULSHY Sigma-
Aldrich

Sasinoon'lad (BL,0,) A qnT 99.9% HanTAvL3 ¥ Sigma-Aldrich
Inniiionlaeenlad (Ti0,) AN qNT 99.9% HanTAuLS M Imframat
Advance Meterails

TsRoumsvena (Na,CO,) AL g 99.9% Han TAuri34M Fluka
Uszmaeinvosuaug

ogiilonoonlad (ALO,) AIMLT NG 99.9% WAATABL3M Imframat
Advance Meterails

unadouoonlad (Ga,0,) AIMNBgNT 99.9% wAATAUUTIEN Imframat
Advance Meterails

Twd'hilaueanosed (PVA) AnuuSqns 99.9% wanTauySHm Carlo Erba
Wszimerdl e

PMUBA ANWLTING 99.9% WanTavuTIM Carlo Erba Uszmaname

AU (Silver plate) Wan Tag15HN Heraeus Ju C1000
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=
3.3 ASTUIUMINIGNHIIUIZUY 0.9BaTiO,-(0.1-x)Bi, ,Na,,TiO-xBiGaO, 18z
UV 0.9BaTiO,~(0.1-x)Bi, ,Na ,TiO,-xBiAlO,
3.3.1 M3AYNRINAY 0.9BaTiO,-0.1Bi, ,Na,  TiO,
lunisiaSourInay 0.9BaTio-0.1Bi ,Na ,TiO, @1u15aiasoy1dda07%
U5 anruzveanda (solid state reaction) vadosiilumal 18 $2luauaziims
¥ E 3
wna ol uaasdduTuABUMSIATUUMINAY 0.9BaTiO,-0.1Bi,Na, TiO, #ail
¥
1. AUIUMSATONRITS 0.9BaTiO,-0.1Bi, ,Na, TiO, faaums (3.1) fail
0.9BaCO, + TiO, + 0.025Bi,0, + 0.025Na,0,
0.9BaTi0,-0.1Bi, ,Na,, TiO, + 0.925CO, B 1
2. Fensmuns N UuIHUBg Ty
3. lamsadluvianaradnilignuaes Taiflvussgey mdaviazaw
' ¥
emueaal llaun wetolimsasdunauiulag
4. dhwanaddninsuadeudagnua (ball-milling) 1unm 18 #2Tua
8 a Ao " o el a 9 Y]
5. WU AANNNINISUAGDIAIBYNUA (ball-milling) Fouieundl 11
nsoslayldazunsanseslaiinnesvuia 1000 Hadaasuazldiemuon
v
ANYNUAIUTZDIA
1 ] v =1 = 4 ° v o
6. launantdmanadluiinines wazirhlszimodiazarsieniueayy
uruldanwdeu Tamimsifuniuraeanal iedhazaoszimuesn
vuidzmienvnouvesmsideants 1 lden 13 ludeuigungii 250
DI UTAIT YT
7. hmsiduasigd lduiwadioasavams udnir ldimaa Tani Tasiy

v ¥
misnvaudr ldlungFidanaz 199uneunsmunalaisagl 3.1

GLTET

Temp. Calcine/4hr

Rate 15 °C/min

13a1

H ¥
sUn 3.1 aswluaasvuaoulumsmnaalad
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332 MSIATENHIIUIZUY 0.9BaTiO,-(0.1-x)Bi,,Na,, TiO,xBiGaO, 1A¥IZUY
0.9BaTiO,0.1-x)Bi, ,Na,, TiO,xBiAlO, fidA51d 1A
WA INATIATUNRINAY 0.9BaTiO,0.1Bi,Na, TiO, Hovdes nmiuwdon
HanAnTuszUY 0.9BaTiO,(0.1-x)Bi,,Na,,TiO,-xBiGaO, 1az52UL 0.9BaTiO,-
(0.1-x) Bi,,Na,, TiO,-xBiAlO, taAsdRUSuReumsIAs buR sz YU
1. AIUINUNITIATUURAAIT 0.9BaTiO,~(0.1-x)Bi, Na,,TiO,xBiGaO, HAY
0.9BaTiO,(0.1-x) Bi,,Na,,TiO,-xBiAlO, Famunsonzon’ldfsaunis
(3.2) waz (3.3) Mudey (o x TAUMAY 0.00 0.02 0.04 0.06 0.08
az 0.10 lua
0.9BaCO, + (1-x)TiO, + (0.05450.5:()Bi203 ;” (0.05-20.5x)Na203 + (?GazoJ
!
0.9BaTiO,-(0.1-x)Bi, ,Na, ,TiO,-xBiGaO, + (L8SO5X)CO, v (3.2)

0.9BaCO, + (1-x)Ti0, + (0.05+0.5%)Bi,0, + (0.05-0.5x)Na,0, + (x)ALO,
2 2 2

}

0.9BaTiO,(0.1-x)Bi, ,Na, ,TiO,xBiAlO, + (1.85-0.5x)CO,  ......... (3.3)
2
2. Famsaufnmunuunszaewosa
3. ldmsadluvianaradniiignuaises lailoussqeyg mdniazai
¥ ¥

muoaad Iy et liasainunaunu laa
o a e 1 . d &

4. hanaa@niinisuateudiuanua (ball-milling) Hunan 18 ¥ 1us
o a _d . [ 2, oy v

5. MMANANAANNNIMTUAYDUAIUYNUA (ball-milling) (F8VIDUUAD W

9/ 1 o a an 9/

nsedlavldazunsensedlatinnoivuia 1000 Haddasuazloniuea
A199nUAIUAZDIN
T ] ] I~ =1 'd o o e

6. launauuvanaaluinmnes uazvirldszimedaviiazargiemusanuu
uruldnnudou Tavvnsduniunasanat Wednhazawszmoesn
vudvzimienznouvesmsndesms 1 hleulilugeuiiquugil 250
DIFUT AT E

7. ihmsndunsied ldmnuadeasnuaats udnirldwnna led Taei

[l ¥

mshvaudaldluagFidanas 199uneumsimuna lmisagd 3.1
o A Ed 9/ Y < ]

8. wmishdumsiunaleduiuadeasnuaas IdTune tdaweas

Uszua 1.0 nsuliasiadaendnuyolnniz@aveIHIA0mAnnIg
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11.

¥4
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=4 o P ' = a 44
REUUYesITeNT (XRD) tazlansasnmasadluvianaiadniny
gnUA zirconia U590y ANazawieNUDaa launiy

° a o ' S o &
WvIana1a@niimsuatesaaugnua (ball-milling) (Hunat 12 421w
o a A o " e = 3 ¥
W1IANAITANNYIINTUATDEAIIZNUA (ball-milling) FovFosuda u

EY = o a aa 9/

nseelneloazinsinses ladinnasvuia 1000 Hadans uazldeniuoa
ANgNUAILAZDIA

1 1 [ o ° a o
Taunantmanaaludinmed vazihldszmedaviazarsoniueayuy
wrulianudou Taginmsiuniunasanal iWedhazaluszimooon
wudsszmasaznouveamsiiaeans i leu 13 ludeuiiguungi 250
DIANTAITUN

s ldinuadsasnuams udnirlddavuaeynin

333 DIZUIUMSIAEMF AN UIZUY 0.9BaTiO,~(0.1-x)Bi ,Na, , TiO,-xBiGaO,

(122321 0.9BaTiO,~(0.1-x)Bi, ,Na,, TiO -xBiAlO,

o a ~ ad a yva 9 = = T A
vasnInmamssuraimglsdannsnldizouios huawdnndatugy e

£ ¥
MITUNDT TAHAAIEIAUTUADUALI

L
2

wesias o ldndeauunrduegiidiomlszanm 12 afy
MWImsnuadInInetazden tazuanauniulnd lilausanosod

L ¥
(Polyvinyl alcohol; PVA) Ainnuutuiovas 5 Tanhmin Yszuiw

n %0 v
1-2 woa morelumsdszauiwameiulaasu

1

A as

° as L] { e o' o w 9 =
winsdzegn laadluminulanz i lldadauniesdaszuuleasedn
¥ a a < = a a I =
aonues 2 du dune 2 wiinaranudu 3 du Wuna 1 i
& { @ o " 1
vz ldFununidnvuzituudunay dudiugudnalsvuia 13
IFUALIAT
e o { o = a
ihlandaisuiesud Maitualudavegiun Taunaudivks 0.9BaTio,-
- 2
0.1Bi,Na,,Ti0,  tHoAIWANUTIOIMATUMSIHG Haznaudnrudiy
Yy 3 1 2 o a
HIBglU INBMNMSNs TN oI T dagIlil 3.2
o ¥ a da & & W ¥ 3 A& o a ¢
idavegiuniizoaruauisoudesudsr Wuausiieiimsmndunes

=

TaoirNguugd 1050 1100 uaz 1150 A UTAIFYA (WO ONYUN Y]

mhdirsiiadanunuuniunniige Taswusiiguugll 500 eam
) : ¥ 3

wadsmPunm 2 $1lue iedida PvA senll mimiumiugungil

wiguuginaesmawiiiunm 4 ¥lus dagal 3.3
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T .
NGBQH‘HT

T
O HI BT-BNT
o]
G

-

FUIU

@ & v = o Qs = o
71 32 mstaiTeeduanlunigegiuidminimnsuae

gl

Temp. Sinter/4hr

Rate 5 “C/min Rate 2 °C/min
500 °C/2hr

Rate 2 "C/min

1301

H ¥
g 33 namuaastuneulumsendumes

334 DIZUIUMINFENATINNTUITZVY 0.9BaTiO3-(0.1-x)Bi ,Na,, TiO,-xBiGaO,
uag YUY 0.9BaTiO,-(0.1-x)Bi,,Na, , TiOxBiAlO, 1M 3daAINsIALYNANI
1. dwsasmsen laussasuuwuagifioutsya 1.2 afu

2. heEsuLadlsaTnatNazden tazuaraniIna I faleansaed
v

(Polyvinyl alcohol; PVA) lpamudutudovay 5 Teshwmin dizuim
W g &
[

1-2 vea mewelunsdseaulimanmeziuldaau

o s ' 1 1a " o U o 9 4 [ I =
3. e laasluuunind lave 1 llsadiuniesdnszuulaasedn

o o) =1 o [ J=%
ﬁ”mmmﬂu 2 AU Lﬂ'uﬂﬂ"l 2 UINLAZAITNAY 3 AU L?J"L!Dﬁ'l I U
L 9.0‘(_\’" AA w o i 9 " k4
5J$1@‘Huﬁ1uﬂhﬂﬂﬁm51ﬂuuﬂ1ﬂlﬂﬂﬂ ITTUHIUFUENANYUIA 1.3
LHUAINAT

@ A ¥

o d A Y N | v 9 o =
4, UIUaNaALTyUIDuLAD 1‘]]‘1’]1[’1’]3@?1@3&1“5Qﬂu'b’q]ﬂ‘ﬂﬁ‘l’lw
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o d Ao a v v a v a v .
5. HuUUANoalIuuIDuILA) 'mﬁﬂﬂumuagnm Tﬂﬂﬂﬁ‘ﬂﬂ’]ﬂﬂﬁ 0.9BaT103-
0.1Bil,2NamTiO3 Lﬁaﬂmﬂnmiu1mﬁ1unmm llﬂzﬂauﬁﬂ‘ﬁ"l«!ﬁ’?ﬂ

a A A P gy 1A o ~
ma’gum LWﬂLWlIﬂ‘liﬂﬁ'Zﬁ’lUﬂ?']ﬂiﬂul‘U’lq‘]ﬂ-Nﬂlu ﬂﬁzﬂ‘n 33

]
= =

6. 1hdawegimiisssduamiGouiesuds Wuaunieviimsendumnes

= =Y

TaeirnNguvgll 1050 1100 uaz 1150 sarusaFoa (Woldonguugil

o O

i ldrinianumumivinaiige Taowuaiguugil 500 03m
g 4 i o o 3 4 -
wamaiuna 2 $2Tua ieiida PVA vanll vimiumingumgi

= ady d 4 @
DQUMYUNARIMIKITUNN 4 F2Tua Az 3.3

a

a 1 v d
3.4 MInsTUNgAnsIHMIRaamuIMAnMSRIUUYEITITENY (XRD)

s o oAy ¢ a ¢ o = a
mmsmeth‘n"lm1ﬂmi!.muﬂa"lcnuua:msmwuma'i ul‘lJ'ﬂ'lﬂ'liﬁﬂ'H']Wi]ﬁﬂ'iill

2 o 5 o 4 A
N1510UUYDITITOnT (X-ray diffractrometor 130 XRD) FailwnToiionldlumsasie

a < ” o

@
NWgnllenanyain 1iya1wa15A0619 (Non-destructive medthod) TagldMdnma@uauuves

s

= o o 9 =R w i ] [ o a ey o °
Fatond NANNTENUMNAGNYBINTALENNYUAIGAY wamsamszin Tdezgmil

= o Y

foudugmdeyamasgiu eszyigninesnlseneuvesmsdledny Taodndndnazd

o

= e/ o

s o) 5 Py =] .:f 1 a = 1
anvueMsioIRIveezaeiiurug Fdnyurmsioaditiszuanaanu 1 lundnunay

a & d U o A oo a = ° Y a a o o o
PURA ‘BQLﬂuﬂ’llﬂwﬂlgﬂ? lﬂﬂi\iﬁlﬂﬂcﬁﬂﬂﬂigﬂﬂﬂﬂﬂﬂzﬂ'l‘lﬂlﬂﬂﬂ'ﬁﬂiﬁlﬂﬂﬂﬂﬂiQﬁlﬂﬂ“ﬁﬂ‘kﬂ‘]jﬂ

-

¥
= o 1
szunumart Tasdluldaungueiusn (Brage' law) Favzew130m1502195eHI1

szun'ld Taoodoaumsn 3.4

YN B (Y79 o X L. (3.4)
A A ' ' <
e d A9 SLULMINTEHINTEUIVVINAN hkl
0 fie yuiidams@uauuveasidiond
=1 o o
n Ao @i aNlag m=1,23,...)
A A o A s ¥ A
A fp anuuninauvessadenan Idnndimesunaiiai 1.54056 A

o

¥ ¥
Tuandson 1@ldanzlumsimsiziaai

gangiilumsiinsied 25°C
Yy 20 SuAU - Tuga 20° - 80°
Step size 0.02°

Time step 1 sec
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) Ay v e W e i 5 ¥ ¢ ~
‘Uﬂgﬁﬂulﬂinﬂ“ﬂﬂ'lilf\ﬂ')iﬂu‘llﬂﬂiiﬁlﬂﬂ“ﬁ ﬁ']ll'liﬂu"lll11‘15”133ﬂﬂ35ﬂ0‘1]7ﬂ\31ﬂ1]
-

k4

9
w30 Inseainandnveamsniooeld venniniidiamsaviimsaunavfSuinveuna

o 4 s a A a Ao
wan dadi InseadrudlumesenalndnifavuluFisvumousumaudaniaoy (Pyrochore)

Tasoduaun15h 3.5 [16]

o I X 100
suuveadavan (Y%wt) =_perov.” — (3.5)

+1
perov. pero.

e 1, fAe Anudugegavesiin XRD vourmmwesova’lng

perov.

1. Ao anmudugagavesiin XRD weunauilanilaoy

pyTo.

