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Abstract

This research project is aimed to search new ceramic materials with high
electrical performance, for electronic applications. Many materials characterization
methods were employed in order to investigate the properties of samples such as
phase formation, phase transition behavior, microstructure, electrical and magnetic
properties. The important characterization methods included X-ray diffraction
technique, thermal analysis, electron microscopy, magnetic and electrical
measurements. Three main research topics were carried out. Firstly, new lead-free
piezoceramics from  Ba(Zrgo7Tigges)03 and  (BigsKgs)TiO3 based  systems were
prefabricated and their properties were investicated. The obtained results showed that
the ceramics presented very high piezoelectric properties as expected. Secondly, high
dielectric ceramics were fabricated including, SrFeysNbgs05, BaFegsTagsOs, and
BaFeosNbysO5 based ceramics. Some of the high dielectric constant ceramics were
synthesis by a molten salt technique. The obtained ceramics presented very high
dielectric constant such as Sr(Fe;, Al,)osNbgs03 had extremely high dielectric constant
(& >199,000 for temperatures >200 °C). The dielectric behavior of the studied ceramics
was interpreted in terms of Maxwell- Wagner polarization mechanism. Finally,
properties of the multiferroic materials including BiFeO; doped Bi,O5;, and 0.94BNT-
0.06BT/xNiO were investigated. The obtained data showed the multiferroic materials
had many interesting properties. Based on the obtained results and investigation, at
least 15 papers were published in international publications. This project also produced
more than 7 graduate students and made good connection with 15 researchers (inside
and outside Thailand).

Keyword: dielectric, piezoelectric, ferrroeclectric, multiferroic
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Executive summary
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2.
3.

10.
11.
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15.

miﬂiuﬂqqauumlwai%aLaﬂmﬂﬁaaq Ba(Zro.07Tinss)05 LAgASNI50UD0Y
auURLABENNSNVBY (1-X)SrFe,Nb,,,05-xBaZn s Ta,505 WIHN
HANIEVIUYBIaLNIAUILY NIO FiflsoautRinelniiuas ulmanvesesfindid BNT
Jugu

woAnssumslitinvessfinansazarevesudslfansmefluszuu (1-0BZT07-
XBNWT

auUAleBLENYI3 N0 UDNIIAN SrFeysNbysO5 idofe Ca wavwssulnswadn
UfATeNa0 U vRIUDs

HAYINNTEIADINTEUIUNSITBLLEY 19430 BI,O5 duiufifideaudanislni
Y9UYIUN BiFeO;

autRladidnvsnuazlndledidnv3nAgaluesfin PboesSro12Z2r0se TinasSPooz0s
NIUNITOUBDU

authladidnvdnvesesfinuuiseuloseululowniiioss Ga,0, (BFGN)
msinladidnysnuazanudumulninseuaaduvesveasiiin
(1-x)Ba(Fey»Tay,)03-xBaZnysTa,305
lpssasneganakazautiladidnrsnveaesiin(1-x)SrFeq sNbos05xBaTiOs
ﬂﬁﬁﬁmauﬁ’m@@Lﬁﬂ%’%ﬂmgammaqLszm:ﬁﬂ Sr(Fe 1, Al ) sNbg 505 Fin3oulneds
\NADNABULIAD
antAnliihvesiagmanwsdnuuiieugesiaualnmuswazialan
nsifivautRlndleddnvsnveasiinldasne s (1x)(BigsKq s TIOs-
xBi(NigsTip5)03 Inavaulnigaietesiunsaln
SvEnavesnsTINFveseraiileusanlunvuiauily delasiasieuasaudinig
INA 05950 PbogsSro122r 054 Tio.4a500.0205
audladidnyisnuazravesinluiiivesesin Sro Ba,FeosNbosOs: (x = 0.0, 0.1
way 0.2) MwdeulpedSindevasuman

wonanil Selaviniduiuinideviniudug aulainasusiudn 27 e landatindnw
sTAUUSQE NN 4 MU wezszAulTygin w3 vu Teglaasisauduiusiuy
UnIngmansidlulazanuszimea 91U 12 v
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IwdledidnvindulsngnisaiufauiusserinauBidsllihuayaudRianaiianns
Wasundsnulriidundunavielumenduiu  wataranunsodaneldlundnlalveudnan
violassadeiiadnofiu Usngmssilwdledidnyinannsouteeniudesdnumy Aonauuunss
(direct effect) uazuuunssdnal (indirect effect) Sousauanslugui 1

(a)

(i) (ii)

(b)

JUN 1 (a) IndlaBidnvEnuuunsauag (b) IndleBianyn3nuuunsadnu (A ). Mouson and J. M. Herbert,
Electroceramics, 1st Edn., Chapman & Hall, London, 1993]

InglndlaBiann3nuuunssanunsainliilotanialnalswdulwihneldrnuasandu
Annusnsedil (U 1 @) lunsdilndledidnvinuuuassinutuiagasildeususiadiegn
awalihanauennszii (U7 1 (b)) annwadsnanilinbiTan lndledidnninanunsatunldeu
AUDE NSRBI Wwuwes AnseAu A3eIn1iall JuAILTDITEULUTANTIRIUA 18 was

gy a a a v < v v = Ao w ° [
nsndanindledidnrinanusanUaandanunailundenulndinlg asivnumnddydmsunis
uAlelaymmaseuveslanluvugil



90° boundary
(b)

i ¥ a a a a O o
JUT 2 (a) NuRaveswsfinuslsdianmsn (b) Iawmuuwuy 1807 war 90 TuwuiSeulnmun [A.
Moulson and J. M. Herbert, Electroceramics, 1st Edn., Chapman & Hall, London, 1993]

mnmsnyilassaiemneganialuasmslsdidnvindy wuinedlawu (Domain) 7
{08 wavarnsilufiemnadusuudy (Uil 2) uidelaifauulwihnsuendifiaruusaname
unszvhivansasildlawundtunevaueddlufirmadionty  Samdinuiiesiurldlums
Wasufinmaevdensmuveslawmazmlsannnisineinudamesda (hysteresis loop) (FU7
3) SeUsuafiddnluanudanesda laun nanlswduadna (P,) Jwsdusivsvendernudy
LWﬁiSLSﬂW%ﬂmaqmsﬁm UonaNtLE A aEuNL Uty (coercive field, E.) azidususuen
fepnuanunsawdsunladiammedaunld  wasdaiedestumaunuluihdilisuansiiiu
wirdindnée Favdanuililunmsvsuiimeedasuasnidniiuiivesnuianeita



VIRGIN CURVE
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a a aa a o a
EUVI 3 QQQUETﬂLWE]iGZIasU@QaWiLW%IiaLaﬂ‘Vliﬂ [R.C. Buchanan, Ceramic Materials for Electronics, Processing,
Properties and Application, Marcel Dekker, Inc, New York and Basel, 1986.]

Tnemluudslusinesinnudamesdaiisnvasldudounnnilunsdudndaudes
Rtwszrdndaiersinnisddsusdadddluiuiiildauna i ameuendily desend
Tusuautes uwaglawudvweivg Juinnssosldiiininesnsdilawuivuindn way
fdruruninegslulesiiin Feilisuinwennudaneidavewdnifsrsenundudinasy
1nni (§U 4)

PCm2 +
03+

;
-0.2 01 02

EMV m~!
014+

—02+4

>

-03-4 ol
(n) ()
JUN 4 uanansmanuduiussyning P wag E ves (n) NANuieives BaTiO; (v) ls1dn

BaTiO3 [A. J. Moulson and J. M. Herbert, Electroceramics, 1st Edn., Chapman & Hall, London, 1993.]

Feanswslsdianvindaluansindladidnninalionils  Tnganslndledidanniniluans
ansauanantinilndledianninla FeauvRtiluaudineSuiganusingnisainis
wWasuwUasweslwanlswdunisluih - (electric  polarization)  FufnanAULASEALTING
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(mechanical strain) v3olumanauiu auﬁ'ﬁ%ﬁmﬁ%Lﬁmﬁuﬁuamﬁmmamjm waziilofiansan
nsuUssiaauiasvesndneandy 32 ngu wse 32 point group wuinflansfifuiewald
aunSiURAUEnaTTa (non-centrosymmetric) ot 21 naw Tu 21 nguiiaziliies 20 nauiid
autAlwdledidnyin dwdn 1 nquivdoagliausouansaudimdlwdledidnyin esand
aunpsegduAtes  vilviunansudemaluidindretunue  waganinsonansng
Fuunansoonidungusingg Tifagui 5.

32
SYMMETRY POINT GROUP

11
21 CENTROSYMMETRIC
NONDENTROSYMMETRIC

1
(COMBINATION OF
CENTROSYMMETRY)

20
PIEZOELECTRIC
(POLARIZED UNDER STRESS)

10
PYROELECTRIC
(SPONTANEOUSLY POLARIZED)

SUBGROUP
FERROELECTRIC
(SPONTANEOUSLY POLARIED, REVERSIBLE
POLARIZATION)

Ul 5 msduunanslasedaunnsvemaniiieeunensiinansfilsdidnyin

autReganilafidfaysonisinuansinslsdidnvdndo QmmﬁﬁLﬁﬂmsmaammmmﬂ
asanmizililiiin (paraelectric) widuannzmslsdidnydn %"’qammﬁ QY amuJastgmﬂu
158031 9003 (Curie point, T¢) mm‘iﬂumimﬂL‘V\IﬁﬁaLam/liﬂﬁﬁmwuumimaauwaaaEm
3957 wﬂwwwlmLUuaﬂwmwammam (sharp peak) mmnmaﬂﬂmmmamwuﬁimmqmﬂw
laddnvidndudgamglivesansinslsdidnyin  wuivigamgiinginingnes  ansesdanimmns
Sidnvsn Tnefigaumaiianni T (5U7 6) sstfnanmnislsaidnyidn muduiusseninsanmgll
fifuduiurasiladidnnin sudulunungaunisves Curie-Weiss law sl

1 0-T) (1)
g C
ija C D ﬁ’lmﬁ%ﬂ Curie- Weiss
Tc  #o 9003
T, Ao gl Curie- Weiss



& Ao AAeiiladLann3n

1 Permitlivity ¢

Spontaneous
polatization Ps

Sponlaneous

polarizalion Ps
Inverse

permittivity Ife

Physical properties

Physical properties

Inverse
permittivity /s

Tc Temperature T¢e Temperalure
{Curie Temp.} (Curie Temp )

(n) (V)
JUN 6 wansnisdeuigmaluansnslsdidnysn lae (n) nsidenigniedudu 1 (@) s
Lﬂaﬂui;]mﬂﬁuﬁu 2 [Uchino, K., Piezoelectric Actuators and Ultrasonic Motors, Kluwer Academic Publishers, 1996.]

a a

= a a g Ay v o a . . v PN
Fraaumaligsilugamaiinleann1sinase uargamgil Curie- Weiss aembianaunisi

9 Y Y Y
a0 Y

(1) WagazdAU
wila (first-order) aglviAntpeninseanas 10 Wi wazazwhiuluniswasuigniadiduiass

puNIARUMANNLAINNTINASwseramgie3 lun1swdeundasigniaaiaud
(second-order)  @snsAnwinginssunisiasuigaedeindudendfgedrmialuasmisls
adnvin  Famndnlawazamuaunginssunisweuigaals  svanunsadilugnisuszyndi
nhevnezldsugunsaldidnnsedndnavule
wanNaNTslsBianvensssunuds  daldlimsfunuanswlslsdidnv3nuuunounay
(Relaxor Ferroelectric) #anstgndunsizviduiiel 1950 Iy Smolenskii waziduansnd
dnualanizhe finives & NUSnaguuglininsWasuwlasigniaildannsinAining
duiusves & Augauminiinay sslilunvveeavay usasiduuvuvanduly @duans
a a & ] N o A ) < ¥ d‘
wislsBlannsninly - duaslidnuasiilusenunay) wenanUuwdINSUGEULUaLUUNTEY
Judlu (U 7) witgroeq Wasuwlas 3dddlinsiaenwdasuuiintuiigamgies (Curie
. a Aad a a [ & J ady v PN a a ~ =
point) wazisenaamaiiniianiswaswignaliindy eamgiinlieaanledidnninganan vse
T, oevigamgligend T, @139eflannen1sndiannin uwavileaamgiiiiniigumgivenis
= @ - & = & a s a = a Ko a
Wasuigaievise T, U asasdanndusslsBianmsn wagannisfnwansviaiidanudniy
Aanudfitilurasyhnisindinansevunemasiladidnninegisnn Tnaleiiumauduniu
o8 w1 & adg v M ad a o A X 4 ag o =~ |
awilvian 7, falugumpiinbirasiladidnninganaaiiudy fesniludnuazianzdned
= a a 1 d‘
nilsluansuslsBianvsnuuureunaiy (93U 6)
/4

11, (T-T,)

5_ & 20%¢

(2)

r max max

gy @o critical exponent
& A Amenladannsn
Emax PB ANASTILABLANYSNGIER



diffuseness parameter
gaungiinaaafiladidnvangeiign

q U Y

y A
7, Ao

TeUsnawes ¢ asdunnawiniy 1 dwsuiaguislsdidnninfiusavonilvaud
Wiy 2 TunsalwislsBildnySnuuudounans  laeuSinar v avdususuenainuninenis
Wasudgnalaonee

Il i
-60 -40

SUN 7 uamsauduiusseniandindladidnvinuazgumgivesansinslsdianvsniuunen

9 Y

AATE [A. J. Moulsonand J. M. Herbert, Electroceramics, 1° Edn., Chapman & Hall, London, 1993.]
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Yy a4 A& g vaX v v o Ao ] = o Sy oo
nasudiannselindlvauls Ineladeninasenisidsuwdasigniatuaisiilaun dadu
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(ternary) Fadunissidenansmsisdidnnsnsssuailaseasradunvuseuludnsea fuans
Suanwasinslsdianninidlassadrsuuumnszlnusadieiu azvilildanshflanifndnig
wistsBianysn wetnwdndugunsainnadidnnsedndsngg wenNUULEININHAIIUTDLY
wauelATINITINILNINUTY @15tussuy xPZN - (1xPZT aud@lndledianvsnduin laglan
duUseanslndladiiny3n (dss) ATAININNTY 600 po/N wawe k, Uszunas 0.7 Fudueiias
881917 WANNUUUAITWANTIZUU XPNN — (1-X)PZT #1 x Wi 0.2 aefimasiiladidnningadis
30,000 Feaziuleinanslugedidl PZT waudvansulslsianvsnuuuneunaieyindu azvinlila
P W a v & = & & = % % = a " oaa
ansuaudanfinieliihfun duudsdumhaulanisduaiuasnisuansviinlmie AdaA1m19
Inlfhaslasondeaswantilugiu Bniansfinundadeninanenisideuignirvesanslunguil
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w518n Ba(Tiy, Zr,)05 (BZT) L‘ﬁmﬁﬂui’ﬁ@LWﬂﬁéLﬁﬂﬁﬂlé’mimﬁa Felasuauaulangioun
failidlesnnandfivalaiiiigaesifu neYaniarunsoadaldannisiaslessuves zr 7
fuamdsves Ti lundn BaTio; Ssansiitauvaianarsesnaty dansiladdnn3niia Wuauiu
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Useivsiosiin BZT Adautfimalwihidieudsstufinuluansiideefuduesduseneu fudy
Jsldfinsiaueisnsdneg faziluldlumsuiuugsantnalniiveswsiiin 82T laguas
mAtedioda duandidiuinaudivenesiinlnsledidnvsn BZT onmaziivulnenisiiu 8,0,
uazu It hanTRd e Taquslstidnvinanunsausuussldlaeifeudou ddy
JaudufinniiBnstiinazdmansenuludnndemsuugsanifasiimoagdn 82T
wenaIn BZT udr ansDasminuna@eonlnniium BigsKesTiOs (BKT) Adeindunisluy
anifaaauTang daufuilassairsuvumessenalndiiados fadaunnsuuuimmszlnuoad

q
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auvniivies uardullgamaiiainas (7.) Tude 380 - 420 °C uazdanuiniinisiudeuudaclug

Y

79n1ALUY pseudo-cubic MgaumaiuTENI 270 °C waziin1sidsuudasignialugaadng
aaumgdl 410 °C wiognlsinuiiuluiFesenfivewiouwslin BKT Afinuiwiugeld 1lesan
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Biy sNao s TiO5 (BNT) Tneiiloidaq finnsaanisaidn BNT ﬁLLmIﬁmﬁ%vﬁwml,muﬁi’a@lmwﬁﬂﬁﬁ
asngiildtuegrunavans feilidesnduiwanlswduluseiugefigungiivios agrdlsfinu
fuffidaundovesauuavinafigedae shldwsndin BNT snftagyinds wasfunalviduiiaud
Indledidnviniion Fufudsinisussivsansavarevondsiid BNTHugw eldlfauTdlngls
SidnvEngs Taelunsfiazifinandilndledidnvsnveaiin BKT we BNT iiloneuausininy
audipsnsdmiunisliou Selmnududuiiasdonimuntaglmi Taedl BKT vi¥e BNT 1Hugnu
uaﬂmﬂﬁjmsﬁummﬁﬂszﬂauﬁaeﬂﬂé’muLsummu morphotropic (MPB) $¢#1141)A1AY831E0)
dledidnviniflassainandniuandnaiu 1unagnésuniainutosdmiunisuiuussauta
IwdludidnninvesTanlndludidnyinaeluveuivs MPB Gansiildlnanlsiwdugeanaziilug
nauiiudsrAns nnesandilui Tnensusulgsandilndled dnnindanansnvldlaonis
wisuasarasvesudviansszuuie ausruuiieliliueulnuay MPB Feifunisiney
asaranevesudsves BKT v3e BNT videTanduiiivadesivansvinduiaudsiinaulaog1sds

doliuunitaglaeusladidnyiniidlassassuvuimessonalndldauaulasgng
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1. mMyUSuugeantRlndlediannSnuas Ba(Zroe Tigss)O; Wngisn1sausou
1.1 unidn

dleigag dlgtauaulasgraunniasilndlswsfindildansas fluldnusuiean
anufnafgfudundenlumuduiviesmsialutanlndledidnninildunidusgia
uwnsuane[1-6] Fasadin Ba(Tiy,Zr, )05 (BZTs) L‘ﬁwﬁﬂui’aﬂLWﬁSSLﬁﬂm%ﬂl’{mimﬁ"a F9lesu
mwaulaegnann WesnnaudEimsliliniigeosesfumsunannravosaivasmeia G4
asmeiainuuidou wiaiRalusswinsnssuaunsndnls-7] Taefaniannsaadieannisia
lopoues Zr idumises Ti Tundn BaTiOs(8] Fsensiilautifiinansogns wusl tunability 7
7 uauiugs uennd dussdiarunadongeuarantBlndledidnnindinls) udegnalsfinny A
JuFeswnilagliuseAvsiosin BZT AdaudAmelihfdisudssiuiinuluamsidag iy
osdsenou Fefudaldfinsaueisnaine fasiluldlunisusuugsausimslaimesesiin
BZT [6,7,9] Wneunsensdsoiiioag duanddidiuinautfivossfinlwdledidnvsn BZT 199z
Fulapnisidy B,O5 [10] wazu1eauideiausitaudfdlniwesiaqmslsdidnninaiunse
Usudssldlngiseudeurt1-12] fufuiafuiininivisnstizdmaludainaanssnusonis
Usuugsandinsluihveawsndin BZT

1.2 UABUNMINARDS

Tngluewi axldfnvinansenuresiainmseugeuiiiivonginssunuiaion A
MUY 4azlATIaT19N99a01AT05 18N Ba(Zrger Tigss)Os (BZTOT) Fifinsg B,0, (29% lag
i) wsndin andaneilagiBufiteweuds uazmwinwsndindl 1150-1275 °C WWuan
2h Imaﬁﬁﬁa&gﬁumwﬁmumﬁmeﬁmm BaCOs,, Zr0,, WwaxTiO, I ImuSATIEILAY
N UAV0E1TUTENBY Ba(Zrgor Tiges)Os WEIUANANMIEITNITUALUUMYUILTULIAIUI 24 h
Tushnanaiemuea wiantumswadugniluyhliuidugeudunaniu 24 h neitldiily
Wi 1200 °C Wunamuiu 2 h uagiiiudie 8,0, (2% Tngtimiin) iloangaumgiidy
wof ndantduiinisuanaudnafslusnatsoniueaduiauiu 24 h wagiududon
Uszaulnalafioueanases (PVA) 3 wtd Tutlandndesneuiianinluiuguiendossanuy
unudealusUuuuiey  deutviinisoutusudieeneulusiniaiigumgli 500 °C 1
natwnu 2 hlefdadudenyszay wé’amﬂﬁ?uﬁmmmwﬁﬂﬁqmmﬁ 1150-1275 °C 1Ju
AL 2 h evuuutuwestunueiindalasiin1sveteraifina vdaniutnesdnid



ANMULIUNNTIA (W1T 1250 °C) uin1seuseuesiing 1000 °C e 4-16 h g
syydnuazianizresignnvesskariusuesiin falasnslénisdenvuniuas nns
ATIvEoUMendesgansmiuvudeanngnliifiovilinsuisdnvaslassaiimiganinves
fundurillindannnislinnufou Tunufiasinisnsmaienedlasaiimsgania
dmsumstasmilai Sunuiuagasiiunistaaundiiagldssuiy fuifliSeunasindeudis
aesdudeiu viniuiluliiniigumad 650 °C wiu 30 min nMsTadnalaiuieut
gamgiianmnsasilalaglfiaies LR fimed fu 4284A wazmIuANgUMQIMELANKI9N
oamgiivieauiagamgil 300 °C uazifisuiuamuinieg 990 1-1000 kHz szUunTiaumslsd
dnninUszgndldnisinvesaunuliiinlae danavesiniudamesdagy (P£) Tasldauruluil
nIzLAARUT 20 Kv/cm fiannud 1 Hz msRnwaudRlndledinnn nndunuiiiiunisined
Fuuszansindledidnnin  anuedeaauwlnii (6 deyaildsulioeuineawuives
(Fotonic Sensor, MTI-2100) S71AUS¥UUANSNAdaU Radiant ferroelectric