LA
3.5 MIATIVABVANTANIINMEMN
3.5.1 MIMMANUHUMUY (Density 130 P)
° [] = ci = b4 o [ dd A
Mmmsmanuuunivveussinfimsonla Tasodondnmsveersnlaa
A 1 Y A o -t da 4 < 2
fina1n 149 “ileguveandaaaluveumarnius mgsiifatuuuvowdaiu Taouss
Aa & A iw ¥ o = oy o asy
wganiArrudAmAhminvesqmalignunuisolimnasvesvewds 33ms
o P a d a Y o 3 ? 4 A a d
mlaoiugsiinnwsou ldinnduluinau Tasliindaunasdassiiintuna
<& i H { 2N o = L4 ]
s 32 Tuarive Tiudh ldunuieimaieglugwsuvesdiasiin vimiuna 13 1idu
< ay Y e e AT a dd % = 3 d
wiuMNpwdhmsFahmindamsilinnomh Tasmsunuive i uiu w,
2 ° a { a [ '
viminindamsiiin ldeuliud lugouiigungi 120 °c  Wunarediaies
& o & 3w d o o :
24 $1Tue udRoh T Fimuhminlueimaiiu w, udRsimsduamainn

HUMUUAIA NN 3.6 [34]

A A 1 a 3
Wo P AD ANNHULUUYDUFTINA (g/em)

fl
I e a a4 ¥
umummmsmnmﬂ?ﬂum (g)

¥ a dad
9 umtiaveurinnr ldlueinie (g)

= s

P, Ao ANUMUINILYDNI 0 QUUYINIA (g/em’)

a o

¥ 1
UonIni Qﬁ'l‘l.l'lﬁ'ﬂﬂ'l‘l.l'm.lﬁ'lﬂ1ﬂ’J]IJHH'ILLUH?%IWVIﬁﬂlﬁ'ﬂ'lﬂﬁllﬂ']‘iﬂ 3.7



p
P

%TD = x 100 (3.7)

o 1A @ '
o %TD fle Weduanmumuniuisuiuaumuiunangud
P D ANUNUMUUYEITITAIDIN (g/em’)

Py AD ATUUUULIUYDITITAIDENANHT (g/em’)

3.5.2 MIMMMTHAMVBUFIUNHAINSENTUINGS (Firing shrinkage)
Ed
nasniimsnFumesiwsiin udnhruauunsinianisuadves
w5 iana Ui TugUveamsnad 1391513 (Volume Shrinkage) TagA1uau1191n

¥ 1 o =y ar §
lﬁiﬂFl‘i“lI?N‘IﬂN'ILlﬂﬂuuﬂzﬁ’ﬁﬂﬂ"ﬁm"ﬁh’ulﬁi’)"i{TﬂUi’J'li’ftm'iJﬂTiﬁ 3.8

=341 SU-9—0  \\on (3.8)

-1 =
e v Ap 1Sunasvediamsiin (em’)

)

- ar

=1 o =
r flo Selivediaersaiin (cm)
24 =1 a
d e ANuMUIveias1iin (cm)
udrvninfSnasudsmsmduaed (v,) wnnlfouiousuliasneunsindu

o r 3/ a = o a
M97 (V) DA IMINMITOIRZNMITUAAIVEIS N TAYIAYAUNITN 3.9

g=\-N_<8 xpe® S 7] ) SO g4 . (3.9)
Vl
A Ay » a
e S 10 IDUATNITHAANIUDIUKITIUN

=

1 o a 4 o as
VinVifio US1ASABUNALHAINISIFFUINDS ATEIAY

3.6 MIasrvaevanamalnih
3.6.1 ATI0ARUMAINIABIAANID (Dielectric constant) azM1fsznoUm e
lagidnnsn (Dielectric loss)

o w = a d = 1w = a d =
Tnﬂ'l‘iﬁ'i')‘l]'lﬂﬂ'lﬂ\lﬂulﬂalﬁﬂﬂiﬂuﬁ:ﬂ'lﬁT)JizﬂeUﬂ']iﬁmlﬁﬂ"lﬂﬂlﬂﬂﬂﬁﬂﬂlﬂﬁ

y U

] [
a A

a da a Y o o a a = °
wsiinason I dsununsn)asunlasvesguugiivazaud Taniuysiing
9 . o q Ve oD v ] ¢
ABINSNATaULININMSTA IR G sunazvIununIaeant laul¥nszaunioues

600 1000 paz 1200 aaIay Wl lauanunuszuna 1 Tadwas e
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v A o a 2 g A w PR ¥
azoaunidans Tetinditunar 10 il dannuvuinazidudugudnaig
v ] 9
1a23 01 IHh (Blectrode) TaoldnmGuriamiminaimiuesssiinniaos
amazah ldinguingdi 5500 iWunar 15w daudasimsiiiuanguugil
» 4 3 = Y a oA = mé ¥ o a1
10°C/min e IinMIRuEiwarAnduRIslin laady 9miuth lddaminnug
" W - ad a 4 a0 a
T#h vazailszneumsguyidonaladidnn3nduiATea LCR meter iagungil
ganpiidesdy 300°C NAwE 1 10 uaz 100 kHz  udnhaanuy i ldmn
Mudumiaina laddnnin laverdoaunis 3.10
E=d0 @ @ e (3.10)
EA
A P 1 P ad o g 4 a L]
149 € no A1n97 laBiany3n (Dielectric constant) YIMTAIDES
d A9 ANUMUIVRIANTABE
€, flo Amannoouduring lugaannie (ia1 8.854 x 10 Fm')
2R, NS
A fio Wunveava lWhyesmsaedia

cfio ANy IWih (Capacitance) ¥83e15@ 20614

3.6.2 A3I0ABUIIBANDI Bar

a A a ol o — 1 g k- 9 ¥

ATaRUNTAMESTa  TasmahFuaisaredtainea IWihudauing
1 @ & w 9/ o 1 %‘ @ aon 9 oy = a .

senInda0ay 1anh ushniniugdTauvesganivquanuion Waaind High
Voltage Amplifier taz11sunsufiny198amessa RT-66 91niAT0nouiames ld
20, S S (004 y 9 P
doyannununaziuiivesduaisatediaiidesnising SiuumsunMuaida
3/ = Y A ' 3 J 3/ =
18 vinemsumas  anwenveuduiiwiadiunsy Amuasiay iihgagai
3500 AlaTrad/daduas tudindeyannuduiusszninseuwihias Inar sy

o A ¥ | o & Y Y o a ¢ a g
‘lm‘n"lﬂaauﬂuuunmmgaumm‘lﬂamﬂxmmzwumﬂuﬂﬂﬂ

[ =
3.7 MINTIVADUAUFIUING1VDININANUAZITTINN
MAMIANEINIHAUINTVOUNTULATAUTIUINGIVOIHINANLIAZIFT1TALT 1w
soouanvinagluveuysiin iemanuduiusfunganssuma Iiihvessniniws oy
18 Taomsaunmdiundesganssenididnaseunuudeansia (Scanning electron microscope
& o = o v & o a g &
130 SEM) lasmisduwsidaviihanuazeiadiginiotdans lstindiilunal 1 92Tuq
2 . : ' 4 = a o ° a
nmininneuie lannuruludoufigavgi 120°C Wunai 24 52 Tua hwanaziasiin 1y
& v by sy =) . Y o " b F da o
IAADUAIINBIAILTTNISIAADY (Sputtering) a1 T)arwnmerondosganssmividnasou

nuuaeana Tavldmaaverslusis 5,000 -20,000 11
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UNN 4

wan1IveazanUsura

¥
n13390il 1dvin5es vurandn lusg Uy BT-BNT-BG 11ag52U1 BT-BNT-BA #2675
Ufisonantuzueandia (Solid state reaction) 1WWanAnT I8 limsiasoumsindrvmaiin
a Pl & " = ) 1 pRympai = a Yy ¥
mswFumeiuuui ) tazhmsfnsmdandindnga lumsiedouasiinlildannu
] a fa o & el I [ ¢ o o
wudug vasnmiuiurnini1dlaseaevnenmlaoiannumuniv woefidud

o o - = o @ o A ey Yy 'Y
nsHARIuasTug I AaTeigalendnyel maasud tazamiama Indhee 1

4.1 MIMANYUSINNTVDAFTINNIUIZUL BT-BNT-BG
4.1.1 audANNMYATHYDIT NN
@ = =1 a A Vv 9 o o a A A Y ° a
vanmsiassulaasiinGouieonds dulaminiwion lduihinmsasieia
" o = > <« g o &

anunuunin (p)  Tasmaiudiaesiiin ldduluhedudunar s 5w fel3lWiduuay
° o % o 7 1 P o Y
mndaimin nimiusumaMEMUIRiuAaUNSH 3.6 taziudeiiFudnmnadi

YOUFTIIA(s) HAMITNAADIN IALAAIAINITIIN 4.1

M5 4.1 auiANIMUNINYDAULI N BT-BNT-BG

dadau) guniiTuAei(c) P (glem’) TD(%) 5 (%)
0.00 1300 59 98.9 14.6
0.02 1300 6.1 96.2 16.1
0.04 1150 5.4 91.8 11.5
0.06 1150 5.8 98.8 16.1
0.08 1050 5.9 98.9 16.9
0.10 1000 6.0 96.0 17.6

1AA1T194N 4.1 HAAIANTANIIAIYAINYBUY TN 0.9BT-(0.1-x)BNT-XxBG

o

BRI NN A5 198190 urazdadiuszligungifunefuandadugezidon
nnguuinyh s lalinumuiuunafige sziiuldhmunsomsousiiin 0.9BT-
=t e e ' < 4 o
0.1BNT T#Tanumuuniuduring 1dgeia 98.9% ed1alsimu die1dvinmside BG aqlyl
3 a Al va ] o o o o ' P a
Wy ninh lddanuanumuunivduinsaaauiuediswin Tashiesiin 0.9BT-

0.08BNT-0.02BG HAumunniuduing 96.2% uaganunuiiudniniszanasdngai
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131N 0.9BT-0.06BNT-0.04BG ﬁJ'Ll 91.8% ﬂ’)TJJHH"ILLHHﬂNW‘V]‘ﬁ'%MWMq’ﬂluf’f\iﬂﬂ'ﬂl“ﬂi’mﬂ

u q

=

< ! v ow =1 o : ~
0.9BT-0.02BNT-0.08BG t1Ju 98.9% taza1n U niudunninozanasd1amasiiivs 96.0%
~ o = ¢ 1 = @ A oAd
N3N 0.9BT-0.1BG  metimadniziiumaninnmsaaisdivesaisuiesyianiu
o =9 1 = o 1 [
aenlsznoulwysiiln denaldifalimandandasunazgngu v ldlannumuiniu

o o o

Funnten Tasaeandesnunavad XRD inumaudandasusuavuin

1050°C 1100°C 1150°C 1200°C 1250°C 1300°C 1350°C

Qs

Ui 4.1 dnwaizvauws1iin 0.9BaTio(0.1-x) Bi, ,Na,, TiO-xBiGaO,

[l

A ow 1

' @ 1 o o
ndadueRlsznaua e 9 ndanndumandune
=R = =) v ] a/ ~ 1 ) LY
1zl 4.1 wiulan wslnuuEen Innuua-tamin TsRen Innuue-teivuna
s . - " A = 9 o 1 o H
189 0.9BaTiO;~(0.1-x)Bi, ,Na, ,TiO,+BiGaO, A1a3ould lunndadiusefszna vy
A w d & Ao A A Ao A y & @ 1 A A
nanvazihudananuuuntau mmasaazimmaoudniuawlinadadiu BG M

) A 4 A | A w.o¢ A A A A X
uInvu Lu@@ﬂjﬂﬂ—ﬁl}lﬁ“']ﬂ—l%@\‘”Jﬁll:n@@ﬂ 1.G]jﬂ (B1203) NUAITDDIWHUU

4.1.2 HAMIATIDABLN AU NG VBTN
3 A A oA n e o Qs =) o 9 9 da g
ugsiinfwaen lauhmsasaeudugwine Tavldndesyanssmisianasou
HUUABINIIA(SEM) Taun15¥1n15asdade uuTIassenueuss1nluseuy 0.9BT-
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QQ“ENLLF{ Turs1finluszuy 0.9BaTio,(1-x)Bi, Na, TiO,-xBIAlO, wuuiiomindadnvos
BiAIO, Yuguugimsaouma i mswasunasdedni lufnsuiswsuraves XRD
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Abstract In this paper, lead-free (1-x)(Big sNag 5)o.94B20.06-
TiO3-xBiAlO; (BNBT-BA, x=0, 0.010, 0.015, 0.020, 0.025,
and 0.030) piezoelectric ceramics were synthesized using a
conventional solid-state reaction method. The effect of
BiAlOj; concentration on dielectric, ferroelectric and piezo-
electric properties were investigated. The ferroelectric and
piezoelectric properties of BNBT ceramics are significantly
influenced by the presence of BA. In the composition range
studied, X-ray diffraction revealed a perovskite phase with
the coexistence of rhombohedral and tetragonal phases. The
temperature dependence of dielectric properties showed that
the depolarization temperature (7y) shifted towards lower
temperatures and that the degree of diffuseness of the phase
transition around 7y and 7, became more obvious with
increasing BiAlO; content. The remanent polarization in-
creased with increasing BA, and reached a maximum value
of 30 uC/em? at x=0.020. As a result, at x=0.020, the
piezoelectric constant (d3;) and the electromechanical cou-
pling factor (k;) of the ceramics attained maximum values of
188 pC/N and 34.4 %, respectively. These results indicate
that BNBT-BA ceramics is a promising candidate for lead-
free piezoelectric materials.
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1 Introduction

Bismuth sodium titanate (Biy sNagsTiOs, or BNT) is a
promising and extensively investigated lead-free piezoelec-
tric materials for use as a replacement for lead zirconate
titanate (PZT) in piezoelectric devices. It has a rhombohe-
dral perovskite structure at room temperature and strong
ferroelectricity with large remanent polarization (P,=38
uC/cm®). However, the main drawback of pure BNT is its
high coercive field (73 kV/cm), due to which BNT provides
much lower piezoelectric properties in its pure form [1, 2].
To improve the piezoelectric properties of BNT, various solid
solutions of BNT with other perovskites such as Big sK sTiO5
(BKT), BaTiO; (BT), StTiO; (ST), and BiAlO; (BA) have
been developed and extensively studied [3-11]. (1-x)
(Big sNag sTiO3)-xBaTiO; solid solution, with piezoelectric
properties that peak at its morphotropic phase boundary
(MPB) x=0.06, has shown great promise for piezoelectric
applications [1, 5-7]. Thus, the composition (Big sNag 5)o.94-
Bag g6 TiO5 (BNBT), which is representative of the MPB
region in the BNT-BT, was selected as a base material for
the present study.

On the other hand, it was predicted that BiAlO5 (BA) has
rhombohedral perovskite symmetry, large spontaneous po-
larization of about 76 uC/cm?, and a high Curie temperature
of about ~527 °C [12]. Zylberberg et al. later synthesized
BA and confirmed that it is ferroelectric and has a Curie
temperature (7.)>520 °C [13]. However, its poor thermal
stability and the extreme conditions that are therefore re-
quired for its synthesis have limited its use in its pure form
in practical applications [13]. Therefore, attempts have been
made to stabilize BA either using high pressure techniques
[14] or solid-solutions with other stable perovskite materials
[9-11].
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Watanabe et al. [9] fabricated (1-x)Big sNag sTiOs-
xBiAlQ; ferroelectric ceramics and evaluated their electrical
properties. Yu and Ye synthesized a (1-x)(Nag sBig 5)TiO3-
xBiAlO; (NBT-BA) ceramic system and observed excellent
ferroelectric and piezoelectric properties [10]. Recently, we
reported enhanced ferroelectric and piezoelectric properties
in a (1-x)Big sNag sTiO3-xBiAlO3 ceramic system in com-
parison to pure BNT [11].

These recent findings regarding the effects of BiAlO; on
Biy sNag sTiO3 motivated the investigation of a system that
shows superior piezoelectric properties compared to pure
BNT and will be more suitable for further study. In this
respect, the effects of BiAlO; (BA) on the structure, dielectric,
ferroelectric and piezoelectric properties of (BigsNag s)o.04-
Bag s TiO3 (BNBT) at the MPB region were investigated.

2 Experimental

The (1-Jc)(Bio_5Na0_5)0.94Ba0_06Ti03-xBiAlO3 (IZO, 0.01,
0.015, 0.020, 0.025 and 0.030) piezoelectric ceramics were
synthesized by a conventional solid state reaction method.
Biy 05, TiO,, Al,O5 (99.9 %, High Purity Chemicals),
BaCO; (>99 %, High Purity Chemicals), Na,CO3 (99.9 %,
Cerac Specialty Inorganics), and K,CO; (299 %, Sigma-
Aldrich) were used as starting raw materials. For each
composition, the dried oxides and carbonates were weighed
according to the stoichiometric formula and ball-milled for
24 h in ethanol. The dried slurries were calcined at 800 °C
for 2 h, and then ball-milled again for 24 h. The powders
were pulverized, mixed with an aqueous polyvinyl alcohol
(PVA) solution, and pressed into green disks with diameters
of 13 mm under a pressure of 100 MPa. Samples were
sintered at 1150 °C to 1170 °C for 2 h in a covered alumina
crucible. To minimize the loss of highly volatile elements
such as Bi, Na, and K, the disks were embedded in a powder
of the same composition. The crystal structures of the
ceramics were characterized by an X-ray diffractometer
(XRD, X’pert PRO MRD, Philips). For microstructural
analysis, the as-sintered samples were thoroughly polished
and then thermally etched at 1100 °C for 1 h. Finally,
scanning electron microscopy (SEM, JSM-5610LV) was
employed to examine the microstructures of the polished
and thermally etched samples. The sintered disks were pol-
ished to measure their electrical properties. Silver paste was
electroded on both surfaces of the disk samples, and fired at
700 °C for 30 min. The temperature dependence of the
diclectric properties was measured using an impedance an-
alyzer (HP4192A). The ferroelectric hysteresis loops were
measured using a Sawyer-Tower circuit. The piezoelectric
constant d33 was measured using a piezo-da3 meter (ZJ-6B,
China).

@ Springer

3 Results and discussion

The X-ray diffraction patterns of (1-x)BNBT-xBA ceramics
(x=0-0.030) in the 28 range of 20-60° are shown in Fig. 1
(a). In the composition range studied, all samples were
crystallized into pure perovskite phases and no second
phases were detected. The absence of second phases indi-
cates that Ba®" and AI’" ions diffused into the BNBT lattice
to form a homogeneous solid solution. To examine the
influence of the addition of BA on BNBT, the detailed
XRD scan was performed in the 20 range of 36-48° shown
in Fig. 1(b). Obvious splitting of XRD peaks was detected
for the sample with x=0 at a 20 of around 40° and 46°,
which can be assigned to a (003)/(021) peak splitting and a
(002)/(200) peak splitting according to rhombohedral sym-
metry and tetragonal symmetry, respectively [5, 6]. Addition
of BA did not have a pronounced effect on the crystal
structure of BNBT-BA ceramics. However, with increase
in BA content the diffraction peaks slightly shifted to lower
angles. All of the samples revealed the characteristics of
both rhombohedral and tetragonal symmetries.

The microstructures of the polished and thermally etched
samples of BNBT-BA with x=0, 0.015, 0.020 and 0.030
were observed by SEM as shown in Fig. 2. Well developed
and pore-free microstructures are in good agreement with
the high density of the ceramics (above 95 % of the theo-
retical density). The addition of BA had no apparent effect
on the grain sizes of BNBT-BA ceramics. However, the
average grain size increased slightly with increasing BA
content. Conversely, the addition of BA resulted in an
obvious change in grain morphology. Specifically, the grain
profile shifted towards neat and clear cubic shapes con-
currently with rectangular shapes when the BA content
was increased up to x=0.030. Similar shifts in grain

n | (b)
x = 1.030
l l x=0.025 l
] l l x=0.020 1
A
’[ I l x=04015 l
1 “ ! l x=0.010 ! _A JL
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26 (degree) 20 (degree)

Fig. 1 X-ray diffraction (XRD) patterns of (1 —x)BNBT-xBA ceramics

(x=0-0.030) in the 20 ranges from (a) 20-60° and (b) 38-48°
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Fig. 2 SEM micrographs of (1-x)BNBT-xBA ceramics (a) x=0, (b)
x=0.0135, (c) x=0.020, and (d) x=0.030

morphologies have been reported in BiAlO;-modified
Big.5(Nag gsKo.15)0.sTiO3 ceramics [15].

Figure 3 depicts the temperature-dependent dielectric
constants and losses of the poled samples of BNBT-BA
ceramics with x=0, 0.015, 0.020, and 0.030 measured at
different frequencies (1, 10, and 100 kHz). From the dielec-
tric curves, it is seen that BNBT-BA ceramics exhibited two

dielectric anomalies at all measured frequencies: the first
inflection point/or peak is often called the depolarization
temperature (7y), where the ferroelectricity significantly
decreases, while the latter is called the maximum tempera-
ture (T},), at which the dielectric constant reaches its max-
imum. The dielectric behavior observed in BNBT-BA
ceramics is consistent with previous reports of BNT-based
ceramics [2, 5, 15]. It can also be seen from Fig. 3 that the
dielectric curves of BNBT-BA ceramics exhibit broad tran-
sition peaks around Ty and Ty, which implies the character-
istics of diffuse phase transition. Diffuse phase transition at
Ty and T}, became more pronounced with increasing BA
concentrations. Moreover, BNKT-BA ceramics showed
relaxor characteristics; both transition temperatures Ty and
T'n were strongly frequency dependent. The higher the fre-
quency, the lower the dielectric constant value and higher
the transition temperatures Ty and Ty,. Therefore, BiAlO;-
modified BNBT ceramics are relaxor ferroelectrics in the
studied composition range. A relaxor characteristic has been
reported in BaTiO5-BiAlO;ceramics [16, 17].

Direct comparisons of the dielectric constants and losses
of all the samples of BNBT-BA ceramics at 1 kHz are
displayed in Fig. 4. For BNBT-BA with x=0, Ty and T},
was 115 °C and 262 °C, respectively. When BA content
increased to x=0.030, the T, decreased to 85 °C, while the

Fig. 3 Dielectric constants and £ 8000 £ 3000
loss of (1-x)BNBT-xBA = (a) x=0 = (b) x=0.015
ceramics as a function of = 6000 e 6000
temperature and frequency: (a) 6 6
x=0, (b) x=0.015, (c) x=0.020, o ne Jeh-Spor
and (d) x=0.030 & £
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Fig. 4 Direct comparison of dielectric constants and loss of (1-x)
BNBT-xBA ceramics at | kHz

Ty slightly increased to 270 °C. The dielectric constant at
T, gradually decreased as BA concentration increased. The
dielectric loss slightly increased with increasing BA content
and varied in the range of 0.03 and 0.06.

Figure 5 shows the polarization hysteresis loops of BNBT-
BA ceramics at room temperature. All of the samples exhibited
typical ferroelectric polarization hysteresis loops, as evidenced
by the significant remanent polarization and coercive field. The
remanent polarization and coercive field of BNBT-BA
ceramics with x=0 was 22 pC/cm? and 33 kV/cm, respectively.
The remanent polarization increased with increasing BA, and
reached a maximum value of 30 uC/em? at x=0.020. However,
with the addition of higher levels of BA (x=0.030), the rema-
nent polarization drastically decreased to 7 wC/em?. The coer-
cive field continuously decreased with increasing BA content.

S

[
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0 0.030
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Electric Field (kV/cm)

Fig. 5 Polarization hysteresis loops of (1-x)BNBT-xBA (x=0, 0.010,
0.015, 0.020, 0.025, and 0.030) ceramics

Polarization (pClcmz)
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Therefore, it can be concluded that an introduction of small
amount of BiAlO; improved the ferroelectricity of the BNBT-
BA ceramics.

Figure 6 shows the piezoelectric constant d53 and electro-
mechanical coupling factor k, of BNBT-BA ceramics as a
function of BA concentration. As BA content increased from
0 to 0.020, d33 increased from 133 to 188 pC/N. Further
increase in BA concentration resulted in a significant reduc-
tion in d33. Similarly, &, increased from 29.8 % to 34.4 %,
when BA content increased from 0 to 0.020. The observed
trends in d33 and k;, are in good agreement with polarization
hysteresis loops (Fig. 5). At 2 mol% of BA concentration, the
remanent polarization increased to 30 pC/cm?’, while the
coercive field decreased to 24 kV/em. As a result, the dss
and k;, attained their maximum values of 188 pC/N and
34.4 %, respectively. At higher BA concentrations (x=
0.030), the remanent polarization significantly decreased to
7 pClem?. Thus, a small da3 value of 66 pC/N was obtained.
Therefore, such improvement in piezoelectricity can be attrib-
uted to the enhancement of remanent polarization and reduc-
tion in coercive field.

4 Conclusion

The effects of BiAlO5 on the structure, dielectric, ferroelec-
tric and piezoelectric properties of (BigsNag s)o.04Bag.os-
TiO; piezoelectric ceramics at the MPB region were
investigated. All ceramics were crystallized into pure perov-
skite phase with the characteristics of both rhombohedral
and tetragonal phases. The depolarization temperature (Ty)
and dielectric constant at T, of BNBT-BA ceramics de-
creased with increasing BA content. The dielectric curves
of BNBT-BA ceramics exhibited diffused phase transitions
around Ty and T,,, which implies the characteristics of
relaxor ferroelectrics. At x=0.020, BNBT-BA ceramics
showed good performances with a piezoelectric constant
dy3=188 pC/N, electromechanical coupling factor kp=
34.4 %, and remanent polarization P,=30 uC/em?,

200 40

Z 1504 ‘ 15
o~

@) ' Q
(=9 -
B ™
= 100 30

50 5%

00 05 10 1.5 20 25 3.0
BA Content (%)

Fig. 6 Piezoelectric constant d5; and electromechanical coupling fac-
tor k, of (1-x)BNBT-xBA ceramics as a function of BA content
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Abstract In this paper, lead-free (1-x)(BigsNag 5)0.04Bag g6-
TiO;-xBiAlO; (BNBT-BA, x=0, 0.010, 0.015, 0.020, 0.025,
and 0.030) piezoelectric ceramics were synthesized using a
conventional solid-state reaction method. The effect of
BiAlOj; concentration on dielectric, ferroelectric and piezo-
electric properties were investigated. The ferroelectric and
piezoelectric properties of BNBT ceramics are significantly
influenced by the presence of BA. In the composition range
studied, X-ray diffraction revealed a perovskite phase with

the coexistence of rhombohedral and tetragonal phases. The |

temperature dependence of dielectric properties showed that
the depolarization temperature (7y) shifted towards lower
temperatures and that the degree of diffuseness of the phase
transition around 74 and T,, became more obvious with
increasing BiAlO; content. The remanent polarization in-
creased with increasing BA, and reached a maximum value
of 30 pC/em? at x=0.020. As a result, at x=0.020, the
piezoelectric constant (d33) and the electromechanical cou-
pling factor (k,) of the ceramics attained maximum values of
188 pC/N and 34.4 %, respectively. These results indicate
that BNBT-BA ceramics is a promising candidate for lead-
free piezoelectric materials.
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1 Introduction

Bismuth sodium titanate (BigsNagsTiO3;, or BNT) is a
promising and extensively investigated lead-free piezoelec-
tric materials for use as a replacement for lead zirconate
titanate (PZT) in piezoelectric devices. It has a rhombohe-
dral perovskite structure at room temperature and strong
ferroelectricity with large remanent polarization (P,=38
uC/em?). However, the main drawback of pure BNT is its
high coercive field (73 kV/cm), due to which BNT provides
much lower piezoelectric properties in its pure form [1, 2].
To improve the piezoelectric properties of BNT, various solid
solutions of BNT with other perovskites such as Biy sKq sTiO3
(BKT), BaTiO; (BT), SrTiO; (ST), and BiAlO; (BA) have
been developed and extensively studied [3-11]. (1-x)
(Biy sNag sTiO3)-xBaTiOs solid solution, with piezoelectric
properties that peak at its morphotropic phase boundary
(MPB) x=0.06, has shown great promise for piezoelectric
applications [1, 5-7]. Thus, the composition (Big sNag s)g 04
Bag ¢6TiO3 (BNBT), which is representative of the MPB
region in the BNT-BT, was selected as a base material for
the present study.

On the other hand, it was predicted that BiAlO; (BA) has
rhombohedral perovskite symmetry, large spontaneous po-
larization of about 76 pC/cm?, and a high Curie temperature
of about ~527 °C [12]. Zylberberg et al. later synthesized
BA and confirmed that it is ferroelectric and has a Curie
temperature (7.)>520 °C [13]. However, its poor thermal
stability and the extreme conditions that are therefore re-
quired for its synthesis have limited its use in its pure form
in practical applications [13]. Therefore, attempts have been
made to stabilize BA either using high pressure techniques
[14] or solid-solutions with other stable perovskite materials
[9-11].
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Watanabe et al. [9] fabricated (1-x)Big sNag sTiOs-
xBiAlO; ferroelectric ceramics and evaluated their electrical
properties. Yu and Ye synthesized a (1-x)(Nag sBig 5)TiO3-
xBiAlO; (NBT-BA) ceramic system and observed excellent
ferroelectric and piezoelectric properties [10]. Recently, we
reported enhanced ferroelectric and piezoelectric properties
in a (1-x)Big sNag sTiO3-xBiAlO; ceramic system in com-
parison to pure BNT [11].

These recent findings regarding the effects of BiAlO;3 on
Big sNag sTiO; motivated the investigation of a system that
shows superior piezoelectric properties compared to pure
BNT and will be more suitable for further study. In this
respect, the effects of BiAlO5 (BA) on the structure, dielectric,
ferroelectric and piezoelectric properties of (BigsNag s)g.04-
Bag osTi05 (BNBT) at the MPB region were investigated.

2 Experimental

The (1-x)(Big sNag 5)0.04Bag.0sT103-xBiAlO; (x=0, 0.01,
0.015, 0.020, 0.025 and 0.030) piezoelectric ceramics were
synthesized by a conventional solid state reaction method.
Bi;05, TiO,, Al,O5 (99.9 %, High Purity Chemicals),
BaCO; (>99 %, High Purity Chemicals), Na,CO3 (99.9 %,
Cerac Specialty Inorganics), and K;CO5; (299 %, Sigma-
Aldrich) were used as starting raw materials. For each
composition, the dried oxides and carbonates were weighed
according to the stoichiometric formula and ball-milled for
24 h in ethanol. The dried slurries were calcined at 800 °C
for 2 h, and then ball-milled again for 24 h. The powders
were pulverized, mixed with an aqueous polyvinyl alcohol
(PVA) solution, and pressed into green disks with diameters
of 13 mm under a pressure of 100 MPa. Samples were
sintered at 1150 °C to 1170 °C for 2 h in a covered alumina
crucible. To minimize the loss of highly volatile elements
such as Bi, Na, and K, the disks were embedded in a powder
of the same composition. The crystal structures of the
ceramics were characterized by an X-ray diffractometer
(XRD, X’pert PRO MRD, Philips). For microstructural
analysis, the as-sintered samples were thoroughly polished
and then thermally etched at 1100 °C for 1 h. Finally,
scanning electron microscopy (SEM, JSM-5610LV) was
employed to examine the microstructures of the polished
and thermally etched samples. The sintered disks were pol-
ished to measure their electrical properties. Silver paste was
electroded on both surfaces of the disk samples, and fired at
700 °C for 30 min. The temperature dependence of the
dielectric properties was measured using an impedance an-
alyzer (HP4192A). The ferroelectric hysteresis loops were
measured using a Sawyer-Tower circuit. The piezoelectric
constant d3, was measured using a piezo-d;; meter (ZJ-6B,
China).
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3 Results and discussion

The X-ray diffraction patterns of (1-x)BNBT-xBA ceramics
{x=0-0.030) in the 20 range of 20-60° are shown in Fig. 1
(a). In the composition range studied, all samples were
crystallized into pure perovskite phases and no second
phases were detected. The absence of second phases indi-
cates that Ba>* and AI’* ions diffused into the BNBT lattice
to form a homogeneous solid solution. To examine the
influence of the addition of BA on BNBT, the detailed
XRD scan was performed in the 26 range of 36-48° shown
in Fig. 1(b). Obvious splitting of XRD peaks was detected
for the sample with x=0 at a 20 of around 40° and 46°,
which can be assigned to a (003)/(021) peak splitting and a
(002)/(200) peak splitting according to thombohedral sym-
metry and tetragonal symmetry, respectively [5, 6]. Addition
of BA did not have a pronounced effect on the crystal
structure of BNBT-BA ceramics. However, with increase
in BA content the diffraction peaks slightly shifted to lower
angles. All of the samples revealed the characteristics of
both rhombohedral and tetragonal symmetries.