1.3 HANISNAADILAZIATITHNANITNAADY
‘W‘Uj’mfﬁﬂ’]iEJUEj@uﬁﬂ’liLﬁmﬁu%@ﬁSﬁUﬂ?’mLﬂ%ﬂ@‘lﬁl’jﬂmii@LLUU%’JLamLL@%E?EN‘%J;’J Lo
Anduseans lnslediEnmsn Imamvmummmiammm 0.48% (s'dm 11 uag 1.2) maqmwmm
wiluansiilneindussdusenouu PZT [13] Ssseduanueieniinisinuuutafeasans
mum@qmmuamsnm‘uLszm:uﬂlimﬁmmimamlﬂ[m,15] waymduUsyavi lwsledianyisn
(d*s5) 71 603 pm/V ('gﬂﬂ‘/’i 1.2) dmsunisouseu 8 h lnemswasuwlasluauUalndledidnmsn
fimstinduiusiummuutuiaslasedganma  Geiduussansinaledidnninues
wsdnndinseusouifiingunndmiuesinlime falnsledidnyin
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JUN 1.2 anuiasen wazduUszanslndledidnyisn (d*,,;) Welleuiunaleusausigg

Tneluudnmsusulsluandalndledidninfifetuluesinifotosiuiladonas
ads Wurmumuiulassaisganiavein wavesdusznaunaaiinan delunsdl
asndsliilfeuseusafimuvuuiulndifsafiumemuvunuugsgaiianss  udnseusouas
Preliruvuuiinaudasodilndanumuiuiugaaalie]  FsnmsmaimurLILy
uaznsAnwlasiaiamsganmanui AnamuuiukazsasuuUadulasiainsganindang
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Ul 1.3 mswdsuulaswesnnuvuutulazuansulaliisufunaniseuseutes BZT07
w5 anTiFese B,O,

ansinwdemadansdeiuresidiond  wulwnasseaduinnauians
gnifunseuseuiiinndt 8 h uasilevhnsuenefievesdsdiendyuuszana 29 ssm wud
Tinnavasulu Ba,ZrO, (muwily ICDD @u 01-077-0944) Tngansigsdulngians
19nAves BZT (auuily ICDD 1auil 01-081-2198) IaeilassnAsuuy orthorhombic 84970
seeuikiunaslussuuienailaseaimanenuul17-19] Fafinafutudndesves
WISIAO5UBINENDIN a = 4.0032,b =4.0257, and ¢ = 4.0285 A° dwsuansiegsiildlaeu
goulutfu a = 4.0063, b = 4.0281, and ¢ =4.0312 A° dmSuanssegefieuseudunan 16 h

wanslidiuimiewaduesnduiesnafuludntes  whenmasfunszuisdesuy
vosluseuldunsidngudnues BZT07 [20] widmungusegisiiouseusnnnin 8 h wuin fins
anvesszAUAMILAsEALas A1 lndleBiany3n Taganunsnidenlesfunsusnguesigaia
Uaoulu Ba,ZrO, LLazmmaﬂﬁué’uf\mmﬁLﬂiwzﬁﬁaaﬂé’aaﬁ;amiﬁaﬁﬂmau (SEM) (gih‘?‘i
1.5) LLazmﬁmi’lzﬁﬂ%mmﬁmﬁw energy-dispersive X-ray spectroscopy(EDS) gﬂ‘ﬁ 1.5 lng
ﬂ"]La?iamummu%aamjuﬁaaaﬁﬂﬁLﬁmﬁumﬂ 19 um dnsungusiegsilildouseuliidunags
fhogads 26 pm dusunduitegneiiougeu 16 h Susuinvennsuresngufogslunuild
aruaenadastuieusenudug nounthil21] Tnsmafiuturesuiainsuenaasdudadeiid

naran1siasunuaselndledianvsn[22-23]
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nndoyanisnaaedild  nswdsuuvasluauifveslndledidnvinluwsiin - awnsa
osueldlunivesmsmuvuuiusaznsasuudasdulassaiionnsganma  Tageamuiuiu
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91AUNAFE N ANTTUAIULATUAVBINAUAIDENS oglsfinuinnasesiiiinagyiliAnns
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w573n Aevlu 8 h
(Wingieazidealuenasuuunngay 1)
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2. duURlNBLaNN3NVae (1-X)SrFe, ,Nb,,05-xBaZn,/;Ta,s05 513N
2.1 unin

NMSEUATITIUIN L%iﬂﬁﬂﬁﬁmmﬁlmaﬁﬂﬁﬂgaﬁwﬂuswu A (FeqsBys)05 lng A
- Ba, Sr uaz B = Sb, NB, Ta l¢§unmsinuiustanieuing [1,2] Sswuin SrFeqsNbgs)Os
(SFN) \Bumilslutaniifiennsiiladidnuings (e,~1,000 - 10,000) Tuthsgaumgiifini1al3] Yanis
Tassadauutinessonalng wosuanmginssuediondeianuuusouaas [4] wenaninisin
autRladidnviniieuiuaumgll anstifsdinginssumadsuigniauuunszneilanaudie
FeandRFusidnvesansilésunsnsaedeulne Tezuka wazane [5] deufidn SFN dAnnsd
lodidnviniige  wisiuAdsdiimsgaydeladidnviniideglussivgailefiouduidug 1y
wudsnlnmunwedladey (6] Suiliesinmandindoudmiunisidnuidduddnnsednd
Jeinidevansvinldfnwmginssunisgrdeladidnvinvesansd Fehlpsaduasazans
vosufssening SPN uaztanduq [7,8] Weiday Jansiitlasiasuuunessonalnadudoulu
580U A (BysBys)05 Masun1sAnwilaetinidenatevau [9,10] Iumimi’a@]mmﬁ L 573In
Ba(Zn/sTaz3)05 (BZT) Lﬁui’a@ﬁmaﬂﬁ]Lﬁaqmﬂﬁuﬁmmﬁq@L?ﬁﬂlﬂ&é‘ﬂw%ﬂﬁﬁwmﬂ [11,12]
FruSwhanihanstinadsansesaevendstu SN lunud  3eldwdeuuarnisnsinden
w3 inues SEN-BZT Hau

2.2 FUABUNSNARDY

Taesinluseuu (1-x)SrFe; ,Nb;,05-xBaZny 5 Ta,s05(1-x) SEN-xBZT) lag 0.02 < x
< 0.11 gnduaseilaedSufiservecuds Fendlavizeonlomidudy (SICO;, Nb,Os, Fe,Os,
Zn0,, Ta,0s, BaCOs, TiO,) gnwamemuealunian 24 h lngldgnisesiadendudiug
vdnunseuLt e iinauudsnd 1,100 °C unan 3 h dnsiiunudnwaniuingly
fausaneseanazualuian 24 h mﬁié’ﬁﬂﬁugﬂL?;Jul,wium%zgué"sLmﬁqmmqﬁﬁmq Haus
1,350 °C &1 1,500 °C Wunan 3 h Fehwesdnildunsadeudemaiaeg Taenis
Ansgiigmerilegldmafiamadeiuiiiiend (XRD) dmsumansaaevausimslifives
wsin wlinsgnindadenmituasiniigamadl 650 °C Wuna 15 min waginlagld
ww3aeile¥a LCR (HP 4284A)



Fawansiasenignevitegldmedanisdesuuiidond  wuingudiedisiiung
LagHUNSUAR UL ILER I NIAUTAVEYNBIAUSENOU winguieg T duesdnuans
Tpssasuuumessenalndundiegn tnedgniausansnudle x < 0.10 Talvikandlviiiui

ANNENNTAIUNITALAEURY xBaZn,sTa,s05 W SrFe;,Nb,05 HUndinluseaunaIun
(5U# 2.1)

(a) (1-x)SFN-XxBZT calcined powders (h) (1-x)SFN-xBZT ceramics
% BaZn, Ta O,
- x=0.11 A___)‘\_ _h A P o el . [ ' 1 <
2 ) o i e memdmaendey
£ | x=010 J | A A h] Z | x=010 [ I )
£ \ g . "
§ x = 0.08 1\ fL v A é x=008 | ! f A A
E - 1 ] — i |
S| x=006 P r{ A \ A = | x=006 | A A A K
x=0.04 | A d, h W A x=0.04 1 JI: Ja JL A
x=002 |, JL J A A x=0.02 | L ) A k)
v T v T hd T hd T v T hd .2 T T T . T
20 30 40 50 60 70 80 20 30 40 50 60 70 80
28 (degree) 28(degree)

JUT 2.1 sUuuuMsidgiuuYessedionduad (1-x) SFN-xBZT (n) fegansisunisuaaled
W ey (1) Meghawsdinlag “*” uansigniawlantasumulnddeyaunnsignu
\aui 00-018-0201

Joyavewiegdiansliiuisrnmladidnniniigaiunaruden DU DI9INAIT
Usngivedlnalswdulszinmengg wisuduiaua 918 Tnanlswdunseuse , lalwa, aznay,
wazdidnnsetindludan. [13-16] Wnanisiin BZT lu SFN azvilieneniladianvisniindu wae
° vy ' a a a | P A a a A
wﬂmﬂﬁamawaqmmimLasﬂmLaﬂ‘mﬂ WU lmmﬂqwl@al,aﬂmﬂwgamn (> 40,000)
dwsufiegneil x = 0.10 wasnuinguansiegwansmginssuladidnvsnuuunounaty (B9l
ngAnssuAdIUETINIlsBIaNYSNLUUNUAaIE)

8.0x10'4 (a) 54 - ©
x=0.02 a4 O-x=0,02 "'—I_'.II - - 1.2
= ™~ x=0.04 =04 |
6.0x10 % e e )
x=0.08 w 39 =008 | Lo.o .
RETNTE x=0a0 | 3 X010 - :
x=011 24 x=1l - 0o 2
- .
2.0x10' N - [
03
n ..\""-ﬂ’\ : e "-“—-—-.__-'__.'../.:'.' i - 1 | -
004 — ol : .
e ey - v - v - . . . . (]
1w 10 10 10 1 1w o 1 10 1 002 004 006 008 000 042
Frequency (Hz) Frequency (Hz) BZT concentration
(a) (b) (0)

JUN 2.2 (a) mesiilaBiany3n (b) nsgaydeladidnyan (tand) Mduiladduninud uay
() ApsiilaBiany3n uwasnisgaydeladidnniniduiusivanududuves BZT lnyin
MRauniivied waw# 1 kHz dmsu (1-x) w51in SFN-xBZT



wazidlevhmsindasiladidnvinieuiugamall (Gl 2.3) wudn wsiinuansautR
laweuiledidnyina,17]  dsenasiladidnmindiutunuenududy 82T Tnengusoene
0.0d<x< 0.08 Azdmmiafiosnsgamgiunnnindefisuduiiansiedied x=0.1 agndlsfin
nauFneafl x=0.11 fAmsiiladidnviniideudnan (<2,900) Feervazidumsznsusingsh
99 BZT Auendoonin (3U7 2.1)

2.0x10° 20
; (b)

x =002
154 o x=0.04
2 x=0.06

x=0.08
o x=010
x=40.11

1.5x10°] —

e
1.0x10°4

5.0x10*4 gt 0.5 o,

T T T 0.0 -
100 ree ™ 300 0 a0 300
r('c)

JUN 2.3 (a) Aaafiladianyinuas (b) nsagydeladidnriniieuiugamalidmsussndin
(1-x) SFN-xBZT

FdloAmuIUMNENIUNTEAUEMSUNSHOUAINEINAIUAUTUS Arrhenius

E 4:1' Y1 % 4:1' 1 Y o1 Y LY v A v

(f = foexp(%) Tunsmsun 2.4 aglamdennsned 2.1 suhlaelnalAesiusenuvetnide
B

nauaua[18] dmsuusingnisalnsieunangfang
13.8

" 4 w - = x=002
\ \ '\\ - x=0.04
1364 A * oA A x=0.06
\ A\ \ w x=0.08
- - & x=0.10
\
S 1341 \ \ \ 4 x=011
- A \ \
S
13.24 \ A \
D U O
13.0 T - T - T
24 2.8 3.2 3.6
1000/7 (K"

SUT 2.4 n3imNENTUS TN log f WAL 1000/T wBalws il SFN-XBZT

A998 2.1 UARIANIUNE Y (Ea) Vo5 Ein (1-x) SEN-xBZT

x 0.02 0.04 0.06 0.08 0.10 0.11
E,(eV) 0212 0230 0224 0233 0201 0.226

2.4 a3y
lafnwaudfvesesilin (1x) SFNxBZT lpswgsniindanandinsizimedsufizen
< va & o oA o w a1 '
Yo argnaTIvdevandmduasuIn wudwadiianisazangves BZT Tu SFN derliun
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(0.02 < x < 0.08) WUINSAN BZT azifiuAasiiladidnv3nsiuisanainisaadeladianyin
Yausdin wenIndsiinduliuananginssuaienaaiaguuurounany

2.5 1BN&#1591994
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(Usnn318a2198a lUDNENTUUUNNNELAY 2)

3. nansznuvasaymaunly Nio Adidesutanidluiiuaswimanvauesifinisl BNT 1Jugu
3.1 umin
PnAuinaiudsnedauietulymarsaemnndsdunsudnesfinidases i
SerlisdnlSansasMvansedalasunisane wu ledeudaivlymiun (BigsNags)TiOs,
BNT) wulSeulnmium (BaTiOs, BT) wazlnunaeoudadvninniun (K sBigs)TiOs, KBT1-7]
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saaa

wud BNT Wuwsiinlfansnziaiinala lnefuilasiairame fsovidlndfifideouves B uas
Na" fisumis A vosEnuuu ABO, Tillaunnsuuusenludnsea (3] Weigaq o wudn BNT §
wnlimgdnwmiianewsiiniitiasnsiildiusgaumsnats suidssansuilnal sty
Tusziugsigaumniivies eehslsfinu fuflifaunduliadu (coercive field) Migasne vivlasiin
BNT ennflazvinds wanfunaliuautnlndledidnnindid ieflasievuslymilasazas
voaudanidl BNTLHugu 'ﬁﬂﬁ%’uﬂﬁﬂﬁzawﬁlﬁaﬂ%’wqaamﬁ@ma'wf: Fawuin ansavaneveduds
(1-Y) BNT-yBaTiOs (BNT-BT) wwsndinlasunisfinwiognaunsvany laendiainnisseauves
Xu uazAnlz WUINsdn BNT-BT S¥9nnmmueuiuy morphotropic (MPB) # 0.06 <Y <0.10
Toefl ¥ = 006 azuansausilwdledidnvingenn (8] duflefay § aut® Magnetoelectric
ME)  Twesidin IdSumnuauleegnann  Tasusingnisaifinansenudenisldiusy
Sidnvselind awdRves ME nnnuuInwAnfaslinshausmussriinalsediuds
T warlalwaBsusimén  wiindemewindiiusnianigniafefiuansautd ME A1ged
gaungiviesiiumennuin Felumsidetaniiflautd ME geladuidofiuraulalunaeiiku
w1 Tnendloisag 4 Saniiflent® ME gegamuluanuanidu BT waw CoFe,O, uazianiwailaius
Tmun (PZT) wamdnifawislsio,10] egrlsfinny Yaguaunludauansandd ME Sslallfu
Anvfuogaunsvans uenanidfseaut Yaguauulusuansausifiunauladuy e
futanuauily wWutanuauuilures PZT / ALO, fauifidenadia [11] TusmilFldfnutag
wanunlusialaluszuu BNT-BT / xNiO (flesduszneuwes Y = 0.06) Tag NiO fivuiaeyniely
sEAuUIlY

3.2 JUADUMINARDY

TusmAdeiisniinulusdalmluszuu BNT-BT / xNiO (flesduszneues Y = 0.06
wag NiO (x =0.5, 1.0 and 2.0 vol. %) gnduasienmedsuiisevesds Inetralangeenles
yosmssasusmaniulpgldivadantsuanauuuumuay Turausasdegnuaesladeuy
26 h Mnduasluiluiefigamad 110 °C una 12 h snduikeiiautundoui
wealevifigumfl 800-900 °C uwdifunan 2 h udnidefidndusuiataudaumninfigamgd
1350 °C Junan 2 h madaigmevesasldaseaeulasldnaianmsidenvussdiond (XRD)
Tnssasamnsganiagnasivaeulagldinaiinndesganssmididnasounwuudainse (SEM)
dnwazlamymsledidnvingnaeaeulaeliindesiiotn LR autAwislsBidnvsnhns
naaoulpgldipsosTaautRmslsdidnyan (Radiant Technologies Inc.)

3.3 NANIINAADILATIATIZVNANITNARDY
MnmInsadeuigniavesaslpeweianindsnuuresiadiond  arlduadiguil 3.1
wuin yndeldipmeuigvsitaunaaduiuusesluinsen deaenndesiuauifongudu
[12] Wnglanuigmadeudlan susieignia NO uenaniaruduvesiinnindsnuuvesied
ndanaudlafis NO wadndwartivaiinanafiuusie NiO dlsiseduaudusdniidnas uas
m%lﬁ@ﬂ’mﬂﬁaﬁ%ammeLﬂﬁiumﬁéz’fﬁLﬁmmﬂmiﬁwﬁﬁ%mmmmiﬂgﬂam [13,14]
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3 [BNTBT20vohNiO) )
s . o - i
>  [BNT-BT/1.0 vol% NiO | |
£ g/ \ \
E ’ e — —
% BNT-BT/0.5 vol% NiO I 1 .
BNT-BT/0.0 vols NiO | | l
A J ‘h_ A 7 & _—
20 30 40 50 60

20()

3UN 3.1 sdnuunmsifeauusadendvesiaguauunly BNT-BT /xNiO

wenanil mafn NO  deadeaudRladidnvinuarnginssunsiasuinanaves
feena (3Ufl 3.2) Taewuin BNT-BT #lsifinnsiFeaziinnisidsuignieil 100-180 °C uazi
300-340 °C Feaenndoafusmidonguduls] uiilleideuds wuir nywledidnvEnddnuvazuam
LLazqmmﬁmiLﬂ?iaui’gmﬂﬁgqamLﬂﬁauLﬁwwwﬁu FahaziAnanesduszneumaeiilaidy

& a ) ) a A ° aaa Y] ] a . A o
LUBLAYINUARAIITINNITLID ﬁiaumimﬂgﬂimﬂu%‘lﬂ’nﬂLszji’mﬂLLaz NiO IG]EJL@JE]W]H%L!‘VH

T-T, 2 d ' ' a X
= exp <( — ) (5UN 3.3) wuidn dAiuy
y

Ermax

NIFITLHBINNTNTLANE (8) 9NFUNIS[15]

Er

doUSuna Ni winay Feiliiuindinsiudsunginssunisdeuigninegndaaundiniside

3
6.0x10 BNT-BT/0.0 volis NiQO BNT-BT/0.5 vol% NiQ
3.0x10’
0.0
o 6.0x10° i
BNT-BT/1.0 vol™ NiQO BNT-BT/2.0 vol* NIiQ E
3.0%10° %—ﬁ\f—_% 0.2
= = - ]
. 10.1
0.0{ \ = P S
S R e _»_-i ____-fff
100 200 300 400 100 200 300 400

7(*C)
3UN 3.2 masiiladianyinuazeinisagyidenisladidnrsnidieuiugamgivesianuauuily
BNT-BT /xNiO



JUT 3.3 fudsnisnsgnedieuiuanudutuvestinfaeanlen nsmdndduwans inte, ./e,)

Diffuseness parameter(K)

200 4

175 -

-

o

o
L

125

-

Q-
o BNT.BT0.0 vol % NIO

-

« BNT-BT/0.5 val % NiQ
0.4 & BNT-BTM.0 vol % NIO .
BNT-BT20vol % NID _o®" _o*"|
ot .|

‘O-I ‘?- .'. -*.. l...-i
g i
£ 02 4
9o
0.0 =" : .
0 1x10* 2x10°
(rr)

0.0 0.5 1.0 1.5 2.0 2.5

Volume fraction of NiO (%)

= U 2 U 1
Weunu (T-T,,)” V89618819

MC (%)

0.0-

0.6

4.2

(a)
L ™
-
Y
* A L
L ]
* - A
& BNT-BT/0.5 vol% NiO
A BNT-BT/1.0 vol% NiO B
* BNT-BT/2.0 vol% NiO
. : . 30
ib) * .
* A
. = L1s £
-
A - . =
'] .
- L0
0.0 0.3 0.6 0.9 12

Applied magnetic field (T)

JUN 3.4 An1sdsundas (MO) anuguedwivaniasAn1swasuwlaansgadenis

Taddnnsn (ML) meldauiuniiianuaasiagng

13

Vg wal a a Ya a ' [ N ' (Y
LLaﬂmﬂmauumlmaLaﬂmﬂﬂ’lﬂmamwamaaaummeaﬂ (E‘U‘Vl 3.4) WU NAINATT
a . 1 a a a o X ' A a I 13 o X 2 A9 v
bd NiO ﬂ?ﬂqif{jﬁyLﬂﬁl@@Laﬂ‘Wiﬂf\]%LWlI“UUE)EJ’NlI’]ﬂ LUBDUAUNULLHNEAGNN 1Y UBDALNNUYU ‘ZNGUSLWLVI‘U

Tnsgaydeladidnninanunsamuauliniglidvinavesauwmwivanaieuen
Uszendldilumngadu wiegunsaliineidesivawiuuivan

RIRLERYRILY
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BNT-BT/0.0 vol: NiO BNT-BT/0.5 vol% NiO