The microstructures of the polished and thermally etched
samples of BNBT-BA with x=0, 0.015, 0.020 and 0.030
were observed by SEM as shown in Fig. 2. Well developed
and pore-free microstructures are in good agreement with
the high density of the ceramics (above 95 % of the theo-
retical density). The addition of BA had no apparent effect
on the grain sizes of BNBT-BA ceramics. However, the
average grain size increased slightly with increasing BA
content. Conversely, the addition of BA resulted in an
obvious change in grain morphology. Specifically, the grain
profile shifted towards neat and clear cubic shapes con-
currently with rectangular shapes when the BA content
was increased up to x=0.030. Similar shifts in grain
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Fig. 1 X-ray diffraction (XRD) pattemns of (1 -x)BNBT-xBA ceramics
(x=0-0.030) in the 28 ranges from (a) 20-60° and (b) 38-48°
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Fig. 2 SEM micrographs of (I-x)BNBT-xBA ceramics (a) x=0, (b)
x=0.015, (¢) x=0.020, and (d) x=0.030

morphologies have been reported in BiAlQs-modified
Big s(Nag.gsKo.15)0.5sTiO3 ceramics [15].

Figure 3 depicts the temperature-dependent dielectric
constants and losses of the poled samples of BNBT-BA
ceramics with x=0, 0.015, 0.020, and 0.030 measured at
different frequencies (1, 10, and 100 kHz). From the dielec-
tric curves, it is seen that BNBT-BA ceramics exhibited two

dielectric anomalies at all measured frequencies: the first
inflection point/or peak is often called the depolarization
temperature (7,), where the ferroelectricity significantly
decreases, while the latter is called the maximum tempera-
ture (7},,), at which the dielectric constant reaches its max-
imum. The dielectric behavior observed in BNBT-BA
ceramics is consistent with previous reports of BNT-based
ceramics [2, 5, 15]. It can also be seen from Fig. 3 that the
dielectric curves of BNBT-BA ceramics exhibit broad tran-
sition peaks around Ty and T, which implies the character-
istics of diffuse phase transition. Diffuse phase transition at
Ty and T, became more pronounced with increasing BA
concentrations. Moreover, BNKT-BA ceramics showed
relaxor characteristics; both transition temperatures Ty and
Ty, were strongly frequency dependent. The higher the fre-
quency, the lower the dielectric constant value and higher
the transition temperatures Ty and Ty,,. Therefore, BiAlO3-
modified BNBT ceramics are relaxor ferroelectrics in the
studied composition range. A relaxor characteristic has been
reported in BaTiO3-BiAlOsceramics [16, 17].

Direct comparisons of the dielectric constants and losses
of all the samples of BNBT-BA ceramics at 1 kHz are
displayed in Fig. 4. For BNBT-BA with x=0, Ty and T,
was 115 °C and 262 °C, respectively. When BA content
increased to x=0.030, the Ty decreased to 85 °C, while the
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Fig. 4 Direct comparison of dielectric constants and loss of (1—x)
BNBT-xBA ceramics at 1 kHz

T slightly increased to 270 °C. The dielectric constant at
T gradually decreased as BA concentration increased. The
dielectric loss slightly increased with increasing BA content
and varied in the range of 0.03 and 0.06.

Figure 5 shows the polarization hysteresis loops of BNBT-
BA ceramics at room temperature. All of the samples exhibited
typical ferroelectric polarization hysteresis loops, as evidenced
by the significant remanent polarization and coercive field. The
remanent polarization and coercive field of BNBT-BA
ceramics with x=0 was 22 uC/cm” and 33 kV/cm, respectively.
The remanent polarization increased with increasing BA, and
reached a maximum value of 30 pC/em? at x=0.020. However,
with the addition of higher levels of BA (x=0.030), the rema-
nent polarization drastically decreased to 7 uC/cm?. The coer-
cive field continuously decreased with increasing BA content.

50

Nﬂ'\

E

o)

O 251

Z

=

2 0

"

-

& 25 " - 0.020

& -v—0.025
B ~0- 0,030
-50 RTSTRNE SPRPRER A
60 40 20 0 20 40 60

Electric Field (kV/cm)

Fig. 5 Polarization hysteresis loops of (I-x)BNBT-xBA (x=0, 0.010,
0.015, 0.020, 0.025, and 0.030) ceramics
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Therefore, it can be concluded that an introduction of small
amount of BiAlO; improved the ferroelectricity of the BNBT-
BA ceramics.

Figure 6 shows the piezoelectric constant ¢33 and electro-
mechanical coupling factor k, of BNBT-BA ceramics as a
function of BA concentration. As BA content increased from
0 to 0.020, ds; increased from 133 to 188 pC/N. Further
increase in BA concentration resulted in a significant reduc-
tion in ds3. Similarly, k, increased from 29.8 % to 34.4 %,
when BA content increased from 0 to 0.020. The observed
trends in di3 and k, are in good agreement with polarization
hysteresis loops (Fig. 5). At 2 mol% of BA concentration, the
remanent polarization increased to 30 uC/em?, while the
coercive field decreased to 24 kV/cm. As a result, the di;
and k, attained their maximum values of 188 pC/N and
34.4 %, respectively. At higher BA concentrations (x=
0.030), the remanent polarization significantly decreased to
7 uC/em’. Thus, a small ds3 value of 66 pC/N was obtained.
Therefore, such improvement in piezoelectricity can be attrib-
uted to the enhancement of remanent polarization and reduc-
tion in coercive field.

4 Conclusion

The effects of BiAlO3 on the structure, dielectric, ferroelec-
tric and piezoelectric properties of (BipsNag s)o.94Bag 06
TiO; piezoelectric ceramics at the MPB region were
investigated. All ceramics were crystallized into pure perov-
skite phase with the characteristics of both rhombohedral
and tetragonal phases. The depolarization temperature (Ty)
and dielectric constant at T,, of BNBT-BA ceramics de-
creased with increasing BA content. The dielectric curves
of BNBT-BA ceramics exhibited diffused phase transitions
around Ty and Ty, which implies the characteristics of
relaxor ferroelectrics. At x=0.020, BNBT-BA ceramics
showed good performances with a piezoelectric constant
d33=188 pC/N, electromechanical coupling factor k,=
34.4 %, and remanent polarization P,=30 uClem>.
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Fig. 6 Piezoelectric constant ¢33 and electromechanical coupling fac-
tor k, of (1-x)BNBT-xBA ceramics as a function of BA content
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Bismuth Aluminate: A New High-T¢ Lead-Free Piezo-/ferroelectric
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Ferroelectric materials, which have a reversible spontaneous polarization and generate an electric
potential when subjected to a mechanical stress (piezoelectricity), have applications in nonvolatile random
access memory devices and micro-electromechanical systems. For such applications, materials that remain
ferroelectric up to high temperatures are desired. Bismuth aluminate has been predicted to be one such
material. We present herein the first characterization of the dielectric, ferroelectric, and piezoelectric
properties of the ceramic BiAlOs synthesized by the high-pressure method. It is demonstrated that BiAlO;
is indeed a lead-free ferroelectric with a Curie temperature Tc > 520 °C, a piezoelectric coefficient ds;
= 28 pC/N, and a room-temperature remnant polarization P, = 9.5 ,uC/cmz, P: increases with temperature,

reaching 26.7 uClem? at 225 °C.

Introduction

Ferroelectrics (which are a subset of piezoclectrics) are
materials that have a spontaneous polarization that can be
reversed with the application of an appropriate electric field.
This reversible polarization makes ferroelectric materials
useful in memory devices'™ (nonvolatile ferroelectric ran-
dom access memory, FeRAM). The polarizability of ferro-
electrics means that they also tend to have very large
dielectric constants, making them ideal materials for high-
power-density capacitors.' Ferroelectrics only exhibit spon-
taneous polarization below the Curie temperature (7T¢); once
heated above that temperature, the spontaneous polarization
disappears. Upon cooling, the domains (regions with the
same polarization) reappear with a random orientation.! Thus,
a ferroelectric memory is erased (and a poled ferroelectric
ceramic loses its piezoelectricity) if it is heated above the
Tc. Furthermore, the fundamental polarization—T¢ relation
for displacive-type ferroelectric materials (Tc = 0.303 +
0.0018P.2, where the spontaneous polarization, P, is in units
of uC/cm? and the Tc is in units of K)® implies that high-T¢
materials also have large polarizations. A high Tc is therefore
desired of ferroelectric materials.
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Currently, the ferroelectrics that exhibit the best piezo-
electric and ferroelectric properties are lead-containing
materials like Pb(Zr;_,Ti,)Os"" and (Pb_,La,)(Zr;_Ti,)Os."
Because of the toxicity of lead, there is currently much
interest in developing lead-free materials to replace them. >4
There are, however, only a limited number of lead-free
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performance good enough for piezoelectric applications; the
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Figure 1. Crystal structure of BiAlO; (adapted from ref 10) which consists
of a rhombohedral unit cell that is elongated along the c-axis, with the
relevant lattice parameters'® @ = 5.3755 A, ¢ = 13.3933 A (hexagonal
axes) or a = 5.4372 A, a = 5925° (rhombohedral axes).

a few others. Of these, BFO*'? apd SBT**17-19 have
received much attention for the FeRAM applications.

In an effort to search for new high-performance lead-free
high-T¢ piezo-/ferroelectrics, density functional theory cal-
culations were performed,” and one of the compounds
studied, BiAlO; (BAO), was predicted to have noncen-
trosymmetric and polar R3¢ symmetry, good piezoelectric
properties, and a ferroelectric 7¢ of ~530 °C. Furthermore,
BiAlO;-BiGaO; (BAO-BGO) solid solutions were predicted
to have excellent piezoelectric properties, on par with those
of the PbZrO;-PbTiOj; ceramics.” Recently, BAO and BGO
were synthesized'® at high pressure (6 GPa), and subsequent
diffraction experiments confirmed that the structure of BAO
has the R3¢ symmetry. Like that of BFO,° the structure of
BAO (Figure 1) consists of a rhombohedral unit cell that is
elongated along the c-axis. On the basis of structural data,
the spontaneous polarization was calculated'® to be 32 uCl
cm?, which is lower than the predicted® value of 76 uC/
cm?. Note that neither of these values agrees with the
fundamental relationship (if the T¢ is the predicted 530 °C).
This is because the ferroelectricity in BAO is not purely due
to B-site cation displacement but is also largely due to the
activity of the A-site Bi** ion with the polarizable lone
electron pair.” Differential scanning calorimetry (DSC)
experiments showed that the BAO ceramics decompose at
547 °C, and subsequent diffraction experiments showed that
the products of this decomposition were Al,O; and
BizsAl03.'°

The poor thermal stability of BAO limits its potential
applications. However, we have previously shown that
BAO-LaAlQ; solid solutions (with up to 20 mol % BAQ

(20) Zhang, S. T.; Lu, M. H.; Wu, D.; Chen, Y. F.; Ming, N. B. Appl.
Phys. Lerr. 2005, 87, 262907.

Zylberberg et al.

content) can be formed at high temperatures (1400 °C).?!
Thus, it may be possible to make BAO-based ceramic solid
solutions with improved thermal stability. Since it has not
yet been possible to make BAO ceramics at normal pressures
and high-pressure synthesis is very costly, it would, in any
event, be necessary to make BAO-containing solid solutions
(at normal pressures) or BAO thin films (which could
possibly be stabilized by film—substrate interactions) before
BAO could be used in technological applications.

Previously, dielectric properties of a ceramic prepared by
sintering a 1:1 Bi,03:Al,03 mixture at 4 GPa were reported
by Mangalam et al.**> However, their sample contained
roughly 20% perovskite-phase BiAlO; and 80% impurities,
displayed very weak hysteresis (P, 2% 0.03 xC/cm?), and had
a very low dielectric constant k = 0.1 at room temperature
(10° Hz). Because of the very low purity of their sample,
however, no claims about the intrinsic properties of BAQ
could be made. Thus, those results should be rejected. No
other information on the dielectric, piezoelectric, or ferro-
electric properties of BAO is available to confirm the actual
performance of this material.

In this work, we report the first characterization of the
dielectric, ferroelectric, and piezoelectric properties of per-
ovskite BiAlO; and demonstrate that it is indeed a lead-free
piezo- and ferroelectric with a Curie temperature T¢ > 520
°C. These properties are then compared with those of other
lead-free high-7¢ materials, in particular, SBT and BFO, to
show that BAO is a potentially interesting material for
ferroelectric applications. The piezoelectric properties of
BAO are not good enough for such applications, but
knowledge of the properties of BAO may lead toward the
development of solid solutions which are useful piezoelec-
trics (e.g., the BAO-BGO solid solution).

Experimental Section

The BiAlOj; ceramics were prepared under high pressure via a
two-step method, following the process described in ref 10. First,
Biy03 and Al;O3 were intimately mixed and heat-treated at 750 °C
for 8 h to form a precursor mixture consisting of BiysAlO39 and
Al;03. The precursor mixture was then calcined at 1000 °C for 40
min, at a pressure of 6 GPa (applied by a belt-type apparatus). After
calcining, the samples were quickly cooled to room temperature,
and the pressure was slowly released. The dense sample was then
cut into (three) rectangular pellets (ranging from 2.9 x 2.2 to 3.4
% 3.8 mm? in area and 0.4 to 0.6 mm in thickness) using a diamond
saw and polished with diamond papers.

Scanning electron microscope (SEM) images were taken using
a FEI DualBeam Strata 235 apparatus on the surface of the as-
prepared sample (the unpolished outer surface of the sample), which
was sputtered with a thin layer of Au, in a pulsed sputtering mode,
in an attempt to reduce the buildup of charges on the surface.

In preparation for dielectric spectroscopic measurements, the
sample was sputtered with Au electrodes. Au wires were then
attached with Ag paste, and the measurements were performed in
the 10-10° Hz frequency range, from —130 to 350 °C, with a
NovoControl broadband dielectric spectrometer. This measurement
was repeated on two separate samples, and the results were found

(21) Zylberberg, 1.; Ye, Z.-G. J. Appl. Phys. 2006, 100, 086102.
(22) Mangalam, R. V. K,; Ranjith, R.; Iyo, A.; Sundaresan, A.; Krupanidhi,
S. B.; Rao, C. N. R. Solid State Commun. 2006, 140, 42,



Bismuth Aluminate

to be reproducible. The temperature range was limited by the heating
unit on our NovoControl apparatus, which had an operational
temperature limit of 350 °C.

Polarization vs electric field (P-E) hysteresis measurements were
performed on a 110 um thick sample (which had previously been
heated up to 300 °C during impedance measurements) covered with
Ag paste electrodes. Au wires were attached with Ag paste, and
the measurements were performed at 9.7 Hz using a Radiant
Technologies RT66A ferroelectric test system. For the measure-
ments at high temperatures, the sample was placed in a silicone oil
bath, the temperature of which was controlled using a Delta 9023
chamber.

Measurements of the piezoelectric coefficient ds; were performed
by means of an IACAS ZJ-6B piezo ds3/d3 meter. According to
the manufacturer’s specifications the resolution of the measurement
is 0.1 pC/N and the accuracy is 5%.

Prior to these piezoelectric measurements, the samples were
sputtered with Au electrodes and poled in a silicone oil bath using
a Stanford Research Systems P5350 high-voltage power supply.
For high-temperature poling processes, the temperature was con-
trolled by the Delta 9023 chamber.