254

-
O
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Ee

'3
2
i - -
3 = el ﬁ Pl et
? “r * & L
25 F 4 - FU
E S )ae g
S Wiy ~ e g ] |
B 4 E (k¥igm) Ekviem) |
2 BNT-BT/1.0 vol*a NiO BNT-BT/2.0 vol% NiO
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]
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o
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%
H
]
]

' |
Lo

.
Jwem’), B

50 E i"&ﬂl h E (kVicm!
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E (kVicm)

JUN 3.5 Inanlsiwduiisuivawuliivessitegne sutnslukanianuvuiuiurenssuaiieu
fuawuwivdn

waznMsAnuantRwslsBidnmin (UR 3.5) TaemsimsBameitavestnanlsiedy
Fuaunalilh wudn esfinswdsunnisdamesdawuunslsdidnninuuusssum dmsuisiiin
ﬁiﬂigﬂé’fmmaﬂmﬁmaLLUU%UﬁW%’UL@?ﬁWﬁﬂﬁ x = 0.5 wazfiegeil x= 1.0 SevazlneUsunns
Tnginaziingn Defect fiintuludnodne suiiiosnannisunsunsdiuiisossioves BNT-BT
uaz NO [14] Tay Defect manilonavhwinilfuanssedmsunanduvestaundaiinariliiaa
Twanlsd7iilandn14,16,17] uonanideiinissieeuin  nsnewes Defect awnsoand
coercive field dlofieufunsdllaidl Defect [14,18] dmSuwsiindl x = 2.0 Sevazlneu3unns
funuindaneitaviouluduidaneifavesiufulszquuuinmgydogs  wadwsiome
Ustldiudn eunauluiinifaeenlediidninaedianndeautfsnag

3.4 d@3d
Turuilianuauunluldasnzi Tussuu BNT-BT / xNiO gnuseRvgiuduasausn nns

9 Y
a a !

Wuans NiO ddvdwarengfAnssuladdnvin nsdsuwlasiiulade  Tundaudfveansls

8dnvEn N0 fidvSwaegaun  wuiu  wazdmunsiUdsuwdasegaunnluainisayde

lodidnwsn meldinisldawuwiman i Anisgadeladidnninvesiantianunsausue

Ioauaunuudvén ndeyawariiaguauuiulussuu BNT-BT/XNIO wansnginssuiiuiaula
A o 9 a ~ X

WNuY Weliguiuesnin usgisluseuu BNT-BT

3.5 LBNaN591994
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(Usan318aiaun luanaTHUUNNNEIAY 3)

4. waRnssumsinirvesesfingrsazanevasudeliasnenalussuu (1-x)BZTO7-xBNWT
4.1 uni

asUszneveanlanmessendlnalusyuu ABO; dlansfilmnudAgytaziiaula Tnedud

autfnwannvatey  audRuslsdianndn  relaxor uazlwdledidnnin  Feanstiunedndad
Audnvazilaawiy Wy denuduauiuguihlivnsdmsuaunsaldidnnsetind  Wusuiu

Uszq

Judu  dwsunisléawiutanladiédnnsn  wuirfanuesiinlasewiladbdnninid

Taseasrawuuinassan-alnalasunisneiusgrandnenaduloravaietfenuu  [1-3] 9
WU @nsnalAsasswuunessanalnalusyuu AB'ysB"0s) Os (g A = Ba, Sr uay Ca; way B
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, B '= Fe, Nb, Ta uaz Sb) fnsmevaussvesdladidnvidniigann dendefuaslusyuy
CaCu;Tis01,(CCTO). [4,5] ImaiaqiuszuuﬁﬁﬁwﬂqﬁimaLﬁmn%mﬁgw (1,000 - 100,000) 7i¥
ammﬁﬁﬂ"m wazfuanINIsRaVaLefuANRE NG uamnmjl,uat?m 'Tj Zhao uagAty [6]
51897477 195780 Ba(NigsWos)x Tl 05 (BNWT) ﬂLLamawmlaLLauﬁlﬂaLam/]iﬂ TnesiudlAnad
nBudnyEngsdia ~ 10,000 figaumiiluzag 200 - 450 °C uenanianmsAnyvestinidenany
aulsbjaiulufiensiidl Ba (2r,Ti )0, (BZTs) Wugmu iilesanansiifutaniiiuauiugs &
masiladidnninuazlndledidnnings  [7] TeawdAves BZTs %%uagjﬁ’uﬂ%mm zr lu
Tnssad1eva ABO; uagdanuin naAsuutasinniafigamgiinieg ves BZTs iindudlofinng
Wasulassairandnainsesludasealugenslssentnil T, uaranesslssendnidumszlnuea
fi T, waswmslnusadugnunad 7 T, Seslusgfuarududuues 28] Fslnevtiluudn
mmﬁlm&ﬁﬂﬁﬂ%ﬁmgqﬁq ~ 14,000 Tu518N Ba(Zr6rTo05)05 (BZTOT) 71 T, 483 ~ 105 °C

[y

dy a Y] 1 a a a a0 1 1% A = a o
wennil wsln BZT07 Jauansanisgadeladidnyvinfisnlutianinvessangl Jsddmsu
msUszgnalduiuiuiuusey  wezannsiwsdin BalNigsWos)o1TiosOs  uansliiiuii
noAnssulakeun

a

ladidnvisnuay BZTO7 LLﬁ@ﬂﬁﬂﬂﬂi@@L%ﬂimﬁLﬁﬂmﬂ‘ﬁ(ﬁw mMsaeTinasazatevedwes

Ba(NigsWos)o TigsOs Waz BZT07 onaldwsifindiflantiviny wasiluwsiinldansnsia

audRveawsniin BZTs-BNWT delaifig@nwn TuauiiRalevinisuseugiusniin BZTs-BNWT uay
H39EDUANURAI

4.1 YJuneuMINAABY

Tuawideiiwsnin (1-x)Ba(Zrg 07 Tig93)03-xBalNig sWo5)o1 (X =0.05, 0.1, uag 0.2) gn
ﬁamevﬁ@ﬂi%mﬂﬁﬂﬂﬁﬁ%mamumaﬂLL%QMU%qwésuaa BaCO;, ZrO,, TiO,, WO; wag NiO
Lagnuandnmieiunudndiuvesaunisiadl (1-x)Ba(Zroe Tioes)Os-xBalNigsWos)ey  HIVBS
aswniliinanazgnraniulagldmatianisuanauwuuvyuiuluvinuaasiegnualgesiaile
w1 24 h ntuhanslusiliuieigamgf 110 °C Wunan 12 h nduthusiignihliu
wd wunuAaletiigamad 1200 °C whduan 2 h 9nduthansdildunaudu PVA aa
ity 3.0 % uazdlnduin Tnefduinugudnats 1.0 cm ndutidafisatusuiaoudamn
windinfigaumgll 1450 °C 1Wuna 4 h msAadgairvesanszgnasisaeulaglinaiinnis
Aonuudidiend(xrD) lnssairevnaganiagnasivaeulagliineiiandosganssmididnason
LUUERINIIA (SEM)  dmsunisnsiaaevantfnislniivesssidin L%iﬂﬁﬂ%gﬂﬁﬂ%@é’wma
Fuwazniigamadl 650 °C Wunan 15 min uazielnelfiniesilein LCR (HP 4284A )

4.3 NANINARDILATIATIZANANITNAGDY

NNsATIREeUMemadasidondiwslin - a1sazanevesuds  (1-0Ba(Zrgg; Tigs)Os-
xBa((Nig sWo s)o 1 Tig0)O5 (1-)BZTO7-xBNWT) &3 0.05<x<0.2 LagninSeuEIUNTEUIUNITHEN
emadaufizenvends (Gl 4.1) wuih msfedimnienauandlasiainsesigamady
WU
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iwessonalnduiand wavileAuine tolerance factor wuINdlAAWLANTREATN BNWT wae

q
=

aglutag 1.057 - 1.058 Jauandliiuindniinstadeadniesndnisdiu BNWT

1.0577| o
« 10576
1.0575/ e
= 10574 @ _
c 0.0 0.1 0.2
> J 0.80BZT07-0.20BNWT
> 0.90BZT07-0.10BNWT
D
c
.g | AL Jt ™ J‘L
= 0.95BZT07-0.05BNWT
20 30 40 50 60

20 (degrees)

JUT 4.1 sUuuunsifenuusidiendveaesniin (1x)BZTO7-xBNWT sUdnuaneA1 tolerance
factor Ailuilarduves BNWT

yhnsseRtvestunueiindildnnnisgiendssganssmikuudesnsauandly
U 4-2 wazaunansuiiduinenIsanndudaruanstusuil 4.2(d) wuirnmeeainndes
QANIIAIUBTUITULARINTANABUNTLIN Ustanas 428 pm  Tushegnedl x= 0.05 lug
209 um Tufegnsil x= 02 WeldhmIanameunsuvestunuaadunaunanarsiiily
Fudamsasyiivlavennsy Yeziamnliahavemaniluastudedinsdisunty

X

§s0. (d)
40 .

@ |

s

o 30

g 20 __?

< 0.00 005 0.10 015 020 025
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UM 4.2 (a-0) nw SEM vesiisndinuag (d) wansvnansuiduilsiduresdiunnm x
dm3U wIin (1-)BZTO7-xBNWT

C
9.0x10 5 5582707 0.05BNWT PR 718
20000 - 10 kHz .
6.0x10" BZTO7 .- 100 kHz =110
10000, | - S Y
105
10.0
6.0x10° 11,000
o~ ~ — e I =
? 30x10° o ek o Lt 5 ©

T(°C)
a ' = a a I~ a a o [y a o [y a
E‘U‘VI 4.3 ﬂ’]ﬂ\‘ﬂ/llﬂ@LﬁﬂVIiﬂLLﬁSﬂ’]iniyLaﬂvLﬂ@Lam/liﬂLWSUﬂUQﬂJWQMﬁWWiUL%iW@Jﬂ
(1-x)BZTO7-xBNWT

a

YBNIINUNUINASAIDENN x = 0.05 memmﬁim@Lﬁﬂw%ﬂ'ﬁqqmn (>60,000) %

a 1

gaumiinnnnd1 400 °C luvaeiiansiiegni x = 20 faasfiladianniniinsilugisgaumal

Y
= [

Wendu (JU7 4.3) Faduafinnninaasiladidnyviznues BNWT uaz BZT07 Jaaasfiladian-

'
=

w’%ﬂwqmmﬁm%Lﬁmmﬂﬁaaﬂ%Lﬂuﬁiﬁau@aiuwﬁﬂ wazvselesauuINliaunaluasiiegi
waznUansiened x = 20 feasdiladidnvinissandiiguvniivesiosnin 10% lngdn
Nnilgaumgiiviosiis 200 °C uenaniuuddaud wriinduansautiladidnyEnuuusiou
AaNY LLaséhLmﬂaﬂmﬁlauﬁuﬁluﬁﬂﬁqquﬁgqsﬁmﬁaﬂ’amﬁgqsﬁu Fsaonndosiuswidedu [10]
ihdunaifienisgydeladdnviniutudegumalifindy  wedlddvdhiimnududures
Bdneseuiiiintu Fadunamnnisnsedusaeanudou [11] lnefinvesdnsgapdsladidnyin
Tuprwidsneg  Wulumueudisfusses  Arhenius  Tnemdsanunseduainnisduma
ANUENWUSYDY Arthenius fiAn winfu 1.15, 1.25, 1.26 dwsua1sfog1edl x = 0.05, 0.1 uaz
0.2 awddu  wazAmsgrydeladidnminiimanaadlodin BNWT Fsenaaziieadeaiunis
WasuuvadlumafinssumsuudsivinliFumugedugg] JeorAnnnnsiiuTuresany
funmuiiveuinsy wadlduandliiiiuin msfiiiinames BNWT Snaeghannsoaudfves
sTinsruuil

4.4 a3l
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Ievhmsfnwauifesiiinansasapvesudsliansneidlussuy (10BZTO7-BNWT
0.05 < x < 02 Wuafiusn wuensildfasaanessondlngd uaziiipaauIanivmuann
03dUszNay foghaimuniimasiladidnyEniigann Taefegns x = 0.05 Ansiiladidnyind
gaflan uazsoeadl x = 0.20 uansenufiedosnm MesitleBidnyinifieutugamgiiigeu
madu BNWT lussuumsvidliiasiegefomeuanamginssumaliousuuriouaats waznis
G BNWT shlvanAgadeladidniin nafildusdd asazanevosuds BZTO7-BNWT feasd
Budnvianding s BZTO7 uay BNWT igsidin

4.5 1@NA1581989
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&
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5. auUAladidnv3nuasuauesIfin SrFeysNb,sO5 fit3adae Ca waziniualnewmada
HREEULRRIEATLRILT

5.1 uni

LszmﬁﬂLW@%i@WﬁlﬂﬁLLUUL%ﬂéé’fauﬁﬁgmﬂmaa%ﬂqLL‘U‘U AB'B"O; lesumnuaulanena
uwnsnaneuarlinuegranirennsugunsadidnnsedndidu gunsallilasion edesmadu i
Juis ﬁaﬁuﬂawwwma%u Judul1] mmm’mﬁmumwudﬁa@;LW@%i@WﬂiﬂﬁLLUUL%Q%’au
Fifmdnifussdusznouu  AFe,sBys)O5 Wi A 1u Ba, Sr, Ca; waw B tfu Nb, Ta, Sb) 9%
LLamﬂ"]mﬁlm%Lé‘ﬂw%ﬂgﬂuﬁéwqmmﬁﬁﬂ%a[2,3] Ferdefusfin CaCusTigOy, [6-11] Tan)
L3N
ansouulasoululaiun (SrFeysNbysOs; SFN) aalﬁjﬂLﬂu}J’aﬂﬁﬁIﬂiﬂa%'lﬂLW@%i@WﬁlﬂﬁLL‘UU
Fadourianilefiuansrasiiladidnydngaia 10™-10° lusasewiuazgaumaiinia[12] i’a@ﬁﬁ
ARNASLUY Pbmm(62) TlgamnTivios edlwsiin SEN Iéfimsfinyiagnaniiannna wureunth
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Raevaki uwaranglisoamuiieafuauifladidninvesssiiin SFN wuimginssuladidny
Sniigetuanunsoosuneldlnenalnues Magwell-Wagner [3,12] uanainii Tezuka wazaniz(14]
Hildenuinuduausiusivinvonesin SN fgamaldidnds Snadamuinesiin
SFN ﬁ?ua’mﬁﬂﬂ%ﬂ‘d?;ﬂlﬁﬁﬂﬁlﬂ’l’iLaua’li PbTIO; U MnO, %58 Li,CO; [15] Bneny agalsh
munsuTulssandivesesidin SFN Tngmsifiusiasneg wu Ca alidlasuanuaulaunin
FoumAseiadldvihnswtonesiin (SroeCag,)FeqsNbgsOs MEITURATE I ULIDILTY

NI pUANIANURAVD YT ITN AT U

LI -

5.2 TUABUNIINAGDS

573N SrFeqsNbosO5 (SFN) fiidese Sr gNFUATINIINNTTUIUNTU RS0 U
YoIY9 IABHIVBIENT SICO,, Fe,05 uaz Nb,Os gnuaudiieiulagldueanagediluiinans
wazvananlnglignuawesiadodusuaduna 24 h uazeud 110 °C Hunan 12h a1esis
Fuiirnumsraudazgniruealedfsgumadll 1100 °C iWunan 3 h udignihusensu PVA
(3%) LLazﬁmLﬁmﬁugU mﬂﬁ?uﬁ%ﬁmﬁméniﬂmeﬁﬂﬁqmmﬁ 1450 °C urian 3 h dwmsunis
Aetpaevesansazgnasaeulaslfimaianisidienuuidiend (XRD) Tassaduaunngania
gnaTaeulnewadandosganssaudianaseuluudeinsin (SEM) dnvazianiznidladidnyin
gnialagldiedes LCR

5.3 NANITNAABILATIAIITINANITNAADS
NMFIATIZEmATANISEEM LIRS EeNdT vl (JUR 5.1) wudivieway
W1En84 SrFeysNbys05 wardilassadranessenalnanu

FanSamLaLNIATLULERSLsTRUTNT
donndeeuIidenguduAnuilussuunaeiy [12-13] lnefinn1sdediuuvesssdiend 71 20

~75-77° Suduinansnlatlnanuuueasissautn UanaNt NaN1SATIVADUAILATN SEM WU
ansiladvunainsuaieUssann 3.941 lulasuns (GUN 5.2) Inewadmiieivsuns 248.11 A3
@a=560Ab=794Aandb = 558A) FaninAwsdin SFN Aluladslusuddeneuntin
<4 a I3 | 3 & ' ' a 2
1 (USuesiwedniie = 250.96 A~ [16] N19anadU09UUIneaantieulaztAnaInuuInwey Ca
P 1 2+ a | a 1 A =~ o aa
MaNNI1 S JUN 5.2 uansnmeng SEM veawiiin ANeferuInveinIudedinmnis
ARYINTNEUTAT 39.41 + 9.72 lulasiuns



(120)
(020)

S
s R
z .- 8% 2sis § asc
g , 52 ‘L RS
£ | ceramic << | _J A Ao
powder _JL N J.L J‘L A A
v T T T L T v ] v v v
20 30 40 50 60 70 80

20 (degree)
Ufl 5.1 sUuuumsidgauuadienddmiunauaziasiin (SroeCag1)FeqsNbosOs

10 um
=]

JUN 5.2 N1NAINNERIBIANATOULUUARINTIAYBIYIIAN (SrgeCaps)FeqsNDgsOs
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100000 s 20000
T3
80000 4 £ 100°C 2 100 kiz
G 150°C " 500 kHz
! wo'c 920000 - 1vmg
koY 250°C
60000 - 1_'.'2;\_;__ s
- 2,
40000
200004
04

100 1000 10000 100000 1000000
Freqeuncy (Hz)

JUN 5.3 N1srevaUDIRorUiveAAlaBENY3NYeueIlin (SrosCags)FeqsNbysOs
nymdndluuansrrnsnladidnvsniieuivenmgl

60

—o=21°C o 1kHz

o O 50°C 10 kHz

e ™ 4.
504 -~ A 100°C 2 100 kHz

1o N - 500 kHz

3 ;;z (C S | MHz 4

40 - & =

100 1000 10000 100000 1000000
Frequency (Hz)

JUN 5.4 n1smeuaupInoruiiverAilaBlanv3nuesslin (SrosCags)FeqsNbysOs
nsmdndlusansrgadaniladidnvsniieuivenmgl

Mnmsinandildidnninifieuduauifigumgivies  wuidiasdiledidnvinanas
Wisufummddsaziftosiunanlasduiuuieg fvsngluas  udfiauigalanlsiedu
vieiiagy nanlswdufiiodesiusosselanzuaziesiin 1a1 o19luuaninsmoUauesah
Tensiiladidnvisnanas [17] egalsinny wiiindlaushiladdnvsndia lnefiAndiladidnnsn
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a

ﬁqq (guﬁ 5.3) Tnuangiie unEe (23500) mmamwﬂumimmaa (1000O) mua] g

Y
d a

wanani vahmsgjﬁgLﬁsﬂ,m%Laﬂmmyumawumaammuawu wazduifumnuiisne (Uil 5.4)
Feuhamifendosiueudiduvesiniiuszgilingdl17]

60000
T=27°C
- T=50"C
S T=100 °C
45000 4 T=150°C
T=200°C

o
" L " L " L " Ll

0 15000 30000 45000 60000
Z ()

gﬂﬁ 5.5 AUATUNIUTTOUVDUEIIAN (SroeCag )FeqsNDosOs ﬁqquﬁmm

wagyinsAnwautimewaiaailalnsalnUauauymuliegou (impedance
spectroscopy) ﬁqgﬂﬁ 5.5 WU YNY 8136108199 UANINURIBUNLAUTG 2 39 eﬁqaqﬁﬂaﬂmﬁqﬂ
zfvfeanisrevavswesiunsy  luvaeinefinnuisiasifeifestunisnevausivasey
NU17] Teewuin ﬁqmmﬁgqsﬁummmﬁmmu%waumimzamm (Fa¥mflvanisiianas
vendsenaieadesiu space charges)[20] ﬁaﬁ'umsﬁlﬂﬁ’lﬁmt,amlm%Lﬁﬂm‘%ﬂﬁgmwzmnmﬂ
nadhil

5.4 a3l

IifnwaudRveawsiin SCAN  duaseiseiBnsufisovesudslaeigniaiiingn
psapUdewaliansAsIULressEend Seldinesin SCAN Tlassadawassevialng
Uiqvisfidauamnnaskinuuueedlssentn  lavansiifinasiiladidnvingannfiaedmsuiia
gunpiigs nansAnwantidemadaadalnsalndausumudsdeutliduingumniing
foAIFUNLTATULAL B U UYL N TIAN Y

5.5 L@Nd1591994
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2086 (1994).
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(Usnns8aidenluenaNTLUUNINELaY 5)

6. WAVBINISIELABINTTUIUNISLATLULASNI5IAD Bi,O, dauiunlideaudnnielninvas
193513n BiFeO,
6.1 UNUI
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o v Aa