Resonance—antiresonance measurements (in which one looks for
the frequency at which the impedance is a minimum, which
coincides with the resonance frequency of the sample) are often
also used to explore the piezoelectric properties of materials like
BAO. In such experiments, the resonance frequency is inversely
proportional to the thickness and diameter (or length) of the sample.
Our samples were very small, their size being limited by the cavity
size of the belt-type apparatus used to make them. Furthermore,
our NovoControl apparatus cannot perform impedance measure-
ments above 10 MHz (and its accuracy decreases substantially
above 1 MHz). Thus, we could not do resonance-antiresonance
experiments and instead had to rely on our ds3 meter for information
about the piezoelectric properties of BAO.

DSC and DDSC (derivative differential scanning calorimetry)
experiments were performed from —50 to 300 °C using a Seiko
Exstar 6000 apparatus.

Results

Scanning electron microscope (SEM) images (Figure 2a,b)
of the as-prepared ceramics showed that they have an average
grain size of 10 &= 3 um, a fairly homogeneous microstruc-
ture, and good densification, thus suitable for subsequent
characterization.

Dielectric spectroscopic measurements reveal the fre-
quency dependence of the real part of the permittivity (also
called the dielectric constant, €”) and loss tangent of the
material at room temperature (Figure 3). At 25 °C, the
dielectric constant of BAO ranges trom 142 to 94.2 over
the 10-10° Hz frequency range. The loss tangent is relatively
high at low frequencies (0.6 at 10 Hz), indicating the
contributions from slow mobile charges, and it drops quickly
to <0.1 at I kHz and <0.05 at f = 10 kHz. These high losses
will potentially limit the applicability of BAO ceramics. We
have previously shown that BAO-L.aAlO; ceramics can be
made with very low loss tangents (a loss tangent of 0.004 at
room temperature and 100 Hz was reported for a ceramic
with 20 mol % BAQ),?! so it may be possible to reduce the
loss tangent of BAO by making solid solutions.

The dielectric constant decreases with increasing fre-
quency, which can be attributed to a reduced ionic contribu-
tion to the polarization at high frequencies. Ionic polarization
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Figure 2. Scanning electron microscope (SEM) images of the as-prepared
BiAlOs ceramics, which show an average grain size of 10 + 3 gm (a) and
a fairly good densification (b).

has a relatively slow response to an applied field; thus, at
high frequencies, it can no longer keep up with the changing
clectric field, and its contribution to the polarization is
diminished. A similar effect was previously observed in
SBT.*?

The variations of the dielectric constant and the loss
tangent of BAO upon heating at 10°~10° Hz are shown in
Figure 4. The dielectric constant peaks at about 200 °C
(Figure 4a), but only at low frequencies. The data collected
during the cooling of the sample did not show this impedance
peak, and neither did impedance data collected on a
previously heated (to 350 °C) ceramic. This suggests that
there is some irreversible change occurring in the sample at
around 200 °C. The DSC data of Belik et al. (in the online
Supporting Information associated with ref 10) show a tiny

(23) Liu, I.; Zhang, S; Chen, F; Yang, C.; Zhou, X. Phys. Letr. A 2004,
321, 199.
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Figure 3. Frequency dependence of the dielectric constant and loss tangent
of BiAlO; at 25 °C. The solid lines are to guide the eye.
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Figure 4. Dielectric constant (¢") (a) and tan 0 (b) of BiAlO; as a function
of temperature measured at 10°-10° Hz.

peak at around this temperature upon heating, but not cooling.
Our DSC and DDSC (derivative differential scanning cal-
orimetry) data collected on a previously heated (to 350 °C)
sample did not show this peak. One possibility is that there
are charged (positive and negative) defects present in the
sample after synthesis, which become more mobile at
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Figure 5. Polarization vs electric ficld hysteresis loops measured on a 110
pm thick BiAlO; sample at four different temperatures. The P, increases
from 1.1 to 26.7 uC/cm? as the temperature is increased from —100 to 225
°C. The solid lines are to guide the eye.

increased temperatures and eventually recombine. The
decrease in the magnitude of the dielectric anomaly with
increasing frequency suggests that these defects must be
relatively slow-moving. A similar dielectric effect has
previously been observed in Ba;_Pb,Ti0; ceramics.’* In that
case, it was shown that the dielectric anomaly was caused
by the movement of charged defects and that it could be
made to disappear by annealing the sample or changing the
synthetic conditions.

The polarization vs electric field (P-E) hysteresis is
displayed in Figure 5. It clearly demonstrates the ferroelectric
nature of BAO. Several interesting properties of BAO can
be deduced from these P—E loops, including the temperature
dependence of polarizability, conductivity, and internal bias
fields. The P-E loops measured at different temperatures
show an increase in remnant polarization (P, the polarization
of the material once the external electric field has been
removed) and saturation polarization (P, the maximum
polarization attained in the P-E loop) with increasing
temperature. This may, at first glance, appear contrary to
the fundamental temperature—polarization relationship (i.e.,
at high temperatures, where the cation displacement should
be reduced, we are reporting increased polarization). How-
ever, our data are limited by the electric field that we can
apply (in all loops, the maximum field was the same, 91
kV/cm). At none of the experimental temperatures are our
P-E loops fully saturated. While the spontaneous polarization
must decrease with temperature, the dipoles become easier
to switch at high temperatures, so we still see an increase in
measured polarization. This suggests that, if a larger field
could be applied to the samples (especially at lower tem-
peratures), larger P; values may be obtained. Also, if we
could saturate the P-E loops, we would expect to see a
decrease in P; with increasing temperature.

The slightly curved tips of the hysteresis loops (the regions
of maximum positive and negative applied clectric ficld)
displayed at 125 and 225 °C indicate that the conductivity of
the samples becomes significant at higher temperatures (as seen

(24) Elissalde, C.; Ravez, J. J. Mater. Chem. 2001, 11, 1957.
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in Figure 4b). In P-E hysteresis loops, conductivity causes a
decrease in polarization with increasing electric field strength.
This happens because some leakage currents are established
when the samples are placed in a large electric field, thereby
reducing the measured polarization. In our measurements, this
effect can be attributed primarily to ac conductivity: our ability
to apply large dc voltages across the sample when poling the
sample for piezoelectric measurements, even at 225 °C (the
maximum temperature at which P-E loops were displayed),
implies that the dc conductivity must remain very low even at
this elevated temperature.

In Figure 5, it can be seen that the P-F loops are not
symmetric about the polarization (¥) axis. Instead, they are
shifted slightly toward the positive X-direction, suggesting
that an internal bias field is present in the sample. An internal
bias field can be caused by preferential orientation of the
grains in a particular direction, which may be caused by the
high pressure used to synthesize the material. It should be
noted that bias fields can also be created by the movement
of defects or the pinning of domain walls within the sample.’

Since BiAlQj is ferroelectric, it must also be piezoelectric.
The piezoelectric coefficient ds; (the polarization generated
along the same direction as the applied force per unit applied
force) was measured in the ceramics poled under several
different regimes. When the poling was performed at room
temperature under £ = 50 kV/cm, the sample had a d3; value
of 7(0.4) pC/N. A ds3 value of 28(1) pC/N is found at room
temperature after poling at 225 °C under E = 21 kV/cm. The
fact that the BAO ceramic poled at a higher temperature and a
lower field exhibits a higher ds3 value confirms that more dipoles
have switched, as demonstrated in the P—FE hysteresis loops.

In an effort to estimate the upper limit for the T¢ of BAQ,
a poled sample with a ds;3 of 28(1) pC/N was held at 520 °C
for 15 min, after which the ¢33 was remeasured. The da; value
was found to be 25(1) pC/N after this heating process,
indicating that thermal depoling had not occurred. A ferro-
electric ceramic heated above the 7¢ and then cooled to room
temperature would have randomly oriented domains. (The
domains disappear at temperatures above T¢, and when they
re-form upon cooling, they re-form with random orientations
to minimize the energy of the system.) Thus, any piezoelec-
tric properties displayed by the crystallites would average
out to zero over the whole ceramic (which consists of many,
randomly oriented grains). Therefore, the presence of
piezoelectricity after heating suggests that the sample has
not been heated above the T¢. The small decrease in ds3 after
heating can be attributed to the increased rate of tunneling
of dipoles through the energy barrier (back to a lower energy,
less fully poled configuration) with increasing temperature.

We can therefore conclude that BAO must have a T¢
higher than 520 °C. Differential scanning calorimetry (DSC)
measurements'® previously showed that there are no detect-
able thermal events between 520 and the 547 °C decomposi-
tion temperature of BAO. This suggests that if the transition
from the ferroelectric to the paraelectric phase of BAO is
first-order (as is the case with isostructural compound
BFO'), then it must occur at a temperature above 547
°C, which is in agreement with the prediction of 530 °C in
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Table 1. Dielectric and Ferroelectric Properties of BiAlO;
Compared with Those of Other Lead-Free High-T¢ Ferroelectric

Ceramics
ds3 P, at 25 °C
compound (pC/N or pm/V) (uC/cm?) Tc (°C)
BAO (this work) 28 (1) 9.5 >520
BFO* 25 12 820-836
SBT” 21 6 325-330

@ References 13, 15, 20, and 27. ® References 17 and 18.

ref 9. Therefore, we have proven that BiAlO; is a high-T¢
ferroelectric material.

Discussion

Table 1 summarizes the values of ds3, P, and T of BAO
ceramics along with those of other high-T¢ ferroelectric
materials BFO and SBT.

The only d33 value reported for BFO ceramics is much lower
than that of BAO. This is due to the difficulties encountered in
poling the material, owing to its high conductivity.?®* This
conductivity arises from the oxygen vacancies created by the
variable oxidation state of iron (both Fe?* and Fe®" ions tend
to be present in BFO?**2%), No such problems occur with
BAO because the AI*" jon has a definite oxidation state, which
preserves the stoichiometry. This gives BAO a relatively low
conductivity, which has allowed us to perform high-temperature
hysteresis measurements (such measurements have not been
possible for pure BFO ceramics).

The piezoelectric properties of BAQ are, however, much
worse than those of KNN-based ceramics (which have ds3
values as high as 416 pC/N for the textured ceramics).® Thus,
BAO is not very promising as a piezoelectric material.
However, solid solutions containing BAO may very well
prove to be high-performance piezoelectrics (as predicted
by Baettig et al.®); this is left for future work.

From the comparison of ferroelectric properties, it can be
seen that the P, of BAO is competitive with those of other
lead-free materials (BFO and SBT) that are being considered
for memory applications; it is higher than that of SBT and
lower than that of BFO. In BFO, the high conductivity poses
a serious limitation on its ferroelectric performance.?®?® This
is, however, not the case with BAO.

The squareness of the BAO hysteresis loops is also similar
to those of BFO?®* and SBT'” ceramics. Loop squareness
is important for memory materials. A square (or rectangular,
to be more accurate) hysteresis loop has only two polarization
states +P; and  Pg; thus, it is a truly binary system.

From this comparison, BAO performs as well as, or better
than, SBT and BFO, and it may be a promising material for
memory applications.

Conclusions

In summary, we have characterized the dielectric, ferro-
electric (hysteresis), and piezoelectric properties of BiAlO4
ceramics prepared by high-pressure synthesis, confirming

(25) Wang, Y. P.; Zhou, L.; Zhang, M. F.; Cheng, X. Y.; Liu, J.-M.; Liu,
Z. G. Appl. Phys. Lert. 2004, 84, 1731.

(26) Erenstein, W.; Morrison, F. D.; Dho, J.; Blamire, M. G.; Scott, J. F.;
Mathur, N. D. Science 2005, 307, 1203a.

(27) Jiang, G.-H.; Nan, C.-W. J. Am. Ceram. Soc. 2006, 7, 2123.
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some of the predictions of Baettig et al.” We have demon-
strated that BiAlOs is indeed ferroelectric and that it has a
T¢ that is higher than 520 °C. The dielectric, ferroelectric,
and piezoelectric properties of BAO are comparable to those
of BFO and SBT, making it a promising new high-T¢ lead-
free ferroelectric material for memory applications. There
are, however, two main factors—the poor thermal stability
and extreme synthesis conditions—that limit the usability
of BAO in technological applications. Nevertheless, the
properties of BAO are such that, in solid solution

Zylberberg et al.

with other materials, it may very well prove to be techno-
logically useful.
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Piezoelectric properties of bismuth doped barium titanate ceramics have been investigated. It is found that
up to a certain concentration Bi is soluble in BaTiO3 and beyond that additional phase arises. It is clearly con-
firmed from XRD results. Up to a concentration of 2 wt.% single phase perovskite structure is obtained as the
peaks in XRD show. But beyond that concentration additional peak arises which can be assigned due to the
phase Bi;TizO;. All the piezoelectric properties of the ceramic system have been stalled by the appearance
of the additional phase. Good values of piezoelectric charge constant, electromechanical coupling coefficient,
strain and remnant polarization indicate that within the solubility limit Bi doped BaTiO; ceramic system is a
promising candidate for lead free environmental friendly ceramic applications.

© 2011 Elsevier B.V. All rights reserved.

1. Intreduction

Ever since the discovery of piezoelectric effect, piezoelectric mate-
rials have been rapidly developed and widely used. At present, the
most widely-used piezoelectric materials are Pb(Zr,Ti)0s(PZT)-
based ceramics because of their superior piezoelectric properties [1].
However, because the evaporation of harmful lead oxides during
the preparation of Pb-contained ceramics has detrimental influence
on environment, lead-free piezoelectric materials such as Na,;Biy,
2TiO5-based oxides, bismuth layer structure oxides and tungsten
bronze-type oxides have been studied in order to replace PZT-based
ceramics. Bismuth sodium titanate ((Bi;;Na;z)TiOs, BNT), discov-
ered by Smolensky et al. in 1960 [2], is one of the most important
lead-free piezoelectric materials with a perovskite crystal structure.
BNT shows strong ferroelectric properties with a large remnant polar-
ization P, and coercive field E. at room temperature [3,4]. Thus, BNT is
considered to be a promising candidate for lead-free piezoelectric ce-
ramics with balanced ferroelectric properties. Many scientists have
been devoted to improving the piezoelectric properties of BNT-
based ceramics. However, it also has a high coercive field
(E.=7.3 kV/mm), making the poling of the ceramic difficult. Thus
the BNT ceramic usually exhibits weak piezoelectric properties [5].

Interest in Bi-doped BaTiO3 stems from its widespread use as a ce-
ramic capacitor. Many commercial BaTiOs-based multilayer capaci-
tors contain a certain amount of bismuth because of its significant
effect on lowering the sintering temperatures. Bismuth is also used
as a donor dopant for BaTiOs-based PTC (positive temperature

* Corresponding author. Tel.: +91 9899635179; fax: +91 11 24118535.
E-mail address: anup.tu@gmail.com (A.K. Nath),

0167-577X/$ - see front matter © 2011 Elsevier B.V. All rights reserved,
doi:10.1016/j.matlet.2011.12.113

coefficient) thermistors [6] and was also found to be able to enhance
the magnitude of positive coefficients of resistance [7]. N. Vittayakorn
studied the dielectric properties of Bi doped BaTiO; ceramics [8]. But
the works on the piezoelectric and ferroelectric properties of Bi doped
BaTiOs ceramic system have been sparse and rarely found in litera-
ture. In this letter piezoelectric and ferroelectric property of Bi
doped BaTiO3 ceramics has been reported and discussed.

2 Experimental

Samples of Ba;_(Bi,Ti)0s nanocrystalline powders, where
x=0.005, 0.01, 0.2, 0.03 and 0.04, were synthesized by solid state re-
action followed by high-energy ball milling. The raw materials were
AR grade BaCO3 (99.9%), TiO; (99.9%) and Bi;03 (99.8%). The raw ma-
terials were weighed in proportion to the stoichiometric ratio and
then homogeneously mixed in isopropyl alcohol medium using ball
mill with zirconia balls. The mixture was dried in an oven and cal-
cined at 1050 °C for 4 h to yield Ba; — »(Bi,Ti)Os. The calcined pow-
ders were then high-energy milled using planetary ball mill (Retsch
PM100) in which the sun wheel and grinding jar rotate in opposite di-
rections with speed ratio 1:—2. Agate vial and balls were used. The
milling was performed at the angular speed of 300 rpm for 25 h. Dur-
ing each high energy milling, a mass ratio of 1:5 for powder and balls
was always maintained. The planetary ball mill was set to a rotational
mode that changes the rotational direction of the vial and the sun
wheel every 6 min after a rest interval of 2 min. The milled powder
was pressed into pellets of 10 mm diameter and 1 mm thickness
under 2 MPa using polyvinyl alcohol (PVA) as a binder. After burning
off PVA, the pellets were sintered at 1150 °C for 6 h in closed alumina
crucible. X-ray Diffractometer (Philips Diffractometer PW 3020) with
monochromatic CuK,, radiation (A= 1.54178 A) was used over a 260



76 AK. Nath, N. Medhi [ Materials Letters 73 (2012) 75-77

(110)

+BLTLO,

Intensity (a, u.)

20 30 40 50 60 70 80
26 (degree)

Fig. 1. XRD patterns of Ba; _(Bi,Ti)0; ceramics with (a) x=0.005, (b) x=0.01,
(c) x=0.02, (d) x=0.03 and (e) x=0.04.

angle from 20° to 80° to characterize the crystalline phase of the sin-
tered compacts. For the electrical measurements, silver paste was
coated on both sides of the sintered samples and fired at 300 °C for
1 h to form electrodes. The frequency dependence of dielectric prop-
erties was measured with an impedance analyzer (Agilent 4294A).
The polarization versus electric field (P-E) hysteresis loops of the ce-
ramics were recorded using an automated P-E loop tracer (AR Image-
tronics, India) operating at 50 Hz. For imparting the piezoelectric
properties to the ceramics, the samples were poled stirred silicone
oil at 3 kV/mm for 30 min using a DC power supply, and then cooled
to room temperature with the electric field. The planar electrome-
chanical coupling factor (k,) was calculated from the resonance-anti-
resonance frequencies recorded by the impedance analyzer. The field
induced strain was measured using a $550 strain measurement sys-
tem (Sensor Tec Canada) with linear voltage differential transducer
(LVDT) as displacement sensor and high voltage power supply
(4 kV). The piezoelectric charge coefficient (d33) was measured with
a piezometer (Take Control, PM 25).

3. Results and discussion

Room temperature X-ray diffraction patterns of Ba; _(Bi,Ti)O3
ceramics with x=0.005, 0.01, 0.02, 0.03 and 0.04 are shown in
Fig. 1. As observed from Fig. 1, single phase tetragonal perovskite
structure is obtained for Ba; _ 4(Bi,Ti)O3 ceramics up to x=0.02. As

-35 -30 -25 -20 -1§

Fig. 2. P-E hysteresis curves of Ba,_,(Bi,Ti)0; with (a) x=0.005, (b) x=0.01,

(c) x=0,02, (d) x=0.03 and (e) x = 0.04 measured at 25 °C and 50 Hz.
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Fig. 3. Frequency dependence of dielectric constant of Ba, _ (Bi,Ti)O3 ceramics with
(a) x=0.005, (b) x=0.01, (c) x=0.02, (d) x=0.03 and (e) x=0.04.

the concentration exceeds this value (>0.02) ie. for x=0.03 and
0.04, a second phase assignable to Bi,Ti»0; appears in the XRD pat-
terns which can be clearly observed from Fig. 1. The relative intensity
of the peak due to Bi,Ti,05 increases with increasing Bi content cor-
roborating to the fact that the amount of Bi;Ti,0; phase increases
with increasing Bi content. From the XRD results we can conclude
that there is a limit to the solubility of Bi in BaTiO3 which is around
2 wt.%. At greater concentration of Bi, an additional phase arises
other than perovskite phase.

Fig. 2 shows the P-E hysteresis loops measured at room tempera-
ture of Bay _ «(BixTi)O3 ceramics with various Bi concentrations. Well
saturated hysteresis shape typical of ferroelectric materials is evident
for the ceramics with x=0.005, 0.01, 0.02, 0.03 and 0.04. The P-E
loops become narrower as the content of Bi increases. The values of
remnant polarization (P;) decrease from 3.47 uC/cm? for x =0.005
to 2.85 pC/cm? for x=0.02 and then there is a sharp decrease in P,
to 1.50 uC/cm? (x=0.03) and 0.37 pC/cm? (x=0.04). Similarly coer-
cive field (E.) also shows a decreasing trend with a sharp decrease
starts from x=0.03. The decreasing trend of P, and E. corroborates
to the fact as observed from XRD results which indicates that solubil-
ity of Bi in BaTiO; decreases with increasing Bi content. For concentra-
tion greater than 0.02, additional phase arises due to Bi;Ti,0; as
evident from XRD and this additional phase hinders the ferroelectric
properties of Ba; — »(Bi,Ti)O3 ceramics.

The frequency dependence of the dielectric constant of Ba; _ (Bi,Ti)
03 ceramics is shown in Fig. 3. From the measurement of resonant and
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Fig. 4. Strain vs electric field curves of Ba, _,(Bi,Ti)0; ceramics with (a) x=0.005,
(b) x=0.01, (c) x=0.02, (c) x=0.03 and (d) x=0.04,
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antiresonant frequencies various piezoelectric constants can be
extracted. Based on these data the electromechanical coupling coeffi-
cient K, can be calculated by using the relation, KZ=2.51x (f,— )/
where f, and f; are antiresonant and resonant frequencies [9]. The cal-
culated K, value decreases from 36.63% for x=0.005 to 27.85% for
x=10.04, This observation indicates that the piezoelectric efficiency of
the ceramic samples decreases with increasing Bi concentration.

The piezoelectric charge constant (ds3) is the mechanical strain
experienced by a piezoelectric material per unit of electric field ap-
plied and this is a very important parameter of a material's suitability
for piezoelectric applications. Good d33 values has been obtained for
Ba; _x(BixTi)03 ceramics which is 110 pC/N for x=0.005 and it de-
creases with increasing Bi content. For x =0.02 d33 value is 80 pC/N
but after that it stridently decreases to 40 pC/N and 32 pC/N for
x=0.03 and 0.04 respectively. The sharp decreases in ds3 is in consis-
tent with XRD result showing an additional phase of Bi;Ti;05 after
x=0.02. The extra phase mixed in perovskite phase hinders the pie-
zoelectric properties of Bi doped barium titanate ceramics.

The bipolar strain (S) versus electric field (E) butterfly loops for
Ba; —x(Bi,Ti)O5 ceramics is shown in Fig. 4. Following the same
trend of ferroelectric and other piezoelectric properties, strain also
decreases with increasing concentration of Bi. The maximum strain
determined is 0.07% for x = 0.005. After x = 0.02 strain decreases stri-
dently to 0.03% and 0.02% for x=0.03 and x = 0.04 respectively. This
fact can be attributed to the emergence of new phase as Bi crosses sol-
ubility limit in BaTiOs.

4. Conclusion

Piezoelectric and ferroelectric properties of environmental friend-
ly Bi doped BaTiO3 ceramics have been investigated. XRD results
show that there is a limit of solubility of Bi in BaTiOs;. An additional
peak due to Bi,Ti,05 arises after a concentration of 2 wt.% which is
the limit of solubility of Bi in BaTiOs. The additional phase that
appeared after crossing of solubility limit, significantly hinders all
the ferroelectric and piezoelectric properties of Ba; —4(Bi,Ti)O3 ce-
ramics. The reported piezoelectric properties like K, d33 and strain
decrease with increasing Bi content. The high values of K, d33, strain
and remnant polarization for the sample containing 0.5 wt.% of Bi
show it as promising environmental friendly piezoelectric ceramics.
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Lead-free piezoelectric ceramics (1 — x — y)BipsNag sTiO3~xBigsKg sTiO3— yBiGaO; have been fabricated
by an ordinary sintering technique, and their structure and electrical properties and depolarization tem-
perature have been studied. The results of X-ray diffraction reveal that BigsKosTiO3 and BiGaO; diffuse
into the BigsNagsTiO5 lattices to form a new solid solution with a pure perovskite structure. An obvious
change in microstructure with increasing concentration of BigsKgsTiO3 and BiGaO; was observed. The
piezoelectric constant d33 and the electromechanical coupling factor k,, of the ceramics attain maximum
values of 165 pC/N and 0.346 at y =0.01(x=0.18) and x =0.21(y = 0.01), respectively. The temperature
dependence of dielectric constant indicates an obvious relaxor characteristic with strong frequency
dependence of dielectric constant. The depolarization temperature decreased with increasing content
of BiGaO; and first decreases and then increases with increasing amount of Big sKosTiO5.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Various types of piezoelectric materials have been extensively
studied and widely used in different related devices since discov-
ery of piezoelectric effect in 1880 by ]J. and P. Curie [1]. At present,
lead-based perovskite structured piezoelectric materials, including
lead titanate (PbTiO3), lead zirconate titanate (PbZr, TiO3) and lead
magnesium niobate-lead titanate (PMN-PT) are dominated. They
are commonly used in various applications such as filters, trans-
ducers and actuators. Lead-based perovskites contain over
60 wt¥% of lead and they have to be sintered at high temperature.
Since lead compound is volatile thus there is lead pollution during
fabrication. The search for alternative piezoelectric materials is
now a very active research topic and a great deal of attention has
been focused on different types of lead-free piezoelectric ceramics
[2].

The research and development of lead-free ceramics generally
included different categories: (1) barium titante (BT) based ceram-
ics; (2) tungsten-bronze (TB) structure; (3) bismuth-layer (Bi-
layer) structure; (4) alkali niobate perovskite structure and (5) bis-
muth-based perovskite structure [3-6]. The piezoelectric materials
with tungsten bronze and bismuth layer structure posses a high
Curie temperature, high mechanical quality factor, large dielectric

* Corresponding author. Tel.: +86 773 5601434; fax: +86 773 5605903.
E-mail address: zcr750320@yahoo.com.cn (C. Zhou).

1567-1739/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2009.05.004

breakdown strength, and good aging characteristics, which make
them candidate materials for ceramic filter and resonator applica-
tions. However, they show low dielectric permittivity and piezo-
electric properties because their large crystal anisotropy results
in two-dimensional restriction on the permissible rotations of
the spontaneous polarization.

Conversely, both alkali niobate perovskite structure and bis-
muth-based peroskite structure have good piezoelectric properties
which are good candidates for replacing lead-based perovskites.
However, complicated procedures are required for fabricating
dense, high quality alkali niobate ceramics which call for special
forming methods (i.e. cold isostatic pressing, hot pressing) and sin-
tering methods (e.g. spark plasma sintering) [7-9]. Those compli-
cated procedures entail high cost and limit the popularization of
the materials in becoming a commercial product.

The bismuth-based peroskite lead-free is based on bismuth so-
dium titanate BigsNagsTiOs (BNT), which is considered to be one of
the good candidates for lead-free piezoelectric ceramics because of
its strong ferroelectric properties [10,11]. But due to its large
coercive field and relatively high conductivity, pure BNT is hard
to pole thus the piezoelectric properties are not good enough.
Therefore, extensive work have been carried out to improve the
properties of BNT [12-14,11,15,16]. Based on the previous work,
(1 — x)BigsNapsTiO3—xBig5KosTiO3 (BNT—BKT) system has good
properties thus attracts considerable attention because of the exis-
tence of rhombohedral—tetragonal morphotropic phase boundary
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(MPB) near x=0.18 [17]. Therefore, BNT-BKT was chosen as a ba-
sic chemical formula in our study. On the other hand, most of the
piezoelectric properties were improved in ternary system com-
pared with the binary. Generally, Bi-containing perovskite solid
solutions can show high piezoelectric and ferroelectric responses
for Bi** is isoelectronic with Pb?* and shows a valence electron con-
figuration of 6s6p° [18]. For example, the values of 90 and 38 uc/
cm? were recently reported for BiFeOs thin films and BigsNagsTiO3
ceramics, respectively [19,20]. In addition, recent theoretical stud-
ies on BiAlO; and BiGaOj; predicted that they should be high-per-
formance piezoelectrics and ferroelectrics with a very large
spontaneous polarization [21].

Based on the above consideration, Bi-containing perovskite of
BiGa0; was selected as the third component, and a new Bi-based
perovskite type lead-free piezoelectric ceramics of (1 — x — y)Bigs-
NagsTiO3— xBigsKosTiO3—yBiGa0O; (abbreviated as (1 -x-y)
BNT—xBKT—yBG) was proposed for achieving high piezoelectric
properties. In the current work, (1 — x — y)BNT—-xBKT—yBG ceram-
ics were prepared by a conventional ceramic technique. The micro-
structure and electrical properties and depolarization temperature
of the ternary system were examined.

2. Experimental procedure

A conventional ceramics technique was used to prepare
(1 — x — y)BNT-xBKT—yBG ceramics (x=0.12, 0.15, 0.18, 0.21,
0.24; y =0, 0.01, 0.015, 0.02, and 0.025). Reagent grade oxide or
carbonate powders of Bi;03, TiO,, Ga;03, K,CO5 and Na,COs; were
used as starting materials. The powders were wet ball-milled with
alcohol as media for 12 h and calcined at 800-900 °C for 2 h at a
heating rate of 150 °C/h. After calcination, the mixture was wet
ball-milled for 24 h, dried and granulated with 5 wt¥% PVA as a bin-
der. The granulated powders were pressed into discs with diameter
18 mm and thickness 1.2mm under a uniaxial pressure of
100 MPa. The compacted discs were sintered at 1150-1170°C
for 2 h at a heating rate of 200 °C/h and then furnace cooled down
to room temperature very slowly in 24 h, Silver paste was fired on
both faces of the discs at 650 °C as electrodes. The specimens for
measurement of piezoelectric properties were poled in silicon oil
at 40-50 °C under 3-4 kV/mm for 15 min. After 24 h, piezoelectric
properties were measured according to IEEE standard.

The crystalline phase of sintered ceramics was identified by the
X-ray diffractometer (Bruker D8-Advance) with Cu Ko radiation
(2=1.5418 A) and graphite monochrometer. The surface micro-
structure of sintered samples was observed by a scanning electron
microscope (JSM-5610LV). Piezoelectric and dielectric properties
were measured using an impedance analyzer (Agilent 4294A). Pie-
zoelectric constant d3; was measured by means of a quasi-static
d33 meter (ZJ-3A, China) based on the Berlincourt method at
110 Hz.

3. Results and discussions

Fig. 1 shows the X-ray diffiraction (XRD) patterns of
(1 — x — y)BNT-xBKT—yBG ceramics at room temperature. As can
be seen from these patterns, all samples show a pure perovskite
phase with a rhombohedral symmetry structure and no secondary
phase could be certified with the sensitivity of XRD. This indicates
that BKT and BG have completely diffused into the BNT lattice to
form a new solid solution.

Fig. 2 shows scanning electron microscopy (SEM) micrographs
obtained from the surface of (1 — x — y)BNT-xBKT—yBG ceramics
sintered at the optimum sintering temperature. It can be seen from
Fig. 2 that the grain of all samples has the quadrate feature and
grain size increases evidently with increasing content of BG. Con-
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Fig. 1. XRD pattern of (1 — x — y)BNT—xBKT—yBG ceramics: (a) x = 0.18, (b) y = 0.01.

trast to BG addition, the grain size decreases with increasing
amount of BKT. Archimedes method gives a relative density of
more than 94% of the theoretical values for all samples. It can be
attributed to that K" concentrates near grain boundaries and de-
creases their mobility substantially as densification occurs. The
reduction in the mobility of the grain boundary weakens the mass
transport [22]. As a result, grain growth is obviously inhibited and
smaller grains are formed. On the other hand, the grain size in-
creases as the content y of BG increases in (1 -x-y)
BNT—xBKT—yBG system. It can be attributed to that Ga** enters
into the sixfold coordinated B site of the perovskite structure to
substitute for Ti** because of radius matching. To maintain overall
electrical neutrality, oxygen vacancies were created for compensa-
tion purposes. As is generally recognized, the presence of oxygen
vacancies in oxide systems is beneficial to mass transport during
sintering [23]. This is assumed to be responsible for the promoted
grain growth as the content y of BG increases.