Fandaninslsdndutanivansitautnindnuazantfmslsdianninluigniadeniu

q
&

wardaneinluiagnidnenmgdlunisliddwmiuduiindeyanuvuiugiwazd1edonisnsei

a

mateyall-4] Tandamwslsendelasuanuaulasgrnnlunguuesinide lnedadinislem

9
[y v Aa

(BiFeOs; BFO) Aithuiansfamm{lsdnulaniladegnuosindutaniarnslsdnifdnenmeslunis
T wsutufindoyarumuutugs esnnilassadranesenlalnduuuseuludasea Snvieds
LLammmLﬂuLLauaLWﬁiﬁqmmﬁqmmﬁﬁa (Neel Temperature) Uszaad 370 °C uagand
amdumslsBidnniniionmgiieh (Curie temperature) Uszanas 830 °C[5-6] Tun1sdansizs
wsniindasmslsiduiivainvansdsseiu wu lea-wa lelasmesuea warisuifseuuy
vosuds Fuduiinsufuiiinsduaseidiedsuiisevuredaiuduisimlaie fufu
fnidevaneviuidldisdlunsdanseiienfing-o]  udeddlsfnunisdunseiieis
UfsewuuvesudaduisiligamgligedsorshliAnnssevevesdadvlussninanseuaunns
GAGEREY LLazﬁqquﬁgqﬁué’qﬁﬂﬁlﬁ@mmwguLLaz?ﬁL%@Uu WU BisgFe,0s; WAy BigFe,Oq
(0] lwsdinfndeulddnde fdunismvauguuniuazusseiniavesoondiaudady
Audulunsduameitaimnslsiuianding - uenaniSmuiinmaiuansdaimoonledly
asDadnisleiidudnisuilsunsuuusaniRenindainnslsinuiu12-13] asudiuldin
navesnsiiudaivesnleduarsannsurnvensndndadnmslsvidusslinednnsfnuidean
Aounthil ffunuAtedfsliinsduaneienindatnmslsimeisuiiseuuueedaile
Anvmavesnaifndaimesnleduagdasinsuniifseandiladidnnin wslsdidnninves
s finTadvinslsy

6.2 JumBUN1INAADS

wsiinDasimnslsyi (BiFeO,) 1Fosae Bi,0, (Zovari-7 Iagtwiin) QNLATENAILTT
fndeenleduuunuiu Tnvansieduayldsunmsdaiminiielfesdussnouresanudonis wén
wanlutenuealuiaiosmaduna 24 h lngldieslaadudoualunisun lngldiininde
Bi,O, Aeufinzinsnusaludiitevae Darmeenlesiiinisssmemeluanietaiinguly
sgwinnszvunislianudou  lunsnaaesdlduiulidasnisliauiousglurag 1-10
°C/min Tutuneunisinuealend uazviinsiinseilassadieigniadomaianisdenuures
YiRonddsguil 6.1 nsnTvaeuigniavesasldnraasulagldvaiianisidenvusiiend
(XRD) Inssasrameganiagnasivaeulnelfivaiiandosganssaididnaseuluudsinsia (SEM)
autiilndidnyingnasieaeulneliiaiosiiofn LR antRmslsdidnninvinismaaeulneld
\3osTnaudAuislsdidnyan (Radiant Technologies Inc.)
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(a) S (b) Juml
Calgined Powders = : @ eliciiad F owiuis z :: .
|@—a—a— i O Cimi [ —a—
hwating rats of 16 °cimin £ | * " f‘:“g "";“ i ;5 x| 0
'EinFﬂ,O" a 1 2 3 4 & & T .ha?ﬂ D'n-‘--i-i-i-i-‘--i-
"B, ik B0, _ e wis B0,
e FE Bi,D,- 7l 5|2 b= 3 = BLO- T with
|2 ,5 B 2 £ o . |o = T E mas
Sl e S R R B Mo T
"E‘ Bi,O, 3 wil %‘ . iu PRy
g Ll | S W w1l 8§ K | I W
t l ‘L BLG,- 1wi% = _l B0 Tw%
- = A Z L J & TYREA | el e J__,.,_L.__J'—..-.....—'l&—.m....ﬁ.—
Bi,00.- 0 wi% Bi O, Dwtdt
LB SIS (O TP | it 20 -j i A bl A e
JEPDS no 851518 [ | JGPDS N0 85-1518
. d | " T E 'l L T PR
20 an a0 =] E0 0 &0 0 30 a0 50 i) 0 30
20 (degres) 20 (degrae)
T T,
[E] ERE (d] 3 uan|
Calcined Powders e : 0|
g Ll E “:
heating rata of 1 “Cimin ; E) M —& BFO ceramics B gl L
* Bl FaO il L o * Bi Fe,0, * al — —
.E|rﬁj . =w;i;a= L a1 m;_,nd-ob L
— - i J . g . L I
5 | & gy o = Bi0.- 7wt iy = Bi, O 7wl
m = § ﬁ = E‘ E =y ..:-.:. g ) cn:: @ ] E E ﬁ oy =y
g. " i ] o ) ‘?'. -—J=——-—---"l——-—*—*—""—"‘—-"'—"‘—“"‘—""—--‘c'QI .
@ Bl - 3 with B, 3 wi%
E Bi,0,- 1 wt% o> B0 1 with
i | ’. e : | 2 L B T R e P
| i, 0w B Dwth
-k.......-L—-L—h-..—-J\—Ap—..A_- A A i oy e A PR
| | JCPDS o 861518 JCPDS no 861518
f | 1 il m . i I
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JUT 6.1 JUBUUNISEIUNYRIS ADNGYRINe BiFeOs W86 Bi,O5 NUTUMA9 1ng (a-)
HIMEERTT 10, 5, 1 °C /min audwiu wag (d) wanswaiilalunsalvessiin lagsy
MelunnvuaninuduvesfindidiondresigniaudanUaeuiiniu

6.3 NANTTNAADILALIATITHNANITNAADS

lunsalnwealet wudrigniandnvesanshe BiFeO, fiiageliauuiasiuusenludnsea
aulndunsgiuavil 86-1518 Iaadinn1AllaUuAe BisFe,05, F9UTUIUUBY BissFe,05; 9%
2 X oA . a X ] o =2 o a £ . A o o
WNTWED Bi,O5 WinTuluwsiazdnsINIsmT 397n1Ausansves BiFeO; sznuiilaiinisiining
FauMEsns1 1 °C/min Laglin1side Bi,O, Haunin 3 % lagumin Tunsdlvauesiin wuindy
AAU3EVIdVR BiFeO, wuldiliaiinisieatosndn 7 %lagumiin

d' o L ' A a ® a ! = a o a Y v d'
waztilovnisiadasiladianysn wazAinsandeladidnnin aglanagun 6.2 wag 6.3
vy v o W o aw 1 a & . a Y o § v A a2 a

Hafilapaeadeiuauvesindevinuau[14,15] Inen1side Bi,0, duwiliuvilvia1asnladiannsn
fiAnastu wenantl AmgaydeladianynindiAay Weusunanisidenndudaizidunsiziinis
WeunniAuly ilrdnissewmevestaimduviunamnivibifiagngu Ineduduliainamene
SEM fagufi 6.4 (b uae o)



80 20
| —0- 0 W% Bi,0)
—0— 1 wt% Bi,0,
70 ~0— 3 wt% BL,O,

tan 8

- 0.0

LU EARLEL § 00 DL i
Ty T

100000 1000000
Frequency
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3UN 6.4 (a) P-E BalnesBavedansiiogns (b,c) N1W SEM veeiiuiiveaesiin BiFeO; Mide

778 Bi,O5 WWuUSUI 0.0 wag 7.0 % tegtudn audeu
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uennd AnmsTaautfulslsdidnnin wui amﬁaﬁamWiagﬂﬂ%’w;ﬂéfmﬂmiﬁa
Bi,O; ﬁqgﬂﬁ 6.4 (a) widhfidnwarvesnsiudniey Tnenaiilindeadatuauvestndserinu
5u[16,17] F9U1aziAnan Bi,O5 @ruAuiliy %amaﬁﬂﬁtﬁmi’gmﬂﬁuaqmaﬂuszijmﬂm
Tunsdliiin 81,0, 1udwiuann asifinazansavaweTainiigades sgralsfn duazii
ThAngngu Fsliaansaddandaninnisien daazneliiAnlassainegnunaziunaliians
fegnen1siinsilniigs [18]

6.4 d3u

TavihnsAneinansenuannIsay Bi,O5 d@luiunazdnsIn1siniuseu Tun1ssnw
Laﬁaimwmaﬁgmﬂ BFO Wudwé’mmmﬂﬁmm%uu“]uwwwﬁLmai‘ﬁﬁwé’m dmsunisiiaignin
‘Uiﬁ‘VlﬁEU’e]\‘I BFO Imamimamwimmm Bi,0; fuAnsnafu axgainiensmeisiindoonladuuy
Fufy nuddmduiegineainfiiy 0-3wt%  druiiu wﬂwmmmlmmaﬂmﬂawu
uenaniautionslsdidnvinveshedrasniingslésunmsusulsslneidu Bi,05 daifu
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(Usans18a19en lUaNETUUUNNNELAY 6)

7. auldladidnvisnuasindleBidnyineArgdulesnfin PbogsSror22ZroseTioasSboaz0s
HUN1T U

7.1 uni

wsrdnaawasiawalmniue Pb(Zr, TiO,, )05 %38 PZT Lﬁuﬁif%’ﬂﬁuﬁluﬂdui’mlwa%
51dnm3n Tnefinns@nerfuetieninsuanamensiinisaunuasawsnlud a.a. 1950 [1.2]
dowmniwinlunduiiflautRleddnvinuasndledidnniniia saudsdonmaiinifias (>350
°C)
w3din PZT waziwsfinfidesdusznauves PZT fusdu (acceptors) uazdalyt (donors) tu
auddgegiadalunisinluuszgndldaudiunsuadees (Transducer)  #ansaadu
(detectors) guUnsaiBidnlns-saUfn (electro-optics) safaAlddrefifistu Tnsdnissesuin
Yan PZT duazdautRlndledidnninigs Weddndiussdusenavitogluuinusessdotnan
(Morphotropic Phase Boundary : MBP) Inefiensidau Zr sie Ti 1Uu 52 fiu 48 ﬁqquﬁﬁaq
anslunguslsdidnvisnideanaivnssudiulugaziiniseanwuulidanulndlfsaiu MPB[2,3]
Tngerfensideiieifinandivosans oty msideanslungulanzieanlatidsm (alkaline
earth metal) wWu S Ca' waz Ba' fieuldlunisiaelusumisves Pb” Tng Zhene way
Aug4] laseauiianisusulpaudfves PZT lnan1side Srwuindnisusuugeant@ladibng
Snuarlwdledifinvinues PZT 16 dvlumaide srlu PZT Sunuhiuwaliiufiasidsuain MPB
U dummszlnueauniu dalaeiluudridudseansindledidnyEndussiidigegadmiy
psAUsznouinundummsginueailalif MPB Tasnse
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Seuiaudinaliiinfiudunssvesesiiniitl PZT Wussiusvnouduasiinississu
Toevhly uwiduiinsusuihauifives fasiudainamannssviunineden Selédnisaue
JnelianskuuA1e @rusausulpaudivesesnin lnenuinisniseugeu (annealing)
naensNiln (sintering) tagniunldlunisusudssantdnislnfirvewsiiin Smanlndly
Bidnvidn[s.6] Millaseadududou Fsnmsuiuupsandinsiimdminnseugouresesiinung
szwﬁ?u%LﬁmmﬂmﬁLU%ammawaaimaa%fmamﬂLLasmmLﬁuLﬁaLﬁaaﬁ’umaaaaﬁUisﬂau
vosansl6] falusmAdedasldvhnsanuiznseuseundianmsuninfuesiinlussuy
PbossSro1z ZrosaTinaaSboe05 WazyinITimszautfvesgiindenanlasldivaiianige
Tufiseunerares AmIIvLILLIL MIURsuesdUszneuinna 1AT9E59M99801A UazAIY
Fudorentuvesasiingingn

7.2 N13NARLY

Tunuildihnsfinwaudileddnin  wilddndn  warlndledidnrinuoaeadn
PbossSro127 05s TioaaSPose0s  TlBa1nNNTOUSOU NRINNIUNTRTEUMETTUUUUATEN
TN IRN ﬁ’ﬁa@(;?ﬂéfumﬁﬂﬁﬂ\huﬂ’lﬁLﬂﬁ’]%ﬁsuaﬂ PbO,Zr0O,, SrCO;, Sb,04 and TiO, m%"mw
wrunaLfeIE M TUALUIT L dunaTuTY 24 h Tufnanseniuea ndantumsmaity
grihluviliuiddugoudunannu 24 h asiildthlusniioamgll 925 °C Wunamwu 4 h
n¥rnturhmsuanaudnadsluinasevueadunaium 24 h uasfufideutszaning
Liflausanased (PVA) 3 wid% lutiinaudntiosreufinsthluiuguierdesdauuuunuienly
sUsuUWRBY ndsnturhmawndnfigumadl 1100-1275 °C ey 2 h fednsns
TArwidou 5 °C/min ilefavannsgrydevesnsMidesannmsszveves PbO UsseINA 2wd]
nsldans Pbzr0; (P2) Wussnavlumswminseuseud 900 °C iunansiieg Anumuuy
vostunuesinialaeiinisvetesaiine viniutesdndidamruuiuniigs wi
nsszydnusamrasigniavestariurmesdinialaonsldnadeaiuumaas s
AyIRaeUMundesganssmituudesnsinglt  ilesilimsuiednuaslaseaiionnganiaues
ufnFunuitldndsnmsliamuon %umumvmmﬁmammﬁvﬂmqaiwmwamﬂ
dsumstadmalait Funuiuagiiunstaouniegldssun Aufnfideusasindeuiisaes
Frudhoiu vdmnduiiluWieniigungd 650 °C wiu 30 min nsTadmdlaifisudy
gampianansnilalaslfiedes LCR fmes ju 4280A uazmNANEMMYTIFIELALE SEUUNS
Tounsls
ddnvinUssendldnisinvesawnlnilaeionavesinuBaneidagy  (PH) dwiunsfinw
audhlwdledidnviniy  wndunuithunistnafiaziluiaaduussansinaledidnnsniae
1P309R das
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7.3 HANSNARDY

WU mnamuutusessvafTesisasfitununmmssugey (U 7.1)
uenaNi HansAnwdemAliamadeuuresiidiond indunadiinavesvesans taefin
vadidntesdonansevdewnnty  Sdliduihnssuunsnadnfouaieauysaide
fegnaiignendl 1250°C dwsu 2 h Fanseuseuazsihliimnumuuivlndiesiuami
yuuLuTigegavesansiiuid, 7]

wansAnydemaiansdsnuuresidiond wuh  ynasdesnaduigniauians
sniunsauseudl 168 h (§Ufl 7.1 (b)) FpmeAulaniasude 20, maudeyalwdlauil 005-
0543 Fainazifunaannsseivieves PbO lunszuaunisauieuls] uazilovhnisveneiinued
Yedondapsvann 45 een wudn nsdilifiniseuseuariinisusniinegadaion Fauandly
Wiuda Spnamnsglnueaiiuiinasnn uindsannseuseudunm 168 h fiafluendangn
ndusifunnty Gwuandifiuiiigmasenluaseasnguintu (uiuluvessuil 7.1
()

* Z+0, P
i 10164 Areaaid 1631, \_/‘\
. e L.
—_— — \
'E £ s 10154 Arcesedth A\_,
] v 3 R Need
= © 2 | - o\ 4 &5 u.ez us 4p 458
2z I e e e I T
& £ 5lart | ]
£ E g B A
a I = |gn “ LA “_ 1.013 4
oo
—_— Sy
7.0 : - 8 e e Loz - . -
0 60 120 180 1020 30 40 50 60 0 60 120 180
Annealing time (h) 20 (deg) Annealing time(h)

(a) (b) (©)

U 7.1 (a) mnumunusiusagmsvaiiduilsdduiunateuseu (b) gﬂqumngmwwaa
Ssdendvesuniindidinw waz (©) A /a veswsdnidnw Inegusmilugy (Quang
sUuuuMsduwesisdiondluasiesnaiiliiunseuseu uasknun1eusey
Huian 168 h iy 20 Uszana 45 s

Annealing time (h)
0 60 120 180

L

3.0

FITEEE ek : R " L6
assmtred. ; . lﬁseald 20/ P

log(G)

10um gl #8 "5 "" o 10um

34
log(7)
(a) (b) (©)

JUN 7.2 (a, b) uaman1n SEM vasansmegeiiliiliouseu uagaudauil 168 h (c) wansuuin
nsuuay log (Wuensu) builaiduves log (ianisevessw)

Grain size (Jim)
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INNTANYINATIATINIRANAMEATW  SEM - WU PUIANFUITRLTUNAIIANS
oudeu oy (3 7.2 (0) leeuleduammsiiwefveamadulavensuainasniso]
Gh—Gr =kt (aeil G Fwnsu t Hunamswn, 6, Wuwneveaudadndudy k By
AAafl waw n Wumsifiwesvesnmaiulpvesnsy wut miannsadunildvindu 8.6 (U7
7.2 (0) Fuandliiiuinshegefiduniseudeuiisnsnisiduladian

30000
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N')ﬂ
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P ! l a = L= ! a = I LY a ! a a
JUN 7.3 (a) Amsiiladidnvisnuasnisgadeladiannsniieuivaamail uaz (b) Aladidnnin
geangauargamaiinisaeuignin (7,,) Miluilsiduiunainiseuday

nnmsieauipledidnvinvesans (GUA 7.3) wui  nszuiumseuseuiinasenns
Waguuwasnnmslsdidnminlugeamgiivesmnsdidanin  (7,)  lnedigsiigeilanuinnin
24300 7 T, Fewvluanssegrsiildinainmseugoudt 64 h Tneildunniisegnsiilanmunis
oUgDU 52 % wonanil qmugﬁmimﬁaui’gmﬂﬁqﬂa"m)zLﬁmﬁuLﬁaL’;mmiauéautﬁuﬁu
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JUN 7.4 (a) wBawmeiTavesansiiegeiiinuniseuseuiliunansineg wag (b) mduussavs

Indladianynsn wazaimnududiasuveedameIda
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Han15inauTRmslsdanysnuazlndledidnvsn nuln  srernaINseousauiNT UL
landRmslsBianysn (GUA 7.4 @) wasduuszanslndladianmin (ds;) Windu lnendame

%%aﬁﬁmLW%BSLﬁﬂﬂ%ﬂgqqmwﬂmumiﬁaaEJNﬁshumsaUEiauLﬁunm 168 h FansinAy

_|_ Priakc

Wudmdeuveandamneida Ry) Reqg = e Ps Wulnanlsddusiuay Py

r
Julnanlsdnauulwi Avindeudu 1.1 mwaqaumwﬁﬂﬁu (E)11] FeagdiAinduiiianian

msoUgeuNNTY (Ul 74 msfnwineunthilldiiaueilasnlunsulivuelgasiudoudia
Ineneldaualaihilodeutunsuiitiiundn Ssdesaldminalsiwdunsing (P) gy
aunulnirSutadu (E.) f10] Faunnsifiseq P, &9 WnRzigtosiurunn sy

AduUszans lndledidnvinvesiegnadililfeuseudiduiiu 527 pO/N Sddndifeiu
AfifinseuvengEideduli2) egulsin dlndledidnvinfiiigeanaziian 670 pC/N
s‘ﬁawuiu@faasiwﬁshumiaua'au 64 h (3U7 7.4 (b)) (b)) TneAfigediannsaesungldandrany
PRI RTeter oY uaznUsnguesignin 2 igna Sulaun 3gmﬂmmﬂﬂuaa wazsouly
Sasen  lumsirunseudounniuuenaniaududeifniundinisevseufinneinade
QREARA D IFRGGIER RN Y

uenantuudIcm E. fnuldndednsiifinseusounaduaumgiiviliedudsedns
Indledidnviniiutu iesanansansnsaviliiAndadetu (13]

7.4 a3U
TnseveeugnihlUldiuwsiin PZTgs, LieUsulmaudfdelii wan1snaaeanl
Y < | daa ! [ Aaa - Yy a @ A adad =i [ va a
wansliiiuinimiseudeu 68 h Wunanidfan ielasusidnvsnifngaassuussaudmie
Taigi Tnansusulpandinnalnihasifeadesiuaumuwiy 1AT9E319N199801A
WaguuUasiganauayauainianaveseeAUsenaun1aelvenguiieg e iAnw
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(Wingseazidenluanasuuunsngay 7)

8. duldladidnninvaawsfinuuseulessululaiuniiidenas Ga,0,5 (BFGN)
8.1 uni
Tullagtuianifirnsiiladdnvinasdunumddgyegedslunisiilussgndldausi

§ % Ao awv

lalasdidnnseting Fedl ’J‘\]EJ’R]’]H’JUZJ']ﬂiﬂﬂ/l']ﬂ?iﬁﬂ‘lﬂ']ﬂi”tl’lﬂﬂ'ﬁﬁﬂLﬂi’l‘”%'ﬂﬂﬂ LWE]IWHG]’JE"{GMN

Aeafiladidnvdngaiiodnluuszandldifunulsey Imammqﬂizmmwameﬂiuammmauam

Y
a e

yunvagUnIaididnnsetind[1-4] lnedandiminwuiseuleseululowun (BaFe,sNbysOs %30
BFN) iuBnuilsTaniidaasiiladidnuiniigs Ssgnéunuadausnlag Saha wae Sinha (4] Tl
a.a. 2002 lngendenszurunsdangsisieisufateouvuunds wuin wsiin BEN dAnash
1n3idnn3nUszua 10° 8 107 mamawﬁmammﬁﬁﬂ%ﬂﬂaﬁé’ﬂwmuﬂé’ﬂﬁi’ﬁmiuﬂém
Juanas  (relaxor) [5 ImawqmmsmLL‘U‘U':?LLaﬂLsziasummiaaﬁmalé‘lmamﬂsmaﬂmwm
wiina-nniues Iwmlsl,%u (Maxwell-Wagner polarization) Ssndnnisssnaniazgnldlunis
oSuennAnssuvesiansfinladidnvindivarnnansls Tuvansdlenvasiineuunnsosiy
Twwsiin dsmalifnemalllduifoieatiuinty dealfiaiuunniiwesssfundeauusa
(Fermi level) vaausnamautilndh snfeghagu sunsdnduuusent (Schottky) aunsaiin
ANANULANAYEIM LA UL DaE U sULAT US LN SuvaetuRth Tneasdanali
L%swﬁﬂﬁﬁwmﬁlm&,ﬁﬂw%ﬂﬁm uonamifunadnduuurent Siansaintussuinsinves
Fuauiutalui %aiunsmmmmwuamaa ‘vmaLszmmmiawvﬂwmaﬁ%wmmmmn‘u
miawnwmm[ll 12] mﬂivmumwwﬂaw siinarorunedndd wazursnsaimunedndi
Fudeniestunsiiniuse mnuunmsesiiuin n1studusendiaunaznsuunideuresduauls
dnene[11]