Fig. 3 shows the piezoelectric constant di; and planar electro-
mechanical coupling factor kp of (1-x - y)BNT-xBKT-yBG
ceramics as a function of BKT and BG concentration. When the
BKT and BG content is x=0.18 and y =0, di3 and k, show values
of 130 pC/N and 0.285, respectively. With increasing y, ds3 and k,
increase to the maximum values of 165 pC/N and 0.34 at x=0.18
and y = 0.01. Further increasing y causes di3 and kj, to decrease to
100 pC/N and 0.275 at x=0.18 and y =0.025. The variation ten-
dency of piezoelectric properties with increasing BKT content of
x for (1 —x — y)BNT—-xBKT—yBG ceramics is similar to those of
the increase of BG content. The piezoelectric properties of da;
and kp are 110 pC/N and 0.26 at x=0.12 and y = 0.01, and they in-
crease with increasing x. The ds3 reaches the maximum of 165 pC/
N at x=0.18(y=0.01), k, reaches the maximum of 0.346 at
x=0.21(y=0.01), and then both begin to decrease to 98 pC/N
and 0.2 at x=0.24(y = 0.01), respectively.
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Fig. 2. SEM images of (1 — x — y)BNT-xBKT—yBG ceramics: (a) x=0.18, y =0; (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; (f)

x=021,y=001; (g) x=0.24, y = 0.01.

Many models such as “soft” and “hard” additive model [24] and
internal bias field model [25] were used to explain the change of
electrical properties in modification piezoelectric ceramics. Among
them, the “soft” and *hard” additive model is a successful one that
reveals the variation of piezoelectric and dielectric properties [26].
According to Shannon's effective ionic radii with a coordination
number of six, Ga®" has a radius of 0.62 A, which is very close to
that of Ti**(0.61 A) [27]. Therefore, Ga3* can enter into the sixfold
coordinated B site of the perovskite structure to substitute for
Ti** because of radius matching. Due to a lower valence state corm-
pared with Ti**, the incorporation of Ga>* into the octahedral site of
the structure produced excess negative charges. To maintain an
overall electrical neutrality, oxygen vacancies were created for
compensation purposes. The clamping effect associated with oxy-

gen vacancies hindered sufficient reorientation of ferroelectric do-
mains during electrical poling and led to a decrease of ds3, k.

On the other hand, bismuth lies next to lead in the periodic ta-
ble and its atomic weight is as large as that of lead. Moreover, the
electronic configuration of Bi** is identical to that of Pb*. There-
fore, it is assumed that the large ferroelectricity of BNT-based solid
solutions is attributed to (BipsNags)?* ions, especially Bi®>* ions, in
the A-site of ABO3 perovskite structure [28,29]. Thus, the variation
of d33 and kp for (1 —x — y)BNT—-xBKT—yBG ceramics can be
roughly understood in relation to the co-contribution of the bis-
muth content effect and the oxygen vacancy effect. From Fig. 3
one can suggest that the bismuth content seems to be the main
contributing factor at relatively low BG amounts, while the oxygen
vacancy effect appears to be dominant at relative high BG amounts.
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Moreover, the radius of K* is 1.64 A, which is close to that of
Na*(1.39 A). Therefore, K" can enter into A site of the perovskite
structure to substitute for Na*. The substitution of the relatively
larger K* for the relatively smaller Na* led to an enlargement of
the unit cells. That promoted the reorientation of dipoles or
ferroelectric domains, which is considered to be responsible for
the increase of dss, k, with increasing BKT content for
(1 —x — y)BNT-xBKT—yBG ceramics. The rapid drop in piezoelec-
tricity at higher concentration y of BG may be attributed to the
crystal structure converted to tetragonal phase.

Fig. 4 shows the temperature dependence of the dielectric con-
stant & of (1 —x — y)BNT-xBKT—yBG ceramics. Two abnormal
dielectric peaks can be observed, signed as T; (the temperature at
which the phase transition from rhombohedral to tetragonal) and
Ty (the temperature at which &, reaches maximum). Both T; and
Trm exhibit a clear dependence on frequency. ¢ shows a very strong
dependence on frequency at Ty, and this dependence becoming
weaker between Ty and T,,,. However, this kind of dependence be-
comes evident again above Ty, The temperature dependence of &,
shows the typical character of a ferroelectric relaxor. According
to the theory of dielectric response of relaxor ferroelectrics discov-
ered by Thomas [30], when the coupling reaction between A site
cation and BOg octahedron decreases, the stability of ferroelectric
domain decreases. Bi** of BG occupying A site in BNT lattice can
lead to valence imbalance, which creates vacancy of A site. More-
over, the significant volatility of Bi** from the ceramics during high
temperature sintering also creates A site vacancy. Therefore, the
coupling reaction between A site and BOg octahedron is weakened,
which leads to the relaxor characteristics in the ceramics.

Depolarization temperature will dominate the useable temper-
ature in different device application. It is important to consider
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Fig. 5. Temperature dependence of k, and 0. for poled (1 — x — y)BNT-xBKT—yBF
ceramics: (a) x=0.18, y = 0.025; (b) x=0.12, y = 0.01,

both piezoelectric properties and depolarization temperature
improvemnent at the same time [31,32]. In previous work, few
researchers reported this important factor. A sintered
(1 — x — y)BNT—xBKT— yBG ceramics disc does not have any piezo-
electric property without poling. The domains were all randomly
oriented and the material is isotropic thus no piezoelectric effect
occurs. During poling, the dipoles inside the ceramics are aligned
when a d.c. electrical field is applied. The poling state was judged
by the maximum phase, 0, of impedance in the inductance re-
gion between resonance and anti-resonance frequency [6]. There-
fore, the depolarization temperature can be confirmed by the
temperature dependence of 6y, and electromechanical coupling
factor ky, for (1 — x — y)BNT—xBKT-yBG ceramics. Fig. 5 presents
the temperature dependence of 0.« and electromechanical cou-
pling factor k;, for (1 — x — y)BNT—xBKT-yBG ceramics. It can be
seen from Fig. 5 that 0max and k;, vary insignificantly with increas-
ing temperature, and both rapidly decrease when temperature is
higher than one critical temperature. The rapid decrease of Omax
and k, means depolarization for (1 — x — y)BNT—xBKT—yBG ceram-
ics. Therefore, the critical temperature in Fig. 5 can be defined as
the depolarization temperature.

Fig. 6 shows the depolarization temperature (Ty) as a function of
BKT and BG content for (1 — x — y)BNT—xBKT-yBG ceramics. It can
be seen from Fig. 6 the depolarization temperature decreases line-
arly with increasing amount of BG, and first decreases then in-
creases with increasing amount of BKT. The depolarization
temperature has been suggested to be an indication of stability
of ferroelectric domains [15]. But due to A site vacancy that being
created by volatility of Bi** during high temperature sintering and
Bi** occupying A site will facilitate the movement of the ferroelec-
tric domain and results in a decrease of depolarization temperature
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Fig. 6. Depolarization temperature (Ty) as a function of BKT and BG content for
(1 = x — y)BNT—-xBKT-yBG ceramics: (a) x=0.18, (b) y = 0.01.
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with increasing content of BG. The variation of depolarization tem-
perature with increasing amount of BKT may be attributed to the
variation of crystal structure for the lower depolarization temper-
ature at the MPB compositions.

4. Conclusion

Lead-free piezoelectric ceramics (1 —x — y)BNT—xBKT—yBG
were prepared by a conventional ceramic technique. A pure perov-
skite structure phase was formed for all samples. The addition of
BG causes a promoted grain growth and the addition of BKT sup-
presses the grain growth. The (1 — x — y)BNT-xBKT—yBG system
exhibits improved piezoelectric properties compared to BNT—BKT
ceramics, with ds; = 165 pC/N and 0.346 at y = 0.01(x = 0.18) and
x=0.21(y = 0.01), respectively. Two abnormal dielectric peaks can
be observed in the &-T curves and &, shows a very strong depen-
dence on frequency at low peak. The depolarization temperature
decreased with increasing content of BG, and first decreases and
then increases with increasing amount of BKT.
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Lead-free piezoelectric ceramics derived from the solid solution of
(1-x)(Nag sBigs)TiO;—xBiAlO; (NBT-BA) (x=0-0.10) have been synthesized by solid state
reactions. A pure perovskite phase was formed for x=0.08. The temperature dependence of
dielectric constant indicates an increased broadness of the dielectric peak as the amount of BA
increases. The large dielectric loss of NBT ceramics at low frequency and high temperature has been
significantly reduced by the substitution of BA. The high coercive field is decreased and
ferroelectric hysteresis loops were displayed at room temperature. The NBT-BA ceramics exhibit
improved ferroelectric and piezoelectric properties compared to pure NBT ceramics, with P,
=52 pC/em?, E.=44 kV/cm, ds3=130 pC/N, and k,=0.23 for 0.92NBT-0.08BA. © 2008

American Institute of Physics. [DOL: 10.1063/1.2967335]

Lead zirconate-titanate ceramics have been extensively
used for piezoelectric transducers, sensors, and actuators due
to their excellent piezoelectric properties. However, the tox-
icity of lead has raised concerns about lead-based piezoelec-
tric materials. Therefore, lead-free functional materials are
highly desirable for environment-friendly applications. So-
dium bismuth titanate, (NagsBigs)TiO5 (NBT) is ferroelec-
tric with rhombohedral symmetry at room temperature and it
transforms from ferroelectric to antiferroelectric phase at
200 °C, and then into paraelectric phase at 320 °C. NBT has
been considered to be an excellent candidate for lead-free
piezoelectric ceramics because of its large remnant polariza-
tion (P,=38 uC/cm?).! However, pure NBT has a drawback
of a high coercive field (E.=73 kV/cm) and a high conduc-
tivity which causes problems during the poling process. In
order to improve the properties of NBT, many efforts have
been made to modify the property of NBT by forming NBT-
based solid solutions, such as (NagsBiys)TiO;-BaTiO;,
(Nao_sBi{)_S)Ti03—Na.Nb03, (NEU.SBiO.S)TiOE,—KNbO?,,
(NﬂojBio_s)Ti03—SI'Ti03, (Na{)_sBiD.S)TiO;:,—BiFﬁO:,, and
(Nag sBig5)TiO;—BiSc0,.2¢

Recent theoretical studies on bismuth aluminate pre-
dicted that BiAlO; (BA) could be a promising lead-free can-
didate ferroelectric material with a polar rhombohedral sym-
metry and a Curie temperature (T) about 800 K.”® The
characterization of the BA ceramics synthesized by the high-
pressure method demonstrated that BA is indeed a ferroelec-
tric with a Curie temperature T>520 °C.? Its dielectric and
ferroelectric properties are comparable to those of other lead-
free ferroelectrics such as BiFeO; and SrBi,Ta,0q, making it
a promising high-T lead-free ferroelectric material for
memory applications.” However, BA could only be prepared
by a high-pressure high-temperature technique and it decom-
poses above 820 K21t is expected that BA could be incor-
porated into other perovskite materials to form solid solu-
tions. In this way, it is possible to (partially) stabilize BA and

“Author to whom correspondence should be addressed. Electronic mail:
zye@sfu.ca.
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at the same time to modify the structure and properties
of the host compound, as we recently demonstrated
in the (1-x)BaTiO3-xBiAlO; solid solution.’ Recently,
the fabrication and electric properties of the
(1-x)(Nag sBips) TiO;—xBiAlO; (NBT-BA) ceramics were
reported by Watanabe et al.'' However, more systematic in-
vestigations on the dielectric, ferroelectric, and piezoelectric
properties of this system are very desirable. In the present
work, the NBT-BA solid solution has been synthesized in the
perovskite structure by solid state reactions. A detailed study
of the compositional dependence of the structural, dielectric,
ferroelectric, and piezoelectric properties is presented.

The solid solution of (1-x)(NagsBigs)TiO3-xBiAlO,
(with x=0, 0.02, 0.05, 0.08, and 0.10) was prepared in the
form of ceramics by solid state reactions from the stoichio-
metric amounts of Na,CO,, Bi,0;, TiO,, and Al,05. The
powders were thoroughly ground and calcined at 800 °C for
2 h. The pellets with 1 cm diameter were sintered in a sealed
alumina crucible at 1170 °C for 2 h.

X-ray powder diffraction (XRD) patterns were recorded
on a Rigaku x-ray diffractometer using Cu K« radiation. The
density of sintered samples was determined by the
Archimedes method. The dielectric properties were mea-
sured from 100 Hz to 100 kHz in the temperature range from
25 to 400 °C using a Solartron 1260 impedance analyzer
combined with a Solartron 1296 dielectric interface. The
polarization-clectric field (P-F) hysteresis loops were dis-
played by a RT66A standard ferroelectric testing system (Ra-
diant Tech.). The samples for piezoelectric measurements
were poled in a silicone oil bath at 80 °C by applying dc
electric fields of 40-60 kV/cm for 30 min. Measurements of
the piezoelectric coefficient d3; were performed by means of
an IACAS ZJ-6B piezo- ds3/ds; meter. The planar electro-
mechanical coupling factor k, was measured by the
resonance-antiresonance method according to the IEEE stan-
dards.

Figure 1 shows the XRD patterns of the
(1-x)NBT-xBA (x=0, 0.02, 0.05, 0.08, and 0.10) ceramics.
It can be seen that all the samples with x=0.08 crystallize in
a pure perovskite phase, indicating the formation of the

© 2008 American Institute of Physics
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FIG. 1. (Color online) XRD patterns of the

(1 =x)(Nay sBiy5)TiO3-xBiAlO; solid solution ceramics (x=0, 0.02, 0.05,
0.08, and 0.1).

NBT-BA solid solution. However, some weak peaks were
observed for x=0.1 at 20=28°-31°, which arise from the
formation of a small amount of a bismuth-deficient Bi,Al,Oq
-type secondary phase. Note that impurity phases with peaks
at 26=26-31.2" were also observed in BA prepared by the
high-pressure high-temperature technique.8 In addition, the
XRD patterns reveal a rhombohedral structure for both NBT
and NBT-BA. It was also found that the relative density of
the sintered ceramics increases from 89% for NBT to 93%-—
95% for NBT-BA as a result of the substitution of BA.

The temperature dependence of the dielectric constant of
the NBT-BA ceramics is shown in Fig. 2. It should be noted
that the dielectric properties of pure NBT were shown from
10 to 100 kHz only due to a large diclectric loss at lower
frequencies. An increasing broadness of the dielectric peak at
270-310 °C is observed with increasing x, as demonstrated
by the increase in the degree of deviation from the Curie—
Weiss law. Similar behavior was also observed in the

3000

Appl. Phys. Lett. 93, 112902 (2008)

(Nag sBiy 5) TiO3—BiScO; solid solution.® It was also found
that T shifts to lower temperatures with increasing x. The
anomaly in the dielectric properties at 165195 °C indicates
the transition from the ferroelectric to antiferroelectric phase,
which results in the depolarization of the ceramics upon
heating. Therefore, the temperature at this phase transition is
also commonly called the depolarization temperature T, A
decrease in the depolarization temperature is observed as x
increases. For x=0.08, T, and T (at 100 kHz) are 165 and
270 °C, respectively.

The temperature dependence of the loss tangent of the
NBT-BA ceramics is also shown in Fig. 2. It can be seen that
pure NBT exhibited a large loss tangent at low frequencies
and high temperature. It was significantly suppressed by the
addition of BA into NBT in the NBT-BA ceramics. Since the
large dielectric loss of NBT at low frequencies and high
temperature is mainly associated with the extrinsic factor
such as mobile ions, our result indicates that the addition of
BA provides an effective barrier to the movement of mobile
ions in NBT.'!?