Sussutwsniin BFN  Iduansaudfimaliihfiuaulasgrmannmane  Iddnsiiae
NIPUIUNTABATIENNGUALIEIIANTDY  BFN  agavainuate filu  nssuiunisufisen
Yo4uT9[13] lwa-19a[14] wazwadalulasn(15] Wusiu swdimssulgsautiladianninues
AsazangvaeLda BFN ﬁ’ui’aaﬁuq DU (1-X)BFN-XSITIO5 hag (1-x)BFN-xBaTiO5 [16,17] 8
Mddlainsinuandiladdnvsnanmsidesaumiu (La) wasleiey (Na) Tusuvis A ves
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1A59a519 ABO, ¥0aws1dn BFN[18,19] eghslsAimunis@nuinisnevaussvedtadidnnsnain
A5L 9 MUALMUS B 999 BFN 1 §9luiinnss1e9uiueg1anineedinetn aaty luanwideddals
MnsAnwandiladidnynsnvesnisiiediwite B vauwsiin BFN  Tussuuwsndin

Y]

Ba(Fe,.)Ga,)osNbosOs (BFGN) lmeiipaausznau 0.0 < x < 0.4 laganinaueeeuisedl
annsaiausdnfidaneadiladidnninas

8.2 N1IMARBY

TuauAsedinsaiin BaFe,,)Ga)osNbysOs 1agdl x = 0.0-0.6 lagndaasieviaae
n5zUIUN1sURATE V0T Ineusued BaCO,, Fe,05 Nb,Os way Ga,CO; uwaniulagld
wadansuaNaNLUULIY Turauaasiegnuawesladou 24 h anduthansluyili
wisigamgll 110 °C Wuan 12 h udnimsildumnuealediigumgll 1250 °C uhidunan
4 h Tnelddnnsifisduvesgamafiidu 5 °C/min wardnsnisanasvesgaumgiibu 5 °C/min
wazdalmdudalneiduinugudnats 1.0 cm udihudiniisatugliataudumadniigumnd
1400 °C \Huna 4 h fMedammafiviuseranasesgamgiiuiiutuiunouuaaled s
Antgnievesansldnmaaeulngliinadanisidenvuiediond (XRD) lassairenmnaganiagn
nyrvaeulagldvaiandaganssaidianaseuluudeinsin (SEM) anvazianiznaladidnnsn
gnesvaeulaeliiedesilein LCR (Agilent E4980A)

8.3 HAN1TNAABILAZIATIZINANITNIAADY
Mnmsiasgiignialaelfnadanisdenuussdiend wui widinuandassadady
wuuidninessenalnd  (muuilndeya 1awdl 01-089-2067) eehdlsfiniy  Ieiisiauein
Tassadnawes BFN onaludnwawdu [2021] edslsimuemiseiaonadostumiddoiug
Wity [15] dwmsusmiddednuh Vinunisdeunadeeenludldinnanegil x=0.2 (Uil 8.1)
JGEERERE
fpanaudanuaey (BaGa,0,) muuiindeyaiavil 01-073-0276) fiansietnail x=0.4 uenni
mswasuwdadumbewad (GUluvessuil 8.1) ndinsiFeuandliiiiuiniidoounes Ga uwsidh
Lulun@n BFN
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JUT 8.3 A SEM ¥09iiuRa (a) Uy b) UALHANITIATIEI EDS Ndennaesiun1n SEM (c)
Wy (d) Ve9aN5AE19N x=0.2 way 0.4 AUAIRU

MNMTIATIEhendaiganssAdidinaseu (SEM) (GUA 8.2) wuiiAedsvuiainsy
anaumdansidoas Jeuansin Ga vzaemaAulaveanTy NIMYBIMNULLUTBURUAN
Wuduves Ga szuanslugy 8.2 (d) ansmeenedl x=0.2 fimAnuvuiuvusnian Tasdiam
MULLINNaeARdRITUNTIINNERI9aNsIABIANATOUTY asinenall x=0.4 fnTmmyugs
Igvhmsinseidanilaemadn energy-dispersive X-ray spectroscopy (EDS) &tHaain SEM
uay EDS MAwados wuin gedumlunsviumuil EDS svyfe Ga lunsdlfednail x=02, Ga a¥
oefiveuinsubudiulvg dnvaedrouiaznulumsienei x=04 usiuaugaivniazann
Jumeluinsy Wadisuduansiodnedl x = 02 Ganede Ga HunasiliAeenuliidude
Feafunmaailluans Ssormasiinansusenouves Ga 1u lasunadilionanawulfanmede
madenuuiediond [22]

300000 300000
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w\-
100000
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UM 8.4 (a-0) AAsdiladBidny3nuay (d) nsgeydeladidnyinifieuivaaumgldmsuesndin
BFGN

MniunseaevantimaladidnyEn wudnendindl x=00 asiiladidnvings
denAdeItuuiTevenindsevinudues,23] eglsfmy wilinfiidewnadeusenlysil x=0.2
Lszm:ﬁﬂLLﬁmﬁmaﬁlm@L?ﬂﬁﬂqwm Tnglimpsiiladidnnsnunnndt 240,000 fienudmafu 1
Aladsnd Fagunnidefisuiviuidevesinidevibug vasfiwsinideunadesenludi
x=0.4 ﬁ?uuamﬁwmﬁlm&é‘ﬂw%ﬂLLazmmszgﬁgL?{&mwlmﬁLﬁﬂw%ﬂﬁﬁmmmamﬁaqmmﬁ 910
RaUMQIIviBdna 100 °C Felanmiladianysnunnd 20,000 (Aud 1 Aladses) Welfteuiv
oy uazldinsindasiladidnyin msgadeledidnvin (tand) Mdufladduaud (Ui
8.5a) wuidilddledidnvanddnuaranandudutuls Sahanfnnnuavesiuny veu
U warda 4 Uil 8.4(0) wamsrgaudnladidnyin (tand) isudugamnd wudiAngnde
ladidnvidn dwsusetnail x=0.4 7 1 kHz eglugas 0.17-0.27 9ngamgiisiesaudia 100 °C
TurasfiaAfovesinidevinuduneuntiie 0.96-4.29 Turisgamaiiieniu [24]

FeduSainsfinsdefelaemedaaiualnsalndauiumuibeioul11,25) fgud
8.5(b-d) WuUEseEed x = 0.0 wa 0.4 U529 2 23 Tungl Z* (05 -2” wae Z2) o
Wimuigeazifedesiunisnovaueseansy  [11] uazrafinnuimazifeddesiunng
povausIweIaUINTU[11] FeusiansnouausuesiinTuLazYeuINTY Uid1MSUfeET x=
0.2 Usng) 2 24 WuRerdu uiusngisunansswing 2 wedenan densdiunagiiniuainnis
ADUAUDIVDILNTU YBULNTU LLaz%’j’s (ﬁﬂ’nmﬁmuﬂaw) wazdlievnisnasansnszning logZ”
uay logM” lsufuaud wuiildnaaenadesiunsin z* lneidlevinismmdsaunszdu ain
n3 logZ” uay logM” lngldannis o = opexp(— If—;) [26] ol & Feanmnisuilii uas

6=R") nuilFAdansned 8.1 Jsuadeanderiulsngnisaiueanisne vaLeavounTul27,28]
fAdestunalnvoninlnanseuduiilesainnistl Fe”'/Fe” luansfied 9129] wazveuinsu
[27) Tuf19eafl x = 0.0 UAE 0.4 LAYNITADUALBIVDUNTU VOUINTU Uazdlufog1efl x = 0.2
Felddnsmenuieunindindinunszduresdidnaseudmiunisiiveshunsdesinaves
28nTauUwUBg U 0.8-1.0 eV [5, 30, 31] FelndiAssfiunsneuauesvesialniii eflany
o tesitesesndiauenafidmiudmiunsnevaussuesiliilundguiiegned x=02
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mnwaﬁwmwuiwﬁﬂ@éLé‘mm%ﬂﬁqammiaa%uwiumammﬂaiasuaqLLﬁﬂL’;a—’mLua%
nalsiwdu 1neinannTL YaUNSUEIMSUMIBE1T x=0.0 kag 0.4 UBNINTLAANAVBINTY
YDULNTU kazd7 Wi dmsusiiesneai x=0.2

M19199 8.1 Amdsnunseaulunsiliinveunsy veunsu wasdd

X ATNENUNTEAY
\n3u YOUINTY e
0.0 0.19 0.73 -*
0.2 0.18 -* 0.91
0.4 0.16 0.66 -*

nnewme * llanunsameanta

8.4 a3l

Ifihnsfnwisavesniide Ga MildeaudAivesssndin BFN wuirdadrianisazagves
Ga Tu BFN azagil x = 0.2 Tasnside Ga avzaonisiasyiulavennsy asfegei x=0.4
wansAnAILULUTsIn I lingadug  Hanue ashegraniuansaladidnyiiniiady
Yuriieg1efl x=02 Teladidinvinfigunn dmiuiedns x = 04 Junanualosnmvasn
laddnvisnifleufueufouii Turisangamaiivedluauis 100 °C Fsndmnanssons an
mMyleseialadianninlaamaiaaalvsalnlanuiunudisdoy  wudhaudRldianysn
ansnesuglaenalnlnanlsistuvesdinnaanues  MAsdesiuinsy  veuinTuLey
il Famuin nsnevauesladiinninuowiedneil x=0.0 way 0.4 agieatesiuinTu uay
YOUNTU WA MU0E197 x=0.2 aRgdestuingu veuinsuastalni Sadenaliiieged
x=0.2 uamarnladidnvidndigann uazdsiinsnevaussiunnuiiiganne
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Nan1539e1uldN 2

9. msinladdnvisnuazanudumulniinssuaaduvasvasesdin
(1-x)Ba(Fey/,Tay»)03-xBaZn, 3 Tay;05

9.1 umi

fanArnsiiladidnningefiilaseatranessenalnduuy ABB"O; legniauted
nsnshednenmvssiufiannsodiluussgndlddudifiulseqll,2] arsusenoumeisen-
almﬁ@ﬁauﬁﬁgmmqmﬁﬂu AFeq5sBo5)05 el A fi Sr, Ca, Ba uaz B Al Nb, Ta, and Sb
frnulansutiaula Meffulansaud@lowoudladidnnini3-8] Tnslanigogadmilsluian
Taweudladidnninfiunaulafe Ba(Fe,sTags)O4(BFT) BFT Qﬂﬁﬂmiwﬁﬂ%\uﬁﬂiﬂﬂ Galasso
warAng[9,10] soun Jung wazmug [11] ladudwuin BFT :ﬁimaa%ﬁaLLUUﬁaﬁﬂﬁqmwgﬁﬁaa
auliAladidnvinues BFT legnsreaiulilae Wang uavamz(12] BFT dldasiiladidnninet
Tu2a 1000-100000 PABATIgAUMATIATANATAIN NG ANTIHlABIENYENvea BFT awnsn
asuelalagldnalnnistwanlsduuununiad-1nuesls,12] wsndn BFT dullngAnssuadnaius
Laniges JangAnssudenditadteduloveudlandidnnindidug 1oy
Ba(Feq sNbg 5)05Ca(Feq sNbg 5)05 tag SriFeqsNbo )05 [13-15] Wang wazag[16] lasieeu
Liaudfladdnvinues BFT anunsausulgldlaanisidesie ALO, agnlsinuansazaiy
vosudesewing BFT fuasshiug Sslaildfinisfnundindraensnnin delduiuanidyaglungs
IMI%L’JW%JQﬂﬁﬂH’]@ﬂNﬂil’]\‘iGU’JNLﬁ@lﬂuﬂ’lu%’mﬁﬂﬂﬂﬁinw Ba(Zn 15 Tay,5)04(BZT) Aondls
Tusannaulalasmiiiiauls Mmomsrafiiniufidinisgaydeisiann anasiuaiifikuands
lifllasvhnsUssiusiesiingsing BFT fu BZT wdhedu fafulunuided Suinisfinwma
YBINTIT LA N BZT nodaudfladianvninges
w3ndin BFT Tnedinaveassiiin (10BFT-BZT gnduasizvisnenszuiunisufizenanius
vosuds musimuvmliihnssuaaduuazaasiladidnyidnduiusiunnuiuazgamaiiazgnin
Wlefigaiinnisin BZT Hreuuussautiladidnvinvoassniin BFT

9.2 HunBUNITNARBY

Tusuddeiiwsiin (1-x)Ba(Fey,;Ta1,,)03-xBa(Zn 15 Ta,3)05, ( x =0.00, 0.04, 0.08 Lag
0.12) gndnasielagldinalinuizeranusveanta mw%qw%m BaCOs, Fe,05, Ta,05 Way
ZnO lagnuauiinaieiunudnsdinvesaun1sall (1-x)Ba(Fe; , Tay,)0sxBa(Zn s Tays)0s
HavasasAlinananIzgnraniulagldmaiansuaRaLL U UMY UILIUIAUAESAEgNUALY DS
Tewleuu 24 h nduiansluiliuisiigumnd 110 °C Wuna 12 h anduthnsiignyili
whaudanwnuaalsiigumgd 1250 °C widuian 6 h lasldsnsnsifiutuvesgumgiidu
100 °C/h uardnsinisanasesgamgiiiu 300 °C/h nduiasilduinantu PVA A
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v
v =

gy 3.0 % uazdabiludinlaefidurinugudnans 1.0 cm anduiddanisatuguiaiaudaun

Y
a ol a

siindigaumgll 1450 °C Wunan 4 h 51’:1&Jé’m’]ﬂ'13Lﬁm%uLLazamawmqmmmﬂjmmmﬁuﬁ’u
fumeuuaaled mafinignirvesansazgnanaasulaslévaia nadenvuisdiond (XRD)
lassadramsganiagnasisaeulagldinaiia ndosganssmidiannsounuudeinsin (SEM)
dmdunsdnuautfidelniveassidindy L%ﬁﬂﬁﬂ%gﬂﬁﬂ%’;ﬁaEm’nﬁml,ammﬁqmmﬁ
650 “C 1ur1a1 15 min dnwazianizngladidannsnwazauduniuliiinssuaadugn
asadeu laldindosiletn HP 4284A LCR #eldia3aa cryostat (Sumitomo cryogenics) wae

Lake Shore 331 temperature controller Lﬂuﬁm’m@mqmwgﬁ

9.3 WANNSNAABDILAZIATITANANITNAADY

(a) (1 - x)BFT-xBZT calcined powders (b) (1 - x)BFT-xBZT ceramics
x=0.12] ]l J\ I
oy Y'Y N B U B 1
3 ; x=0.08 ).
2| x=0.08 ' =
£ x = 0.0 . l | ) [} E x= IIJI-IJ ) A 1 A
2 =
= [x=004} A 'l '. | ] *=0.00 I IL ) |
= g :‘::. 3 =
x=0.00 ' 1 ) \ BFY ;‘ é T | :I". ?
T T T T " ¥ N ) N ) N v T T r T v T ¥ d
20 30 40 50 60 70 80 20 30 40 50 60 S0
20 (degree) 248 (degree)

(c)
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m
S
<::_ A?
4 ]
o

4.055- z

Lattice parameters, a (A)
\\
m
>
Unit cell volume (A

-66.9

0.04 0.08 0.12

BZT(x)
5UM 9.1 5UkUU XRD ¥84 (1-x)BFT-XBZT (a) t4 (b) w5780 Uag (o) MmuUswaniiviazUsunng
LA g Uiy x

0.00

U 9.1(a) wansgULUY XRD W3¥89 (1-X)BFT-XBZT 91nA53AT1£91M19 XRD uandlyt
Fuinsinegsiiueilassadanessenalndiiuians sUuuu XRD vesfogsiiiuiesiin
wandlusud 9.1(b) wa XRD wandliifiuineinilassairanessonalnduasilausmsuuy
AN wanTiAsviaenadosuITeved Galasso LavAmy [9,10] Jung wazAmg[11],
Wang wazamz[12] Lazdigenmassiulvla ICSD wunetay 01-089-2966 USUIASuUIELUaaT8s
fhethedsfuaanauinsindn wuinduunadfiutudntesan 66.84 A dwduinete x -

3 Y 1 a | ¢ o v & v Y]
0.00 IUL{J‘U 67.47A AMMIUNIBYNN x = 0.12 ‘Uill']f”ﬁ‘ﬂu’]ﬂL%aa%ﬂqujmlﬂuuaaﬂﬂaaﬂﬂU
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a o d! v = a 1 6 1 o 3
U899 Dotta kazAnL[17] Fuegs1e9uldIn BFT dUsussuuiowadwindu 66.78 A n1g
WasuLUawesUSunsriwadt i lassasananaas BFT dn1siniden

UM 9.2 A SEM v89w515n (1-x)BFT-xBZT (@) x = 0.00 (b) x = 0.12

CaN

7.8
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= __—e — =
g ® Wz
50 2
- U
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“ @ é & 7.2 @
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T T L T 7!0
0.00 0.04 0.08 0.12
BZT (v)

5UN 9.3 vuninsuURALaYAMUILLILLTEURY x Y049513A (1-x)BFT-XBZT

U7 9.2 uansninang SEM veaesidin wsndinyndauaninsuusimalassaiisgania
mMsinsinslasiaigananansliifiuinnisidu 82T villvivuiavesinsuanas 3U 9.3
LansuLIRNTUIRAsYete T dnsufuuTiunudutures BZT Anndsuuinveansuds
AUIINITARYNLTLFUTA1BAR98E1911A 910 23.29 pm duSudaegns x = 0.00 Tulu
8.70 pm dmSuReEe x = 0.04 windwntuaraniisndntoodu 3.21 um dmduiegns x
= 0.12 n1sanasesuIanTukansliiiuin BZT davinsmisivlnvesinsu dedingingsu
AaNEARINUANSAYa18veaLTeas Ba(Fe,,Nb,,,)05-SITiO;[18] way Ba(Fe,,Nby/,)05-BaTiOs
[19] msdavanenisiiulnvensu e199zidunaunainanuaieadauinnisnesusiuuy
asazatevetuds muaseaiansatavisiliveunsuadeudiluseninansyuiunisen
win adnavilvvuininsuanas[20] nsauuwduisufuUSnaaududuves BZT
wansluguil 9.3 mumunutudsuulasiisadntes sgnalsAmuiiodns x = 0.08 daw
VULUgeTign
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JUN 9.4 A1 &, Uag tand WBUTUQUNANLAZAINAATNY YBUYTIN (1-X)BFT-XBZT

AasiilaBidnysnuazainisgadeladidinninifisuivgamgiinannudsneg uanslugud

9.4 nywl &-T vosndogauandlanoudladidnvinlusisgamaifiniiaun Taslanizeeeds
flenudieh neAnssudadneadstuandRveesilin BFT waz SEN [12,15]  Tusuidedinn
fegna wansn1snszeivesaladidnviindemuiideudnsgs egnalsAmuiiniuigaesiiin
wamsnuadesiognmgiiiingadu Belundnfud e, S ldufvdudeusinm BZT gelu
wardunmlaieieg1e x = 0.12 LanIA €, aaﬁamﬁ'am%mﬁauﬁuL%iwﬁﬂﬁaﬁuﬂ (g, > 20600
waamﬂu > 200 K (1 kHz) U 9.4 fauanaen tand maunuammwmmwmmaq BZT
#1499 Aanudiiiaves tand mwiumamaqmaﬂimmaq BZT uisidu nmaausuaqu tand 1y
fgnmafishgninldlnsansiishesns x = 0.12 Astlanrazasandesiu zn™ 910 BZT shiliiAa
ﬂjaaafmaaﬂﬁzﬂ,wium'mn Foilvinsindeuiivesussphldieneldauliiuagn NIZUIUMI
nszdumsaufeu msdouvesiia tand (Immawua&mammmam Tuigamgiian & msmmu
danalifen tand saslurasgangiigs uendnidmiuiesna x = 0.12 uandA tand g (1

kHz) leiflsuiuisiingadue (tans< 0.09 lugamgiivag 287-361 K)
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7V N A
2x10* SOUYN W‘Vv . o —mx=0.00
L@magg% e x=0.04
w” G\QQ V\ —A— x=0.08
1x10* 4 A\A{ \V\ = x=0.12
v\\
a vl
04 200 - ks Q’QZZE’&M
9 P 0.2
Y 2,
 ENENT) E/(\ tE g! A V/vvv
6 A N X /g o
=t 7 o s XS \A
“2 1 15x10° YJE/ §/ . /V'\Eg\\A
= 3 000 004 008 012 "%Z y v'/v SmA
] BZT (x) a!/ vv g’é
-
0peess aw% GG vva
——— T ————rrry

10° 10
Frequency (Hz)

5UN 9.5 A1 €, uay tand WguiuAnunveuwsiln (1-x)BFT-xBZT (€, ua tand guiy x o
NI BILATAINND 1 kH2)

9 Y

UM 9.5 Wwand &, uaz tand isuiumuingumnniivies ¢, %au%awﬁnmnéﬁamauﬁa
AuBiiniy qummimmaﬂaaﬂmwmamaa Wang wazan fnanwandfvesisniin
BFT[12] wonaniwuii g, 7 1 kHz Win@uain 15,700 dmsudiedns x =0.00lUidu 20,600
dmdusogns x =0.12 (lugudl 9.5) finves tand doulufinrwigetu wasiiloUsinmues BZT
ity madsuudasesdlififeddgluruiavesiiu faduil 1 kHz A1 tand vesnndediad
wuluanaadiousinaues BZT ity (ugudt 9.5) dnfuiiegnadl x = 0.12 fid1 tand (tand
~0.07) dhgaidleifeutuauidenouniidsuenliinesiiin BFT a1 tand ~ 0.6 m AW 1
kHz flgaungiivies [12] wenanianguit 9.5 Flifiun e, iWsuiueuiuansdidnuusdu
Srudutula Fairesduiusiuavinavennsunasveunsuresesidiniidne [21] iilofigad
ngAnssudimalinaalnsalndenuiumudsdoul fgniunléngm 2+ fgumnisneg uans
Tuguit 9.6 Famalinaalnsalndenuiumudsfoutosnisldunnliinseinismevauss
Y99nTU YoUINTUTRAEIIEN FeansnsaesuigludanalanisTnanlsduuuuunnad-nnues lu
manensditunsdnduuusenaiannsaifatuluesin Failddnshlaiiunndiaiu uazh
TAanalnnisinanlsduuuiuninadannued Gsaenndosiunuuaninsvosddusumsl
sewinsduvesm sl fiunnaneiu[22-24] nanee) ATuReunting [24,25] las1897ul39n
ngAnssuladlanninaeae s dnduius NN UALDIVDILNTU VOULNTULAEDLANINTA uaY
A1130MIAAINNATANYADE Y LTU 15692995 VUIUVBITIEUNIUAUAILAUUTZRT I 3
A uwinindesasoynsuiu navesnsroasuuuiagyiliAnduldsaudnlunsinues z*
Tunsnnaesiiifissaeaduldaiduitinldluyniegsiigumaisuaznans (u 275 uas
295 K aud1stu) nsml z* uanaiduldsuunndnfininudgsuazuanaduldslug niniiauien
Wduldsimuiguenefinsnovaussmaliiineunsy vugiinuddvaneianisaevaues
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malihuesveuinsul2s] uazdanaldivmnaduriuguinarsesdulfefinnuigadvunnidy
rnugugnanadnninveadulfaiinuin dsanunsavenldiianudiunurennsu Ry) A
AR IUMLTBITIUINTY Ry) WuruguSnarennsuitanauiiouummes BZT iy
wanslifuind R, anaudiouia BZT windu Bsluninduduinugunatsesiadulded
Arwiiuargeanailiogungiiintu Femneded R, uay Ry, anasilogaumgiiiiutuasd
gauMniigs (19U 495 K nuuslisadulAsvesvouinsudseraazidunaunain fed1inves
wiesiletn [26] uonniludadurinugudnansedddsmesvouinsusuintudiousinu vos BZT
iy Asdivsuanlddnm Ry, Wintuilosinaves BZT ifiudy

4x10° 2 Lax10°
g g
£ 210 2x10° S
N N
o * Lo
4x10° Lax10°
< 24107 l2x10° S
~ : zxjili_m FRTY '~
sk [ ST s K
! S 295K | 25K
of — -._-I.-w‘s K — - 49: Ko
0 2x10° 4x10° 0 2x10° 4x10°

Z(Q.cm) Z(Q.cm)
JUN 9.6 N1 Z* veuws1in (1-0BFT-xBZT Nigaumiisingg

Y

' Y Y
A X a = !

Lﬁaﬁ%a%mﬂwqamimmLm'azﬂwwauauaawmlw%waﬂmwuu AUIUAN NI
A U (Z7) wazdaAunnmeestugdanisliih (M) azgminliasiginnundnnisves
sAdorounthi 27) i‘U‘Vl 9.7 ugnansn 2" wag M” mwﬂummmqmmumm WUIIA
Y031l Z" uag M” @enndesfiunsImues Z* Imﬂ‘m 9.6 iAfiAURALAEANNG vaneis
NNINOUANBINIINTINYDIVOUINTY UAZINTUALAIAY mwawmmu@uﬁuaqmimi%lﬁwaqLﬂiu
LAETBUINTUATININANN TSI 28]

G=R' (9.1)

W

O= O exp(-E./kgT) (9.2)

F9 o Az ANsUIITN wazAr R laannsan 27 (R=2/2)29] nslsunsivluans
ANHEITUSTENIN IN(1/R) U 1/T aglaanudu a1nsoAuIsmnasunseiuvesiagng
Wld Andarunssiuvasnsiiliivewnsusazvaunsugnuanalifwmsned 9.1 egalsinu
! [ v ISP i 1 = Y (% I A Y 1 4 Qslj
mwawumz@wmmwmmaglumq 0.21-0.23 eV miﬂaLﬂmﬂumwgmwmﬂaﬂau‘wmu
AMTUNANUNTEAUYRNNTU[25,30] Inendeunseauiliauduiusiunisiia polaron[21]
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1 2 ¥V = 1 d‘

ANANUNTEAUYRIYBUNTUTA10g U 0.62-0.69 eV Bslndifgariuaignsteaulineumi

1 dmfundanunseauvesveunsu [12,25]

Z'(Q.cm)

Z'(Q.cm)

Z'(Q.cm)

Z"(Q.cm)

10°

10 10
f (Hz)

5UN 9.7 n5wl Z” uay M” Wiguiuanudiveswsniin (1-)BFT-xBZT figaumngilngg

Y

a

Mndeyaveamadaaalnsalnlanudumudsieu uanslifuinesfinde g 7
Aszaeinenuilueted Ssansaesuislalagldnalnuuununias-nnues denadesiu
nslinTiuanssturesudiaeey Fuduiusiunsmevausmalifivesnsulasvounsy
wnlundrdu én e, figstu figninldfidesefiiviumemnmduduves BZT geifu envazduna
inmsasuulasunisiadeuivesUssamdsanmainuiisodardssalimnuduniy
Ry 8nad (s lWiwesnsuiint) LLazﬁﬂmwﬁqﬁ%a%mamiqqsﬁwuaam g, laenaandu
nau19nn15Indeveilasiadananudeainnisiiy BZT  gwiildiAnnisinanlsdifiugy
uenaNuLEIvesaS fiAefiaununduldos Ui mnuduiusuesen &, ogalsinim lu
Atetl marumuiuiniaisuanfisndntos uaranuuutugeanialddisegnad x
— 0.08 Yeuziien &, fuundiutudioUsunames BZT qaéﬁu FatiuALuILLe 99 TiNaL e
Antagsonn ¢, Yo fin AN uonaniauiavennsusaiinasnan €, VBININLILDURA
Tadidnvsndnee wu BEN Wndsevane auldsieanuliine & ves BEN Wisadasivouinnsy
Y995371404[31,32] Tunsalves BFT ws1in Dutta wag Sinha [17] tase9uliin BFT finsu
/88 4.6 um auEdl Wang wazany 3189130 BFT dadie Al fluuimnsuadetdosndt 2.0 um
LATUARSAN €, PN BFT U3auna[16] egnslsfnu deludauiiduuesgnlunis@nundvdna
YoIULIANTUULANURALBIENYNUDY BFT wazu1az gnanwiluswiam

A15197 9.1 NAIUNTEAUVBINTU( Bulk grain) wazvauLnsu (Grain boundary) ¥aa@313n
(1-x)BFT-xBZT

X Activation Energy (eV)
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Bulk grain Grain boundary
0.00 0.23 0.69
0.04 0.23 0.69
0.08 0.23 0.68
0.12 0.21 0.62

9.4 g3y

w318n ((1-x)BaFe;,;Tay/,05-xBazZny 5 Tay505),  (1-x)BFT-xBZT) gnimSeulaann
nszIuNMsUAseanuzveds lassadnsmnganiauasnisiinignirvensuazigsfinves
(1-X)BFT-xBZT) gnasiaaeusieinaiin SEM uaz XRD n15msieiiaiewmatin XRD uanaliliu
Tussfinynffiigaamessenalndfiuians auinnsundsananiiouiuiames BZT Wity
AnasiiladidnninuazanuiunuiBadeudsligniigayd wsifin (10BFT-xBZT) wanenns
nsraefvesmaiiladidnrsndennuiiduegnd wenantuudinisiia BZT Suiliansd
ndudnvianifivty wastieanegadenladidnn3ndneie uenaNtuKansAnuFIeAn
awalnsalndanudumuddeusuandidiuimailaddnrdniiisufuanuiaenadoinis
il Aunndnaiureauiimeiie veuwsiin (1-BFT-xBZT) war BZT d8vEwast1unda
AR IUNTUT DN TULATVOUINTY nHadNETuad T uiivrauladimiui BZT U
Uszgndlditulaueudladidn-vinddu ieaulildlawoudladidnvingilnl
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(Usan318aidun luanNaTHUUNNNEIAY 9)

10. Tassa¥ransganianazautladiannsnvawesnfin(1-x)SrFe, sNb, sO5-xBaTiO,
10.1 umi

faglaweudladidnninfidlnseadranessenalnduuy ABBMO, lignAnuieds
nsneednenmeeiufianansaiiludssgndliluisesdidnnsedndld ondegradu i
m’sﬁl"s’ﬂLLazéhLﬁUﬂim;LLuwma%y’u[l—?)] uammfui’aaﬁqﬂé’naflfu%ﬁﬂﬂﬁmﬂui’a@wau
dmsultlunisostu aduusimdnladile suiiviaulasnag (4,51 lunguianfinanaudnasiy
i’aoﬁﬁqmmmﬁuw A(Feo5Bo5)O5 (A = Ba, Sr, Ca;B = Nb, Ta, Sb) LLammmﬁl@%Lﬁﬂﬁnqq
SLuﬁzmqmmﬁﬁﬂﬁNmn[z;s] TneLas18n Sr(FegsNbg s)O5 (SFN) ﬁawﬁﬂﬁa@é’\’mdnﬁﬁmm
vhaulasefisiuiidndiledidnniniigs audladidnminvosesiiin SFN lignAnwiudian
UnIuna18 U [3,6,7] wazl@s1eauinAasiiladidnnsnues SFN fAnagluyas 10°-10"
W519n[3,6] SFN  Sawansaudiladidnnsnlaensyansdaneninui é?iaﬂé’wﬁuiaaimaué
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1nBudnn3niaaun WU BalFe,sNbgs)Os waz CalFeqsNbgs)Os HuAIS,9] autAiniauilman
yoal3iin SFN figamaiian (100 K) legnsesnilae Tezuka wazanz(10] lawoudladidnnin
wazNsNsERefnenualuesfin SN warlaweudladidnysndidug annsaedureldluug
yosnsinanlsuuuuinnad-1nuesis,11-14] ilesnwsfinuansautaniinaulanate egne
FefusmAdeiisfulssaudivestanddanduihiaulaegBaTio, (BT) AetanlslsdidnyEnuas
ladidnviEnsinfuassgnlfifuuszdilugunsaimslnimansussamidu fnsiafauaziauiy
Usyquuumanedu [15-19] win BT Saumnsuuummssinueatioumnives gumniniaiudeuty
manigaadlsaidnnin (nsyinuea) lUduigaiensdidnyin (Aadn) vesianilagi
7129 120-130 °C wudrauddedneg Iddaiunisdaudas BT vie wau BT Autansndug davi
TiAnnsUSuU e lndladidnvsnuazaudfladidnynsn endiee1atu Ba(Zrge Tipes)Os 138
f8 B,O; LLﬁmF’hﬂﬁ’]llLﬂ%EJWVINVLWﬂ’IQQM’m[ZO] BaTig s Zro ,03-(Bag 7Cag 3)TiO5 [21] uangan
é’uﬂasﬁwéiw@l%@Lﬁﬂw%ﬂgquﬂﬂ Wag Bi(Zng s Tigs)05-BiScO5-BaTiOs LLamqﬁﬂquﬁamql@SLéﬂ-
yEnsdunlutsguvnifiniiedae (22 lunsdveswsnfinfiil SEN way BT (Hundndu dndde
naneauldinsssAviiesfindindndenssuiunisuiiseanurveauds dsvssndsdesld
oamgiigilunszuiunszadn Ssdssaviilfoymaveawiinfitnunisuealesiiinuveunaydu
dhudufou Belunindunsildonmgdadlunssuiunismdndsdsnaliidunuasdnie Ky
nsEUINNSHARBUY maedl Sagnianldiitendensvestanynaluiisziamsng endegiagy
FBuvulva-9al23) Fuvulelasimesueal2a) uazmadanislulasiam[2s] wiundeaefisn
vosingAuretnszuIunIaaiideutiegs uenainiuda nszuannemaaiselinanan
Fadusseangminisndesnisnananludsunaming edrlsiniu ieigqg dinnssisauin
wedaindevasumandumaiananieundldfunum Tdnuldase wazdunadafiedouds
[26,27] Wazdls1891UUDNIENTARIT Yougs1dnnisluinfidunsisilaeldinaidands
viaeuan LansanTRATIALEEN28,29] fhewmauai SFN uansAnsiladidnyEngslutisgamgiii
nauas BT Wutaquislsdidnnin uazladidnnindisidnisgadedisnunn Wossuiieudu
Yanladidnvdnddug Jadufiinaulafiegwan SFN fu BT whénedu Wedfuusmninssy
didnvianvas SPN Tuauadedl audtfvesesiiin SEN-BT ldgnasiaaey windnldgnuseivg
Julagldinednndonaoum funedaiidumedailigamoilusswiunszuiunism

10.2 SumBUNINARGS

Tua1A T dn (1-x)SrFeq sNbg s OsxBaTiO; 1aedl x = 0.0-0.5 andUATIENAIY
NILUIUNITINANABULAN LAENeuBd SICO;5, Fe,0s, Nb,Os, BaCO; kag TiO, uinaliulag
Twafamsuanauwuumunulumnnunasiegnuawesladeutu 24 h anduhansluyili
usfigamgdl 110 °C Wunan 12 h uaziansdilduwaniuindo NaCl (99.5%, Fluka) wag KCl
(99.5%, Riedel de Haen) Tusns1 1:1 Insnsuadaeiiotduian 30 min ndurmedinauiy
nde smuealetifigumnd 700-900 °C utilunan 3 h laglddasnisfisturosgumniidy
100 °C/h wagdnsn1sanavesgamgiiu 300 °C/h Mntuhansfiiiunisuaaleiind ae)
lopoursandonendistifou (Dl-water) warinsiadeunisaandevadloay Iagld AgNO,
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Pnuuasfildumaniu PVA aududu 3.0% wardalndudalnefduriugugnas 1.0

Y o & do & 8w = o a o & Y - X
cm uanhdingaTusuiaiaudinniinigamni 1350 “C Wwan 3 h Aednsnisiiudy
uaranasvatgunniuiefututuseulaalel naifinigaiavesasisnsisaeulagldinaila
n1sideuusedEend (XRD) laseadianieganingnasivasulasldnaila ndesganssadl

BanmseukuLdeInsIn (SEM) dnvasianignladidnrsngnasisaeulagldiniasiiedn LCR

10.3 KANTNABDIAZIATIZIHANITNAAD
10.3.1 mMsifinignanazlaseainauuingania

b _ i -
@) (1-x)SFN-xBT calcined powders L ‘ (1-0)SFN-xBT ceramics
* BaTio, ,_\v=0.su|i | . ’
f . T | N, V. S | _.\.___N_.,,L___,
;f ,.‘-=n.su|1t. = |
& L y A\ A e ~ = | x=025 .
z z
= Z
S| x=02 N
- 1 = errth
E MWWW =l B3 = -
| =g 1 j -'
0.00| ‘- ,=. i |
X =00 Il -
s N G W, I

20 30 40 50 60 70 80 20 30 40
28 (degree) 28 (degree)

gll‘ﬁ 10.1 wa@nsguLuu XRD ¥89 (1-X)SFN-XBT, (a) ) w (b) L431dn

gﬂﬁ 10.1 (a) wamaguiuy XRD rafiunshaale e (1-x)SrFey sNbg sO5-xBaTiOs
Tnedl x = 0.0-05 wuimnegauanslassaiauuumessevalnd deaonadesiusuisonen
il dmduisadn SEN6] Wufiiduneiilassadanuumessenalndiiuianslfundaenis
wealeifigamgdisn (800 °0) eiUFsuifisufumadiauuudaiu Fuend 1200 °Cl6] oenslsf
mufinudanUasugnialafishedis x = 0.5 @aldinaseamune * 1371 26~22.26") Fpa1e
wanUaeuiignszyindu BT Ssaenndoetulid ICSD nineiay 00-005-0626 AMendanns
wnilnesdiniavsauandasadsuuumnessoalndiiuiavs egslsfinn faves BT IfAndy
71 20~22.26 WAy 26~51.42° luainane XRD ¥4 x = 0.5 1w51din Aindiwuludiegis x = 0.5 1
fudunsiintgane BT Tudumeunisuealey nadnsmarduandlidiuin avwaunsalunis
avangas BT Tu SPN tufifadidn Bslundidu suuuu XRD Sauansanufiendnd 20~75-77°
Usenaumeszuu (332) (240) war (116) Fsuansliifiuinesiindausnasuuvesslssouda
oghalsfmuanufiavdniiuldiadounarnsiudeuiinu BT geliu (Kauandluzuil 10.2) Al
wamslififiuiuanfismsfiwesiin1sdsuutas GeaenadesiuUiinsmitolwaddaduinan
aunsoaslssonda nuhiivuadiiutuain 251.27 gnuiaissansen dmuiaesns x = 0.00
Ui 252.29 gnuadssansey dmsuietng x = 050 (uanslugud 10.2)



53

253.0
i m
< -
2 ¥~ =
g P B
] H WWWWWW
= = 2
= - =
= 251.5- - =
il WMM«M’
-
251.04— . : T .
0.00 0.25 0.50 74 75 76 77
BaTiO, (x) 20 (degree)

(@) (b)
sUTl 10.2 (a) USunnswihewadifioudu BT was(b) sULuy XRD vesisiindiyy 20~74-77°

U7l 10.3(a, b) wansnmds SEM weawsniin yindeg1suansvuiainTudiasiiaue
Tnelawizagnabs fegneill BT ludiinags melinszsilassadremnaganiadlfiduin BT dua
Wlvvuiansuanategadveddy Anadsruinvennsudsdiuianinisdnunadaduden
anasan 11.29 lulasiupsdmsuieene x = 0.00 1y 3.30 Tulasunsdwmsudetng x = 0.5
(Ut 10.3(0) Astluandlsiiiut BT Sudsnaifulavennsu msdausnsdulavesnsueiaay
Funauanmuaieadaianisnedufuuuasazaisveuds pueseaiaunsotavang
Lildveuinsuadeuiilusswinnsruiumswnindsiinasilduuansuanas [30] 8alundnfu
Mndeyavesigniaulaniaeslufiognei x = 0.50 Feunsitoravgswiiuiiveuinsuy el
aausadudsmaiuiaveansulalusuneunmsunniinld(31]
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10.3.2 MsAnwINgAnssuneladiannsn

A a & a
duufladiannsn
3x10° (a) x=0.00 (b) x=0.25 () x=0.50
2x10*
W . o~ 1x10" . ’
2x1071 g | EoF
n_‘-: Ix IOJ "// o4 I_(\-’I(‘
5 0AKViem
Ix10™ 210560 05 10

E (kV/cm)

1 o 1kHz o 1 kHz o 1 kHz
o 10 kHz 10 kHz o 10 kHz
2100 kHz 2100 kHz 2100 kHz
64 500 kHz 500 kHz 500 kHz

1 MHz 1 MHz

200 300 400

T(C)

200 300 400 100

T(°C)

200 300 400 100

T(C)

3UM 10.4 Uan3 & AL and WeURUgumngi

A157199 10.1 auTAladidny3nveawsiiin (1-x)SFN-xBT Wisuiulaweunladidnyinidue

Materials Sample RT (10 kHz) 100 °C (10 T (10 kHZz)
kHZz)
&, tan5 & tan5 & tan5
SrFeqsNbgsO - SEN[¥]  520X10° 07 12X10° 06 12x10° 22
Based 0.755FN - 880X10° 0.6 23X10° 06 13X10° 1.4
0.258T [¥]
SEN[6]  3.0X10° 09 20%X10° 2  80x10° 10
SEN[9]  20x10° -  25X10° -  50%x10° -
CaFeqsNbosOs5- CFN[9]  1.0X10° - 15100 -  20X10° -
Based
BaFeq sNbgsO5- BFN[9]  40X10° 02 50x10° 03 10X10° 4
Based BFN[12]  20x10° 25 1.0X10 1.0 30%X10° 15
BFN[36] 7.0x10° 0.4 10X10 06 15X10° -
BFN[49]  50%10° -  70x10° -  23X10° -
BaFesTagsOs- BFT[43]  1.0X10° 05 25x10° 1.1 10X10° 2.5
Based BFT-AL[48] 9.0X10° 02 20x10° 07 4.0X10° 5




56

U7 10.4 uanansmiduiusveadasiladidnvidniugumgiives BT Aanuidudiusingg
dmdudegne x = 0.00 nsmAmNuduiussEninsAnsdiladidnninfugamaiinnmud 1 kHz
uansiafigaumniiuszanas 265 °C femmsilaBidnningafis 185000 dwiuiegnad x = 0.25
Aasiiladianyiandiandu 296000 (1 kHz) waz 130000 (10 kHz) figaumgil 350 °C uag 360 °C
mudiudsgeiigaislofisusiegnaindug lunsdlueadnegns x = 0.50 dunsmlrasiiladidn-
yEndinadsuwlasdndenidogumgiiistulasianizegredefinnuiigeq edaliiiud,
fetneil x = 0.50 diiladidnvinidmnuadsdogumagiias egslsinudunsmladidnvia
vowhegnsd fvhandlefieuuisniingidug aesiladidnvEnvesinese x = 0.50 Sanad
Ageag (41200 (1 kHz) figamadl 340 °C dmiutaqladidnm3n [9,10,32] (EutRladianySnves
aglawousdladidnvinurssiinaulaldgniteaulilumsed 10.1) wazidufidanainesiin
ynfuaninsnszefaonuigann nginssuilgadotunginssuiuanive fdsasnuldly