Figure 3 shows the P-E hysteresis loops of the NBT-BA
ceramics displayed at room temperature. All the samples ex-
hibit well developed P-E hysteresis loops. The remnant po-
larization (P,) increases significantly from 32 uC/cm? for
pure NBT to 43 uC/em? for x=0.02. For x=0.08, P,
reaches a maximum value of 52 uC/cm? On the other
hand, the coercive field (E,) decreases significantly from 69
kV/cm for pure NBT to 44 kV/cm for x=0.08. The decrease
in the E, could possibly be explained by the appearance of
random field near dipolar defects. Oxygen vacancies can be
created in Bi-based ferroelectric ceramics due to the low
melting point of Bi,O5. The combination of oxygen vacan-
cies with AI** ions on the B site may lead to the formation of
dipolar defects, which are quenched above the ferroelectric
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FIG. 2. (Color online) Temperature dependence of the dielectric constant and loss tangent of the (I-x)(NagsBigs)TiO;-xBiAlO, ceramics

(x=0, 0.02, 0.05, and 0.08).
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FIG. 3. (Color online) P-E  hysteresis loops of the
(1-x)(Nay sBig 5) TiO3-xBiAlO; ceramics (x=0, 0.02, 0.05, and 0.08).

transition temperature due to their extremely low mobility."*
The random field around dipolar defects can significantly
lower the activation barrier reﬂuircd for the nucleation of
domains, leading to a lower E,. 3

The NBT-BA ceramics also exhibit improved piezoelec-
tric properties. It is observed that the piezoelectric constant
dj3 increases from 76 to 130 pC/N and the electromechanical
coupling factor k, increases from 0.15 to 0.23 as x increases
from 0 to 0.08. The d3; and k, of the pure NBT ceramics
were reported to be 77 pC/N and 0.16, respectively.'® The
piezoelectric properties of 0.92NBT-0.08BA ceramics are
comparable to the other NBT-based lead-free solid solution
piezoelectric  ceramics such as  0.94(Nay sBijs)TiO5
—0.06BaTiO; and 0.98(NagsBigs)TiO;—0.02NaNbO5. 17
The improved piezoelectric properties can be attributed to
the decreased conductivity, which makes it possible to apply
a higher electric field during the poling process. The im-
proved piezoelectric properties may also be related to the
decrease in the depolarization temperature T, from 195 to
165 °C. A similar relationship between the piezoelectric
constant and the depolarization temperature was also re-
ported for the (1-x)(Nag sBigs)TiO3-xBaTiO; ceramics.'® It
is believed that macro-micro domain switching takes place at
the depolarization temperature, thus, the depolarization tem-
perature can be seen as an indication of the stability of ferro-
electric domains.'® The decreased depolarization temperature
suggests that the addition of BA makes the ferroelectric do-
mains less stable, and as a result, the reorientation of the 90°

Appl. Phys. Lett. 93, 112902 (2008)

domains becomes easier. Therefore, the piezoelectric proper-
ties are improved in the NBT-BA ceramics.

In conclusion, a pure perovskite phase was formed in the
(1-x)(Nag sBiy s) TiO3-xBiAlO; solid solution for x=0.08.
The NBT-BA solid solution ceramics exhibit improved ferro-
electric and piezoelectric properties compared to the NBT
ceramics, with P,=52 uClcm?, E.=44 kV/cm, ds,
=130 pC/N, and k,=0.23 for 0.92NBT-0.08BA. The en-
hanced piezoelectricity is attributed to the decrease in dielec-
tric loss and the decrease in the depolarization temperature.
The partial substitution of BA for NBT augments the relative
amount of Bi** ion on the A-site with stereochemically ac-
tive lone-pair electrons, which may also contribute to the
increased piezoelectric and ferroclectric properties.
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Dielectric properties and relaxor behavior of a new (1-x)BaTiO;-xBiAlO,
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(Received 21 September 2007; accepted 2 December 2007; published online 13 February 2008)

A new lead-free perovskite solid solution of (1 —x)BaTiO;—xBiAlO; (x=0.02, 0.05, 0.10, and 0.15)
that exhibits ferroelectric properties and relaxor behavior has been synthesized by solid state
reactions. X-ray diffraction patterns show a transformation from the tetragonal symmetry into a
rhombohedral symmetry as a result of the substitutions of Bi** on the A site and AI** on the B site
in the crystal lattice of BaTiO;. The temperature and frequency dependences of the dielectric
constant indicate a crossover from a normal ferroelectric to relaxor behavior. The degree of
deviation from the Curie~Weiss law is found to increase with the increasing amount of BiAl0;. The
high-temperature slope of the dielectric peak for x=0.05, 0.1 and, 0.15 can be well described by a
Lorenz-type relation. Typical relaxor behavior is observed for x=0.15 with the temperature of the
dielectric peak 7,=360 K at 1 kHz, while ferroelectric hysteresis loop is displayed at room
temperature. This suggests that the long-range polar order from the end member BaTiO, persists and
coexists with polar nanoregions induced by the chemical disorder following the coupled
substitutions in the solid solution. © 2008 American Institute of Physics. [DOI: 10.1063/1.2838479]

I. INTRODUCTION

Relaxor ferroelectrics have attracted considerable inter-
est owing to the rich diversity of their structural and physical
properties as well as potential technological applications.
Most of the known relaxor ferroelectrics belong to the
family of lead-based complex perovskites, such as
Pb(Mg,3Nby3)03  (PMN),  Pb(Sc;;,Ta;)05,  and
(PbLa)(ZrTi)O4."” However, the toxicity of lead has raised
concerns about lead-based materials. Therefore, lead-free
ferroelectrics are highly desirable for environment-friendly
purpose. An increasing number of such materials have been
derived from BaTiO; by homovalent cationic substitutions
such as Ba(Ti,_,Zr,)O; (Refs. 8-10) and
Ba(Ti;_,Sn,)0;," ™" or heterovalent substitutions such as
Ba,_K,(Ti,_,Nb,)O;."* In addition, a gradual crossover
from a normal ferroelectric state to relaxor behavior has been
observed in Ba(Ti,_,Zr,)O; (Ref. 8) and Ba(Ti,_.Sn,)0,
(Refs. 11 and 13) with high enough x. It is believed that the
relaxor behavior originates from the compositional disorder
associated with different kinds of ions occupying the crystal-
lographically equivalent sites. The study of the gradual
crossover from normal to relaxor ferroelectricity can be help-
ful for understanding the relaxor behavior in both lead-based
and lead-free materials. Although these materials exhibit the
characteristics of relaxor behavior, it has been shown that the
origins of dielectric relaxation and the dipole dynamics of
Ba(Ti,_,Zr,)O; (with x=0.325) are different from PMN, and
upon cooling it enters a quasiferroelectric state instead of a
nonergotic relaxor state.”'?

Recent theoretical studies on bismuth aluminate pre-
dicted that BiAlO; could be a promising lead-free candidate

Y Author to whom correspondence should be addressed. Electronic mail:
zye@sfu.ca.

0021-8979/2008/103(3)/034114/5/$23.00
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ferroclectric material with a Curie temperature (T) about
800 K."* However, BiAlO; could only be prepared by a
high-pressure high-temperature technique and it decomposes
above 820 K.'® Its structure was refined to be perovskite-like
with a polar rhombohedral symmetry at room lemperalure.'(’
The first characterization of the ceramic BiAlO; synthesized
by the high-pressure method demonstrated that BiAlO; is
indeed a lead-free ferroelectric with a Curie temperature 7
>520°C."7 Its dielectric, ferroelectric, and piezoelectric
properties are comparable to those of other lead-free ferro-
electrics such as BiFeO; and SrBi,Ta,0q, making it a prom-
ising new high-T lead-free ferroelectric material for
memory applications.” There are, however, two main fac-
tors, the poor thermal stability and extreme synthetic condi-
tions, that will limit the practical usability of BiAlO,. It is
expected that BiAlO; could be incorporated into other per-
ovskite materials to form solid solutions. In this way, it is
possible to (partially) stabilize BiAlO; and at the same
time to modify the structure and properties of the host
compound. In the present work, a new lead-free
(1-x)BaTiO3;-xBiAlOj; solid solution has been synthesized
by solid state reactions, and the composition dependences of
the structure and dielectric properties have been studied. A
crossover from normal ferroelectric state to typical relaxor
behavior has been demonstrated in the solid solution with
increasing amount of BiAlO,.

Il. EXPERIMENTAL PROCEDURE

The solid solution of (1-x)BaTiO;-xBiAlO; (x=0,
0.02, 0.05, 0.10, and 0.15) was synthesized in the form of
ceramics by solid state reaction from the stoichiometric
amounts of BaCO;, TiO,, Bi,O3, and Al,03. The powders
were thoroughly ground and calcined at 1100 °C for 4 h.
The calcined powders were reground with the addition of a

© 2008 American Institute of Physics
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FIG. 1. (Color online) XRD patterns of (1-x)BaTiO;-xBiAlO; (x=0, 0.02,
0.05, 0.10, and 0.15) ceramics.

few drops of polyvinyl alcohol (PVA) and pressed into pel-
lets of 1 cm in diameter. The pellets were first heated at
650 °C for 2 h to drive off the PVA, and then sintered in a
sealed alumina crucible at 1350 °C for 2 h.

X-ray powder diffraction (XRD) patterns were recorded
on a Philips PW 1730 diffractometer with a Cu K« source.
The circular sides of the ceramic samples were polished and
sputtered with gold layers for electrical characterization. The
dielectric properties were measured at frequencies of
100 Hz—100 kHz in the temperature range from
—100 to 200 °C using a Solartron 1260 impedance analyzer
combined with a Solartron 1296 dielectric interface. The
polarization-electric field (P-E) hysteresis loops were dis-
played by a RT66A Standard Ferroelectric Testing System
(Radiant Tech.).

solubility of BiAlO; into BaTiOj; is at x~0.12. Such a rela-
tively small solubility is probably associated with the insta-
bility of BiAlO; that decomposes at high temperatures. De-
spite the limit of solubility, the composition with x=0.15
remains the interest of this study because of its typical re-
laxor behavior (see below). It is interesting to note that the
(002)/(200) and (310)/(301) split peaks of tetragonal
BaTiO; phase gradually merge into single peaks with in-
creasing x, suggesting that the tetragonal symmetry of
BaTiO; is transformed into a rhombohedral symmetry as a
result of the coupled substitution of Bi** for Ba?* on the A
site and AI** for Ti** on the B site in the solid solution.
The temperature dependence of the dielectric constant of
the (1-x)BaTiO3—xBiAlO; (x=0.02, 0.05, 0.10, and 0.15)
ceramics is shown in Fig. 2. For x=0.02, the dielectric peak
appears relatively sharp at T¢=132 °C with no frequency
dispersion, similar to those observed in pure BaTiO;. With
increasing x, the sharp dielectric peak gradually becomes a
diffuse peak with a frequency dependent temperature of the
peak, T,,. A small shift of T,, toward a higher temperature
with increasing frequency is observed for x=0.05 and 0.10.
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FIG. 4. (Color online) Frequency dependence of the reciprocal of the tem-
perature of dielectric peak (1/7,,) for the (1 ~x)BaTiO;-xBiAlO; ceramics
(x=0.10 and 0.15). The symbols indicate the experimental data, and the
solid lines represent the fit to the Vogel-Fulcher law (2).

remains constant around 434 K. The deviation from the
Curie-Weiss law is commonly observed in relaxor
ferroelectrics.” It can be explained by the existence of the
polar clusters which appear below T,;. Deviations from the
high-temperature linearity in the temperature dependence of
the optic index of refraction n(T) was originally observed
starting at the temperature T, in Pb(Mg,;;3Nb,,3)O; and
Pb(Zn,;3Nb,5)03.2* A parameter AT,, defined as AT,=T,
—T,, is used to measure the degree of deviation from the
Curie—-Weiss law. AT, for x=0.02, 0.05, 0.10, and 0.15 is
found to increase from 29 to 36, to 64, and to 74 K, respec-
tively, indicating an increased degree of deviation from the
Curie-Weiss law, which is associated with the increased di-
electric diffuseness and enhanced relaxor behavior with in-
creasing x.

It has been found that in many relaxor ferroelectrics the
frequency dependence of the temperature of the dielectric
peak follows the Vogel-Fulcher law,”

Eﬂ
f=fo exp[ ks(Tm—Tf)], )
where E, is the activation energy, Ty is the freezing tempera-
ture of the polarization fluctuation, and f is the Debye fre-
quency. Figure 4 shows the variation of 1/7,, with In(f) for
x=0.10 and 0.15. The temperature of the dielectric peak T,
shows a good fit to the Vogel-Fulcher law, showing typical
relaxor behavior for the two compositions. The values of the
fitting parameters fo, E,, and T; are found to be E,
=9.3 meV, T;=365K, and f,=3.22X10'2 Hz for x=0.10
and E,=12.3 meV, T;=352 K, and f,=3.97 % 10'° Hz for x
=0.15, respectively. The degree of relaxor behavior can be
described by a parameter AT,.. Which is defined as
AT eaxor=T,, (100 kHZ)-7,, (100 Hz). The values of
AT jaxor for x=0.10 and 0.15 are found to be 1.8 and 3.9 K,
respectively. This indicates that with increasing x, the degree
of the relaxor behavior increases, which is consistent with
the increased diffuseness of the dielectric peak and increased
AT,.

J. Appl. Phys. 103, 034114 (2008)
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FIG. 5. (Color online) Temperature dependence of 1/e for the (1
—x)BaTiO;~xBiAlO; ceramics (x=0.05, 0.10, and 0.15) at 1 kHz. The sym-
bols indicate the experimental data, and the solid lines represent the fit to the
Lorenz-type relation (3).

An empirical Lorenz-type relation has been found to de-
scribe the high-temperature slope of the dielectric peak,25

T
> 25

A

, (3)
where T, and g4 are the fitting parameters defining the tem-
perature and magnitude of the Lorenz peak and & is a mea-
sure of the degree of diffuseness of the peak. Figure 5 shows
the plot of 1/& at 1 kHz as a function of T starting from
temperatures a few degrees above T,,. The high-temperature
slope of the dielectric peak fits well to the Lorenz-type rela-
tion (3). The values of & calculated using the fitting for x
=0.05, 0.10, and 0.15 are 20, 57, and 106 K, respectively,
confirming the increased diffuseness of the dielectric peak
with increasing substitution level.

The polarization-electric field (P-E) hysteresis loops
were displayed at room temperature, demonstrating the fer-
roelectricity of the (1-x)BaTiO;—~xBiAlO; solid solution.

Figure 6 shows the hysteresis loop for the
8
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FIG. 6. Polarization-electric field (P-E) hysteresis loop for the
0.85BaTiO3~0.15BiAlO;4 ceramics displayed at room temperature.
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0.85BaTiO;-0.15BiAlO; ceramics. A remnant polarization
of P,=2.9 uC/cm? with a coercive field of E.=8.8 kV/cm
was obtained under a maximum applied electric field of
*+27.5 kV/cm.

IV. CONCLUSIONS

A new solid solution of (I-x)BaTiO;-xBiAlO; (x
=0.02, 0.05, 0.10, and 0.15) has been synthesized, and its
structural and dielectric properties have been systematically
characterized. The coupled substitutions of Bi** for Ba?* on
the A site and AI** for Ti** on the B site lead to the trans-
formation of the tetragonal symmetry of BaTiO; into a
rhombohedral symmetry at room temperature. With increas-
ing x, the (1—x)BaTiO;—xBiAlO; solid solution shows an
increased degree of deviation from the Curie~Weiss law and
an increased diffuseness of the dielectric peak. The gradual
evolution of the diffuse dielectric peak indicates a crossover
from a normal ferroelectric state to relaxor behavior. Typical
relaxor behavior is observed in (1 —x}BaTi03—xBiA103 with
x=0.15, while ferroelectric hysteresis loop is displayed at
room temperature, suggesting that the long-range polar order
from the end member BaTiO; persists and coexists with po-
lar nanoregions induced by the chemical disorder as a result
of the coupled substitutions in the solid solution.
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