9
[y

a s A4 A U Y U oa A o o wa a a a v a
'Jﬁ@‘W']ﬂiLLaﬂLsﬁai[?)?)] LWE)EJUEJUGU@auuwﬁquuvLﬂVﬂﬂqi?ﬂauUmL‘V\JﬁﬁaLaﬂmﬁﬂLLaglﬂ’N'}u‘ﬁaL@@-
aa o W a aa A a v Y | 5] = a
U aq‘lﬁiU’N'ﬂuaaLm@i%aWQmﬂﬁmﬁ@qsﬂaﬂma@ﬁnﬂ x = 0.50 LLﬁ@ﬂ‘ug‘Uﬂ 10.4(c) 29 UTdALN BT

D

alsunannmsinaudfuflsdidnrdnissinudari wuiwanaudaneddaiduluudiiiv
Uszguuugayde Fedunginssuladidnnsnvesesdnmaniisslinieutufungfinssuvesiuan
Lsziaimﬂummam[% 35] ns1auduiussznIansagydenialadianvsniugumgives
BT fimnuidudusineg uanslusud 10.4 ﬂ'i’lWﬂ'lﬁﬁfULﬂEJVl’NlﬂElLﬁﬂVliﬂLLamﬂ’li“UUﬂ‘Uﬂ’mﬂmﬂm
dnwazianizin ansgaydeladidnviniiuualiuanauileumnamndutuves BT A
wqmmmum%vLﬂuwammﬂmsmasmLLUaa"Luimaaswwmmamﬂmwaamﬂmiwa gslu
nunsuendnniAves BT mm%ﬂuwaiwmm%mLasjmalmal,aﬂw%ﬂmmmaastwvmmmi
aapde Inevhluves BT davdannidlewfisuiuves SFN wadnsmandduiusfunisidsuutas

a

Tunszurunsirdaunveddidnasauluas F9dsannisidiu BT wdazddiuvinlvnisdlndnan

'8

3x10™
1 kHz
il
! . . r . . // N
" 10° 10° 10' 10° 10° 2x10™; P \\\
Frequency (Hz) (N ///// \\\\
e ki
/ b
(a) ix10'{ © -
5UM 10.5 (@) uans g, Wguiuay i i ]
. q.'ll a2 a4 allu\'LYﬁL a 0.00 0.25 0.50
AAIN maLaﬂmﬂmaqmm PLUNTUD BaTiO, (x) 4 YU

LU LLau’eJLaﬂI‘Vliﬁ [36] LW@@?’J%‘!BUWJ’]&JLUULUWM FIIFINTVILVIRLEITIVIATILVIUUTIUYI J |34L|W|L|r1LLﬁﬂ\‘1
IUE‘U‘W 10.5 mmmlmmaﬂmﬂéuaqLeﬁmmﬂmLLammﬂuﬂummmLLawmamaqLmamma
Wintu woAnssudadeiunisAunuves Liu wazan [6] Tunldaiasiiladianvinfiaaiud 1 kHz
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ﬁ”m%’uqmmﬁﬁmﬁﬁ%ﬁwﬁumﬂ 10800 d1msudiegns x = 0.00 tuilu 24300 dwsusiegns x
- 0.25 uazanaudu 9800 dMUFIBENS x = 0.50 uBNANIL WIANNNAILAAIAIAUAIUYD S
FulAsladianvsn dednegnafl x = 0.00 uag x = 0.50 uanuduldsladidnniniduaesdiu
Turnuedt x = 0.25 wansnawladidnvinHuaudiu deyaitnudliifuinesidndnisdilaifiu
azu?nmﬁLmﬂ@mﬁ’uuazwqaﬂssmi@%L%ﬂm%mmamsﬁﬂﬂﬂnmdflﬁu’uﬁﬂmma"’mﬁuﬁﬁumi

pavaueNSlinvaLnTY YaunTuLardidnlnsa [36]

AsaszaematiaglalnsalndanudnuniuLdedau

P =— Low frequency o
) (@) 5 = 0.00 | ® s x=0.25 .
4x1071 g =] : &30 r4x10°
Ly E IJ;T —_
S K " lEa lax10° &
N g 20510 4.0x10' N
- -40"C T
- 30°C -o- 30°C_
—~= 200°C —= 200°C_| )
x=0.50 -40°C .
r4x10
i § £
2x10° &
~-0°c | & 4 = x=0.00
- 3(I°(nﬁ . .JI i _\:ill.ZS
— —..—IIG:I( # . ---.\I—t:.su 0
2x10° 4x10° 0 2x10° 4x10°
Z(Q.cm) Z(Q.cm)

gﬂﬁ 10.6 (a-c) N5 Z* ¥o9w515HNn (1-)SFN-BT ﬁ'qam

Y

Atenguaz (d) nsvl Z* Wisuieu

[ a ! v a o
NUVDUYITMUNLARZAINYUNNU -40 C

' ¥
€ ® =2 a

Wen15iATIzunandsvasnginssuladiannin medeaualnsalnlarudiuniu

a

Beteulsignihunldfeamainneg Ifuanslilusud 10.6 Funadaaalnsalndanuiuniy
dedeuiigninuldivesedilumslinneinanevaussvesnsusasvauinsuluiesifindnan dad
arudutusiunalnnislnanlsduvuuuninad-nnued nalniivesafeduiusiunisinludidi
WANANAUYDIUTINAI 6?}&L‘ﬁumamﬁﬁ]’mF’]’J?QJLLG]ﬂG]'N‘UENﬁﬂﬁU%ULW’gﬁi%Wj’NU%L’Jm(ﬂ"m"'] 7if
nsiliAusnseiula7) Sutuldiinsaueliudslumuiserouniili wedinssuladidnnsn
[37,38] voswsifindlanuduiusiunisnouaussmsiniiwennsu vouinsu wasdidnlnsnds
aunsangallalagldrasanyasd1adne 19U N15692995UUIUVBIRUMIUAY Ffiulsey
$1u1u 3 dudundenseunsufukateanistesskuuiagyilmAmdulAsaudnlung
Y99 7* A51MlYea 2* dwsulesiiinyndiogne wandluguil 10.6 dmsuiedng x = 0.00 uag x =
0.50 Wuns1n Z* uazfogsuannadulfiaesdiuiinmuisuazauigs egslsinaumuin
WvsadulAadefionmgiias (gu 200 °0) Fee19awidunamandadrfnvesnisiadulAsns
yuaLdn firaigeduiusiunisnevausavonnsu waziduldaunalvgfinnainmduiusiy
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M3RBUALDIYRIYBUINTY [39] Bedanaldindurquinansueaduldsiiruigsiosnindulds
finuad Ysuenfemnudnuniureansy ], desnitmnuiuniuvesveuinsy (Ry,) Belu
nhtuduhaudnasensidanandegamgiifindy Fwmnseianuiunurennuiy
vouinsu ananilogumalifiutudmiviiesns x = 0.25 duvesduldsfinuiianuiduay
mnugsfansiiey wazSamuiduldufindinnuinsanats Gzyseiadeamune * aelugud
10.6(0)) ulAsdisdouiufuduldsfiamuim@oradud 30 °0) dwiulunsdil finanudin
uazANLdgeIrmnefisnIneuaussveansuLarBlan Ty vaiReafudulAsiaud
NANALMULTINITABUAUBIVBIVDUNTU

; 10
E 10° E
g 10' 107 “x
— 1 [
: 2 : -6
N 10 ] - -40"C o~ 30°C--200°C o -40"C—— 30°C =— 200°C IIO
) © x=025[x=025 (@ 1107
b= 10°{== shoulder shoulder b .
< 4 107 °
a 10 =
gl 2 S — Elo‘(’
N 10 - -40"C o 30°C - 200"°C . o -40"C -~ 30°C 200°C ]
= 1P © x=050|x=050 (D 1107
- P = *
3 10 10" s
N (6
N 102 o--40"Co- 30°C-~-200°C o -40"C- 30°C-- 200°C 10
10> 10° 10* 10° 10° 10° 10’ 10* 10° 10°
f(Hz) f(Hz)

a ol

3UN 10.7 N9 2" uag M iiguiuaudvesiin (1-x)SFN-xBT Nigaungilsngg
Wevazeduednvaznginssunisiilvihvesusasnisnovaussnielniy dudusnin
Y9IANUAUMY (Z7) UazdruFunnmvasiugdanialnill (M) azgniul@eunsindnandly
JUN 10.7 dwsuiiegne x = 0.00 wag x = 0.50 inliAudikarAudgedunalaeg1adaaud
gamgiisuasasnudsu \umirdunadusasfinvduluianudaininliegumgiiiindude

q Y
a

farsantunfeuriu deyaarnnsml z* (gﬂﬁ 10.6(a, ©)) ﬁﬂﬁmmﬁqqLLazmmﬁﬁ'}ﬁmmﬁuﬁué
FUNITNOUALBIVBUNTY LAZTBUNTUANEITU d1SUR1087197 x = 0.25 n5mlves 2" uay M”
uansfifinudfiuay Ay ﬁgmsiwiaﬁmm nsWes 2" uay M” wansiiafinuinatsdnse
fatfufinfinanudgs nans wazsn Tamunefenismevaussvedingu veuinsuLasdidninga
audy HadnsanhuuesfindnnilwiAusnenadu

WANUNITAUTDIIRAZNIIREUAYBIaN T UHIUDY 1NTU BOUNTY UazdianlnIa
I§anaunissaiao]

o=R (10.1)
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hag o= c,exp(-E,/kgT) (10.2)

31 o A Al uag A1 R nldarnnsl 27 [41] Madeunsiansauduius
seui1e (n(1/R) AU 1/T 91naumsit 10.2 Tasanuduanansamuiamndsunsefuuesusas
nsthle Andsunseduvestuhlniiudazdrugnsnlisuanslumsned 102 Awdsau
nszdunmitlnihonnsuiidioglutag 0.18-0.22 ev FdlndiRssuariignarssulineunthil
[38,42] T,mﬂwé’ﬂawuﬂisﬁuﬁﬁmmﬁmﬁuéﬁ’mah%aﬂm'sﬂszimsﬁm%usum polaron[12] A1
wasunszduresveunsuiiiieglutas 0.64-0.70 eV FalndlAssiumignaesuliudinen
wiii[38,43] uarAmdsnunszduvasdidninsadaniu 0.85 ev dvlndiRssudmasaunsedu
yesdidninsaignaeauliindidieglugie 0.80-0.10 eV [6,9,44] andeyadilsun ngfinssu
ladidnv3nveaesifinfigndnwianunsassuielaslinalanisinanlsd wuuuuninad-niues
fremmiieniinuananisitlwifusndratu dmdufiens x = 000 way x = 0.50 Hu
woAnssunsilifiiAeidestunisnovaussvesassdufe N1sREUALDIVOLNTY LALTBY
insu dmsufiegs x = 0.25 nuindnisnouaussegaudfiiavEnadenginssuladidnyEn
U32Nausme NM3NBUaUeItannIy 2auUnsukasdianinm lnalnmznsnevauaswaddianina
fisvEnasthanndenginssuladidnvinvenesiin fuduiwiliiesn x = 0.25 flrmi
laBidnyEngaann dmiufedia x = 050 uamanisueninniaves BT dsgnasranuluteya
XRD Fsenmazifiumapaiviliensiladidnvinimanas snnlunirdudinusznaufiuandreiu
pfntuluied x = 0.50 Fedionatinasenginssuladidnvnfiduls

M19199 10.2 WAWIUNTLAUVDANTY VOULNTUKAZBLANIVIIATBAYI TN (1-)SFN-XBT

X Activation Energy (eV)
Bulk grain Grain boundary Electrode
0.00 0.22 0.70 -
0.25 0.19 0.66 0.85
0.50 0.18 0.64 -

anuausalunisusulasunisladdnnsn

404 —=-x=0.00 80- =
& x=0.25
A x=0.50
—~ 60 \
s g =
& =" 40-
-
20+
o aE 0w 0.15 0.30 0.00 0.25 0.50

E (kV/em)

BaTiO, (x)



60

(a) (b)

gﬂﬁ 10.8 (a) & Wiguivauulviivesesiiin (1-x)SFN-xBT ﬁqmmﬁﬁaq waz(b) A1 n, Wy

Y

AuUSua BT

WieAnwdnvazangauasalunsusudsunaladidnvin Aasiladidnnsnay
gninnelénsliaunslaiit sUd 10.8 uansrasiiladidnvinifisuivauniluiiivesiesiing
mnudutuves BT lutsinasieg Tneshldudamamnuannsalumsuduidsuiiamsaiuan
I§anaunis el [45]

n,(%) = ((€,(0)-g,(E))/€,(0))*100 (10.3)

%4 ¢,0) AaAnpafitadidnynsnlunsalldfawiulnia way & () AoArmsiiladidnnsnlu
el el Tuswddell Aenanunsalunisusulasumslnihgninnigldaunuldia
0-26 kv/em lu3u# 10.8 wansAn n, YouYIANNQUNYINLY A1 N, VBULIHNANTUIN
31.76% dwsuiieg19 x = 0.00 LUl 76.32% dmsusiegne x = 0.25 wazanaalu 43.90%
° LY ! = = Y1 A ! =l a a a <
dmTuiegns x = 0.50 Faaeisenulidn nswdeundaslumasiladianvinenaaziduing e

a s s a o & 9 a s Ao vy
LuLUTieesiuuYendisesves diinlnsnlds,47] Asluaruatinsalun1susudeungiinla
Tug9819 x = 0.25 8193eduuSAU BvSnavessesrovesdidninsaiuigslin uasiwsndngn
AnwtienavsilUldlugunsaindany amnsalunisusuddeula

10.4 &3

Fhensrutumsdaueseiuuuindonaouiman miiuiansues (1-)SFN-BT laefl x < 0.5
Ianlney THgaumgiinisuaalovdin lwsfin (10SFNBT gnuseAvgannnsiiiunisunalesd
gaungdl 800 °C vuminsuadeiimanauiioUiiim BT getu matamaladidnninuandiiiu

fegefl x = 0.25 Triasiiladidnvisnasfianesiindawaninianszanesivesladidnvinse

mdlaglanzeg198s feo1eil x < 0.5 wginssuladidnninvesssdnauisassuislalag
Tgnalnnisinanlss wuuwuniaa-21nwes 89tUnantusiin x = 0.25 WaAIAIANNEINITA LY
nsUTuBgumslii duninsganan
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ye3gaugiifinian(6-9] 1ws1din SFN  fauaninisnszanefnsennuiidusd1ed deanunsa
aunglddenisinanlsduuunaniad-1nues,s,9] SN uwaglaweudladidnnindduy
vesassgnindendmaiinufisoraniugvesds egnslsfnumaiaifinisligungigdlu
ASEUINIHER Bnmegansnuaaligamgiiges,o] Tasvnluudinszuiunsiilianmyd
gawilindeynavenuuasfuiiuduieou damalieniniinisuansaut@lid uasilesag
dlfemuinsdiengidemeiaindonaoumaildoumadmlunssuiunisndn uagsil
wiinflandiin msduaszismeindovasuvardaiuitinielildasedmiunanssiinnmg
Tilsngg variinsdaangimaniduy wulvaaa lolasmeduea uazdus ffunuluniswn
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29010,11] Fesumadandonasumardaduiivrauladmivinluduasefiesfinlaueud
Taddnv3n waziesdnmabiliisidue Sausinesain SFN memmﬁlﬂaﬁﬂm%ﬂ@qL.Lsiﬂ"]mi
aydeledidnvinvessiudsgeegillensiouiisuiutanlaueudladidnnindaduar12,13] Jailv
fuldimnzaufuniniluldlgunsel 8idnnsednd uenanilfisresuliinsilniives
asUsznouidl Fe Wudunaufinnuduiusiunalnniaifin polaron eduiusiunisiiegues
Fe”'/re’ lulassadrandnvosansusznoumaniufl 2] iiteanAinisgadeladiinninvos
w51l SFN Uszq dragiinsidoozmenden (wu AU axfiazgnuindnluly B-site vadlaseaing
massenalndues SN nuinawtAsnaques SFN fignidesne Al Slifinnsnsiaaey @ismsv)
FatuluanuAdel audfives SN 1Fade Al Tégnasiageu uenaniitedunisangamgiily

NITUIUNINGR WidnlinsAnwilazgndunsigvimemaiainfoaeumad

11.2 TuUABUNISNAADS

Sr(Fe 1Al )osNbg 503 (SFAN, x= 0.05, 0.10 kag 0.20) QNANATIFINIUNTEUIUNTNGD
naauwal IAUHIYDIETS SrCOs, Fe,05,Nb,05 uar AlLO; gnnauidimeiulasldieanesed
Dusnansuazuananlagldgnuawesiaflaidudiuadunan 24 h ntuLnde NaCl way KCl
ammam’héfwﬁuiué’mw 1 Gia 1 wpslua ﬁé’amﬂﬁ?umsé'jaéfuuavLﬂﬁaaﬂmamiwé’wﬁ’ﬂué’mw 1
fo 1 wostmidn asseduiitiunisuanfundeudioy amml,maisaumaammm 700-900 °C
Juna13h mmmumﬁLmalsziummmmaLa'ﬂaaausuaqLﬂaaaaﬂmam DI 9anvunAge U3
AunRevetloRauAIY AGNO; mmmumﬁmnaaumimmaaﬁuaﬂaaamaﬁﬁ]Lngﬂmmwamu
PVA (3%) uardnuintugd anduthudiadananlusnadnfigamafifeus 1300-1400 °C utaan
3 h dmiunisiinigninvesansavgnasivaeulagldinaiia Asideauudediend  (XRD)
lassasevuInganingnnsia deulaevailn ndesganssaudianasouluudesnsin (SEM)
dnwazlanzmsladidnningninlagldieies LCR



64

11.3 HANTSNAABILAZIATITIANANIINARD S

(a) Calcined powders 80 0 05
< | ) —x=0.
_ e:_( 60 = X=0.10
:;: E: m .. x=0.20
| Y N W W Py
) Jk & T T g 204 -
J s | & 0 e
L S 0 300 600 900
Size (nm)
900+
(c)

600

Average particle size (nm)

T T

0.05  0.10 0.20
Al (x)

gﬂﬁ 11.1 (a) gUuwuu XRD euad SFAN (b) N15152218AIT0ITUINBUNNA (C) VUINDUNIALAE
PIYDIVUINDUNIATBUAU X

JUT 11.1() wanaguiuu XRD (Figaunnivies) sessiignupaluilagldgumall 800 °C
Nan13 XRD Fliiudmniiedauandlassairanessenalnduians eniuiedned x > 0.10

wufiauUanUaoudiyy 20~22.521° uag 28511 agnszyinduiiares AlFeO; (asafulyld ICSD

yaneiay 00-018-0633 ) uenaniiuds fiawdanUaeufiyu 20~25 57 gnszyindufiaves ALO;
(A3afUlIE ICSD mneaw 00-061-1296) nsiintuvesigniaktanyasuiilusiesned x = 0.20
wandlidiuinuanansolunisazansves Al ilulu SPN vinlddesunn uenainiinisldis
UfATeranurreandaiuldgamniiganitagdiila SN filassadraunessevalndiiuiqns
(1200 °C)(8,9] Fafumsdaaneiuvuindonaouimartisangungiunaluiodistion 400 °C
dufumInszanemiveteunInveInedignasItaeumemaininv1an1snseiisvesiauawes
U7 11.1(b) Bauananisnszanesveseymavesssirunsuaaley sufiuldegrstaiauiing
nszaeiIveteyMALARNINISNTEIEMILUUBaTE Fedungldannisisulsidusiududou
uenINEuE n1siFade Al fadhevilfuineyniranas nnsdanguuinveseymaLandly
SUT 11.1(0) WUUIATese LM ALRABLAY TIITBIVLINOYNIAANAIIIN 582 nm WA 302-916
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nm @1usUdeg1e x = 0.05 Uiy 343 nm uwag 255-531nm @msudiegne x = 0.20
PNUAIRU NaENST LU IMATANEeasLwalaLNsaNARNd LT AunhsgasvaslulAsag

Ceramics -
"% 2514
P -
5 E
i =
é x=0.20 ) i g 250-
§lx + et =
T lx=010 , J ‘* _] ] ; \E
x=0.05 | t | A S 2491
20 30 40 50 60 70 80 {]:05 0:10 0:20
20 (degree) Al (x)

(a) (b)
JUT 11.2 (a) JUnuUNSIRYUNYRITIdloNgUeuws s SFAN Laz(b)Uunasmiiewadiieunu

sULUUNSRgIUWTRsSdlendvesesiinigamiviesuandluguil 11.2 fegran x <

Y

'
a

0.20 wanvignmiamessovalndiiuians fauvauvaesiiyn 20~25571 (ALO;) Tignwuly
Fupounsunaleildmeluvdsanniswinin Saduinisuendt gamginiswniniinatenis
AR

5’gmﬂﬁuaqmwﬁﬂiuizw5 %aaaﬂﬂé’aqﬁ’ué’m’]mmwﬁﬁqq%wﬁaqmmﬁLﬁusﬁu DUMOANITHN
wiingsgeluandfodonty 1350 °C Gwmnemnuinslinuealaifiunsdanseiie
weiandenaouma yhlildgungiluninmninanasine Gadwmiu SEN dulneitluagld
gaun il wind iy SFN 1r11450 °C [8.9] dwSuruinvsuaniiTuazUSunTuhswass
funnndeyanindsnvuresiviiend Tnglilasaduesslsseudndugumuin vdnns
Fedy Al Usinasmhewadanandniosain 250.654° dmiushetna x = 0.05 Tuidu 249.24
R dwdusons x = 020 Feudululfinnslessuves AU awnsadliumud Fe” lu
wandig(14] egalsinunisanaswesdsunsmhewadidunstuduinmiuamnsatunisasaly
ALlu SPN Suvhlgtiassnn



66

(a).x = 0.05

5.0
(©)
8 % I
E - 4.8 2
2 3
0 44 L4.6 £
) -}
| ° 3
- -5
< 24
- 4.4
0 Ll b L] . T
0.05 0.10 0.20

Al (x)

3UN 11.3 (a,b) nmieng SEM v@aw578n SFAN x = 0.05 uag x = 0.20 Aua1AuLas () A
PULUULAZIUINLNTULRAUIBUNU X

gﬂ‘ﬁ' 11.3(a,b) UaAINININNEBIFANITIALBIANATOULUUADINTINVBIRIMT 1B 19513
wuinesfinuananisuiusduegned seluniniurnunuinduve s indiuduiiousunm
284 Al gq?z']{u gih?‘i 11.3(c) Sauanavuiansuadsveaesiniisuiuisiaanudutures Al
nsnsvaeulassaievuInanauandliiiiuinniside Al viliuunvesnsuanas Anadeves
YuANTUGNALIMTIETEIARAEIEY WUI1anaIRn 7.9 um dmTuiiogied x = 0.05 Tuidy
33 um dmSufegeil x = 0.20 N158RA9TEIULIANTUBII9EL T UNANN9INATSIED FanTs
LﬁmsﬁumaﬁgmﬂLL'tJaﬂﬂaamﬁmammﬂmiiﬁmmms@ia Al gqsﬁu fuavdudinsiivinveansy
Astlonmazduiusiuins davesmuanunsalunisazaneves Al lu SFN
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UM 11.4 A1 & uay tand Wguiugumiveawsiin SFAN

& Un
tano

[TV |
tandé

= Y T

nymves &, Wisudugumgivesusazamduduves Al uazfianudsneg uanslugui
11.4 w09 g, Tuultufinduaumafisturesgamgilunndiesns nginssuindrendaty
MATeTressnulineuntiuddmsy SEN way BEN[S,15] Ssluniniusiogned x = 0.05
LansAn & gevianlag  €>82,000 dmugungll >100 °C uay £>199,000 dw3ugmngdl
>200 °C (1kHz) /1 &, wihiigandndleifisudu SFN (e,>6000 dw¥ugaumndl >100 °C uag €, >
40000 dwiugaungil >200 °C (1kH2) uaw aamm'ﬂ,ﬁ]LLaum‘iﬂaLaﬂmﬂmauq aneae(8,9]
mmwmmaaqmmaEJNLLammiLaaaimaammmquawu TuaAdet mado Alwuiidae
W RlaBdnvinvenesiin SEN At Tagdn & GumLszﬁmmqﬂmmt.u’ﬂumaﬂaaLuaﬂimmmaa
AL iuty oeslsfinnu fn g, dnfulunsdiiinngde Al Usinagedu wufishedieil x = 0.20
fefoiflaudfidulaneudladidnnin (e,>54,000 dwiugamgll >100 “C) FensiRnduresty
aawUanUaeu (AlFeO;) onaziinasionisanaduesd &, voswsiin Liesaniuiiainsilad
Bnvi3nen (e, ~ 1,000 dwdugamail ~150 “O[16] JU# 11.4 Suanern tand Wsurvgamaii
aranduduues Al snen a1 tand SuuluasaadeUina Al ity nainigniaulanyUasy
Tuwsrinersaziuvnnaiivinlien tand f1 aenndesiuninuadsiiin AlFeO; TA1 tand #n

[uReIY (tand~0.2)16,17] n15anasues Fe uaz Fe' ndsanniside envaziliudnivana
wilsivhlvien tand anas egalsAnusiuenavzinalisnnfemgiiauansalunisazane
04 Al Tu SFN f¥nddn Wuidungléinsmladidnyinuaninisnsznesoauiadendety
n3lves tand neianizeg edafifaogns x = 0.05 Lﬁaﬁ%ﬁﬂquﬁﬂﬁuﬁaﬂwazLﬁsm A g,
Feufuaruifigumgivedldgnanudaiuldlusuil 11.4 wuie e, anaudlomnufifindu Bs
Tundnedu A g, Fawanawlnd duiu 39919921 0unan191n3VENAVELNTY VOUINTY LAY
idninsavenesfindidnu Feesunelilusiderouni mszwsfindidnuiudinsili
Auansnaful2] IUﬂﬁﬁf\]%ﬁﬁﬂ’]ﬁLﬂi’]sﬁﬁﬁﬂ%\‘igﬂﬁuﬁﬂaﬂwqaﬂiiulﬂaﬁﬂw%ﬂﬁ, WwAlANS
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Besranasuvesrumumusteulagninunlyd wedanisiwsesianniuvesninuiiu
madadeutesadsiignlilumsiinsesinnevausswonnsy warreunsuluwsinlawousd
adudnyEn Inevhluudmginssuladidnvinveswninlaeudladidnnsndanuduiusiunis
povauswnaliiiveansy vouinsu uardidninin Jsanunsnfigaillalaglireasauyaseisdine
U N15ADNATVUIUTBITIAUNIUAUANAUUTZYTIUIU 3 AUanUFeI9950YNTNAY NaVDY
MsioasuuLsyn i AnEulAsanudnlunsmives Z*718,19]

nsmlves 7* dmuwsfinynduandluzuil 11.5 dwsusedied x = 0.05 uay x =
0.10 udulAafimudfuazamigaueusaz i sdang lidaauigaumalinn (gu 40 °C)
pgslsfimunuinudagiognadidnidulAmisiinnuinsanandsdauriufuidulAeiauden
(wansloe * Tuguit 11.5) sglsAimuiifeadulfafeiigumgiigs (guil 200 °C) Fao1aazidu
mzideiirveandesiiotn uldnadniimuigduiusiunsnevaussveansy MAud
nanskazAUAMTFNTUSAUN TR UALBITR TR LN TULAE BLANTNIAMUEFU[20] d1wu
feg19fl x = 0.20 EulAsiinrmdsuaramnufigurnduiignasaany Wuldeiiauinaislign
AFIAINY é’aﬁ?mﬁuiﬁaﬁmmﬁqwméf’gasm x = 0.20 FINN1BAINITNDUAUDIVBINTUUALAULA
Anrmddslianansaseyld (aennslinsmves 29
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-40°C

=-—— Low frequency X = 0_05 | § _ X = 0-]0

4x10'] §
2x10° z T 2x10° z
E é [} g g
) ihw‘ d N2x10* *_f'
93, N 5 A /
< 1x10%; D N 1x10 \d—
210’ 4x10° 2«10 4x10°
= Z(Q.cm) Z(@.cm)
0 P 40°Co- 30°C- 200°C 0 o 40°C-0- 30°C 4 200°C
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Z(Q.cm) Z(Q.cm)
(a) (b)
_x=0.20
-40°C n_n”

~ 2x10° g

g g

3

N 1x10°
210* ax10*
Z(Q.cm)
0 -~ -40°C—o- 30°C -2 200°C
0 1x10°  2x10°
Z (Q.cm)

(©
Ul 11.5 n3wl Z* voaissniin SFAN figaumniisnaqlae(a)x=0.5,(bx=0.1uag (c ) x=0.2

‘Lumia‘émawqaﬂﬁmmLwiazﬂﬁimauauaqwﬁqlw%ﬁﬁﬂ%q%‘quﬁu AUIUNNINVBIAIY
funu (27) wagadudunnmwaslugdamsluiii (M) azgnindounsin@auansluguil 11.6
fiafinnudduasanuigedanaliegedaauiigumgiiuazgelunndiedie 1ufidanndn
N5 Z" wag M7 LLamﬁﬂﬁmmﬁmqﬂmwaamqgha&m wagmnfarsaunlundaudunsin z*
Lé’uiﬁmﬁmmﬁqa NAM9LAZANUIITNUIETINITADUAUDITOUNTY VOULNTY LazBidnlnsa
audsy lunitedaadeldinnsnevausweunsy veunsutasddninsaiatuluwsiin
fnwn Tngnsldnsm 27 was M7 Seuladineaefiaznsiaaounismavaussauadlundas

Woulvweanisin
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x=0.05 [x=0.05

shoulder shoulder

x=0.10

shoulder

o -40°C o 30°C—+ 200°C

x=0.20

shoulder

]0 -40°C o 30°C -~ 200°C ) . o -40"C o 30°C» 200°C ]
10° 10° 100 100 10° 10° 10° 10' 10° 10°
J (Hz) f(Hz)

a ol

g'ﬂﬁ 11.6 N3 7" wag M 1isuiunnudvesiesniin SFAN ﬁqmmumm

wiunszAuvesusaziouly Wy NMImeuaLDIYaNTY YeUINTULALBLEnTNIAlgN
FUIRINENNTS 0= R 4a% o= Goexp(-E./ks 211 Tae o Ao Arn1si vy wag A1 R mle
103 2" (R=2/2)122] lnen15i3sunsnnuaniniuduiussening In(1/R) fu 1/T aglaaiy
FUANNNTDATIUINENUNTTAUVDILAAE NSNS AMAsIUnTEAuYaInIstiiiuasdu
gnyulidsuandlunsied 11.1 egrslsinudmdsnunszduiinuigunatdliaunsainle
Mgmaiifiafauddunasidnvazuuusuannly msduumdsnuns fudmniuiad
Anudgaiiaroglutig 0.17-0.19 eV s?fﬂﬂé’tﬁmﬁumﬁgﬂiwmuﬁdauwﬁﬁﬁ dnTundaau
NIzfuYRINIIDUALBENNTU19,23] InendaunseduiiiimnuduiusiuniaiAn polaron [2]
ﬁqﬁ?uﬁﬂﬁmm?{awaamww Z" waz M 33TAMNFURUSAUNITADUAUDIVDILATY NITAIUINS
Wamuﬂiumummwwmmamlmmasimm 0.80-1.02 eV @slndiAssfuAniignssaruliud
ﬂaummummumwawum“mumaqaLaﬂimm 1,8,9] mwmmmmawmm’lw Z" g M” 39
fAuduiusiunInoUaUsIeIDLANLNT®A

nndeyarionun nginssuladidnninveaesfinannsnosugldlaenalnnistnalsd
LUULIANAE-1NWed Femeitusiindnsliihiusndstu nalndvesasafnainnis
T fuanssfuresusinamag Tuswsaiin FufunamnananuuaniwesaduTulsiiszning
Y03UTIAU9 Afinsiifiunndneiul18] dmsudiesnsdi x = 0.05 uag x = 0.10 wyAnIsy
Taddnnin (lauoudladiannsn) anansaeduneliduiusAUN1IADUAUDIVBINTU FDULNTULAE
SinTnsa lunsdvesdiege x = 0.20 wsfinduuaninIsnoUALD A NAIULANNIABUALDS
Y94vauLNTULAnteantesun Fea1vvsilunavesigniaulantasudedenaliiesaing
duusznaudiliinaunduiu
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A13199 11.1 WANIUNTZAUTDUNTU VoUNTULALBIENINIATEULS TN SFAN

X Activation Energy (eV)
Bulk grain Grain boundary Electrode
0.05 0.18 - 0.85
0.10 0.18 - 0.80
0.20 0.18 - 1.02
11.4 a3

auURvealgsain Sr(Fe1_XALX)O,5NbO,5O36'§a§1’ameﬁﬁ’haLwﬂﬁmﬂﬁawaaummlé’gﬂ
Ains1eid Inensliinedadvasangangilunisuealedlidinindeisufsutugumgd
wealwdildlumainufAsonaniuzvesuds Tngagldnsseduunluunsainnisdansgide
wadindl egnslsfiny fpnramessealnduiandliudmsusednad x < 020 ity Tne
winynduanslaueudledidnvinuazianinisnsznemsomuiiduedsilagionzegneds
fregneil x = 0.05 uenanil Mslnszsimuiumuliihnsruaasure s inuansliifiug
wsininni i iuandsiu Feduiusiunisneuaussvesinsu veulnsuLardidninan
agnslsfinny dmsusetn x = 0.20 InsmevaueIveIvEUNIWIMTIRINTITeE1E U
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(Wingaeazidealuenasuuuningiay 11)

12. audinelwivesTaguanesiinuuissswasiaualnnuatasdalan
12.1 umi

dalan (3A1,05-25i0,) Lﬁuawsﬁlé’%’ummﬁﬂmﬁamaL%iwﬁﬂqmammsmLLazL%iﬁﬁﬂ%u
guilesaniinsvenefisn(1-3] thanufeuga [1] AnsdiladidnnEniien (6, ~6-7 at 1 kH)
firnusumusiensiasunUasgamaiigs [1] mnudunusenisiugs [1-4] wadesfiguyiigs
wagnunusoased (1,25 sfalavidlassairmsgamaduuuvesinsoudndeilvuinves
waniy a=7.549A, b=7.680 A uag c=2.884 A (ICDD file 01-074-2419) ansnsawmssudalanile
nBnsmaed wu lea-9a uagmannaznaudan [6,7] uenantuudadianunsoduaeild
910 wstnalusd [2] meviiiSenveausinialuifuesgiiun 13 vendlas (11 annnsatuaing
shuannuindeldunuanifnmsidalavassendldiduauaumslidia wfaeuen il
wilgahanuden [3,7]

wuiSswesiawalymue (Ba(Zr, iy, )Os; BZTs) Lﬂuﬁﬁé’ﬂﬁ’umuifa@LW%IiéLﬁﬂw'%ﬂl%
peif ansusznaviiinnmsunuiiveslonou zr lusuwises Ti (B- site) luansdsenay
wuiFelymiun wiSeuweslawalmiusldsunuaulefigaluriamaneTikiuan fesandl
Ansitladidnnin autdlndledidnniniigs uaznsgadsladnninian uuiSouweslaiun
lyumunauisadiundszynaldidu aunsaiBidannselinddmsululasian wusreai1udn

¥
= 1

(memory) fuivusey weayiewes nvautfvewussugesiaumlimiunaziuegfuusua
Y04 Zr TumuiiluansusenousuSeulnnun (BaTiOs) wu BalZrgesTinsr)Os faasiiladidn-
m%ﬂﬁqa (& mae ~ 12,000 at 105 °C) warflaudAlndladidnv3nia [11,12] way BaZrossTi
06505 WansAn tunabilty 7igs (93% at 455 °C)
FadlolduumniiinismeruisaaudimaliivesTagnanvosiuuisussnniu
a15Usznoumslsdidnysn 1w kaolinite—BaTiO, [13,14]  kaolinite=SrTiO, [15] Wu31AAsd
pdidnvianves Taspaugnuiudgannmsdutanussnindledidnyin vililaudafiatuniu
1ushe feognslsfimunsnenuandimanslsdidnvinuas Indledidnminifinsnenuannen
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auURveaTanNaNLUU 0-3 Serinadalariiazhuissueastaua lnniussasinnsanwauda
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a

< a & a & a a P a = av X o Y] ¢ v & |
Wistsaannsn ladannsnwazindlediannsn deluauidediinisdaunsiznalananngs
inalunneaumaigauas @1sUsEnaukUsEuwesLALUA MUANLTEgRSAatl Ba(ZrossTios)Os

12.2 JUADUITNITNAADY
falaviiunssuiunsdunseiainusiniauluiainssues Useinalve Ngaumigill 1300
o) < = A o a 6 1 a A A [ a
C 1 unauu 2 h Fudlovhnsinseidinusunasignuinivnnanauanslunisan 12.1 w9
WULSHIL S LALUA N LUAA AT IERENSEUIUASANG RN leAIs L UUALAY tnglonsiaiuniy
ansllana Ba(ZrossTi 065)05 BIUTENBUMEAIAIY AB BaCOs, TIO, hag ZrO, yNIKay

9’51”3aﬁumé’qmﬂﬂ?mma%ﬁﬁqmwgﬁ 1300 °C w1y 2 h dmsuTaguay in1siiuwuisey
woslawnlymuuslusnsduionay 20-80 TagU3ums uarUARALLUUMLUILUIY 24 h Tugy
FurrufensnadauuuLAUIAEY wasmniinfigamgll 1200-1500 °CuIU 2 h ANTUILLY
YstuuieginITaaeuiieiinsveserAdifa Snuvmeigaafinulaemaianis
Aeuuresidiend dnuarlasiadiameganierhnisinuidendoanssaisidnaseunuy
doansin dmsumasitladidnyinniestualaevihdaGui 2 fuvestusuuarivienuieu
figaumadl 500 °C W 15 min Aladidnn3nilgamgiiiesinnismaaeulagldiniesile LCR
meter (Model E4980A, Agilent Technologies) ani@inslsdidnnininisnageulnslfinios
Sawyer Tower circuit #uUszanslndledidnnin (dy) nisvadeulnsldinIes piezometer
nEanvinsTnatuaud arueading 2 kv/mm win 30 min

12.3 NANSNABDILAZIATIZNANITNARD
M19199 12.1 Han1sInTeidnUsInae s ludalas

Element Wi

510, 4787
TiO, 0.04
AlO, 3666
FE:G_::, 093
Cal 0.05
MzO 011
] 1.78
Na,O 0.05
L0l 12.82

LOI: weight loss during the analysis

dyy v A ~ a ol 14 =
lunisnaassifunuiaguaniidiunisinintdnigamgiisneg louandusun 12.1
gunniinIsEngeaRmUnIdILTeRUSENweslA NuISuaeLUS B lalAlnm
Rl nENase oM INTH LA AL IMLINYELIL Fawanaliiuiuuissueeslaualy
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vnLumﬁmaﬁiaqmgﬁmiL.mmﬁﬂsuaﬁa@mamf [14] MSMAGBUANNMUIUULTTTE LAY V0
wusuweslawalmunuanads U 12.1 nuinuktuiidfisdusgioides e
MsviinUsun etk uisuwestaiualnniue 1o wudsuwelaiunlnniuaiianaig
m’]LLﬁuﬁqﬂ (6.02 g/cm’) unninvialant (2.52 ¢/cm’) Tnevialuudn AU LUV TARHAY
annsofwndldann aunisdi 12.1
p= Zipi% (12.1)

o v, Ao fovazlneUsunsveaBoumeslawnlmmusiundasdouly felumuisoimuan
AUV Feaunnsil 12.2

Pe = Pmunite(1 = Vazr) + ppzrVezr (12.2)

I8 o, A9 ANVUILUUVDITANNEN Puire AIUAUILUUTDNTALAN Py AIUMUINUUTDY
WULSHILERSLALUAIINIUR  Varr 508aLlngUSUINTURIMULSHILDS LALUA NN LUA NUITLUIILY
YBIAUANUNUILUUIINAITAIUIN TULIITURUUAEINUAIUNUILUNIINAITNAGD (FUT
12.1)

| @ calculated density
6
% measurement
5' -
o5 i
%
E o
2 _ *
>4 e
& 3 g o 0 ¢ .
| e § o
| § 1300 %
o E 1m0 ¢ & &
1 = T8 40 60 80 100
1 : | i : i _BZT (Vo)
0 20 40 60 80
BZT (Vol%)

JUN 12,1 anuduiusserinsenunukiuiuUsinavesussuwesiaun lnniunvesian
ausevIialaviuasiussugesiamaniun dauasunigluy anuduiug
serinegamginismndnigengaiudinanuSsuwesiaunlnniiun

sUsuumMadEuTesidiondnnnimaaesiandluguil 12.2 wuiisuuuunsdisun
veasfalavivsznoulufenansignamefudaszneufenguvesaisszneu Sio, (a3aln
wulad, Aend, coesite, Fanousanlyd) wazansusznavesaiiun (Aesudy) Tunmanduiu
wuseuaslawa e LansainniaveswuiRsuesiaalnnuaieee1Fed Haugdin
fadtalavinazuuiFeumeslaunlimiunazuandlueaiinfanuauudfauansigniadus dae
W wuSssanaUns 3ina asalauulad mend coesite Fanousanluyn Aosudu wazluin ag
wuhuuFeumasadrianduignmandnvestunuiifinafuuutsnme slauslniundesay
20 uag 40 IneU3ans FendnendatuauAdeiinuan [13,14] insmeassseninsialarinas
wuieulnmiun nMaiinigaiaves wuideu adaurforadosnainnisiinnisin§izen
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Tymundiegluseninanisnos
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(a) & Rutile Critobalite  + BZT93 80 (b)
« Mica v Corumdum + BaAlySizOg
Silicon Oxide %l(m 1 of BZT
. ! Bzt 1 :
..,_M,_J‘ Idm@u N - I(ZZD] of BBA|28I208
WP WY 60 -
- | - 80BZT -
=3 * = = 1 *
o * * - 3
% .JI | W-S 8
@ TR R . m‘BZT 2 40
g (TSSO Y, R, SR e -
£ A 40BZT 8 ~—_
. 'Lﬂ - 20821 20
. 5 W AR ETL T SN - T LIt - —
" wt " " Mullite | - —.
u flo ™ Mo u " “ M oowm
oM ho Lol
) IL.. v M M
T T T T T T 0 T T T T
20 30 © 29 F° 60 70 80 20 40 60 80

BZT (Vol%)

JUT 12.2 (a) sUsuunsidgiuuvessediendvesiannaudalariiunuisengeslaualnmiun
(b) ANULTUYDINALDNBLTIVDILULS U ARaUS wazwUSsUwas ALl

ANANE1ATIATININPANIALALNITIATIENTTIUTUREAIRINTUN 12.3 dmsy
Fuarudalaisidn Wedwmszilsunasguuitusznaumesiamande Si Al way O dalusin

=

fifteglusialavt dmsuiunuiivssneusedesas 40 IneUiinsvesuuSemgoslawslymiug
WuIUsENeUMesI 2 NguMAN 917lYu Ba Sit Al uay O Fadlusigiidegluuuizenmadauns
wardnnaumis Ao Ti wae O Suduswiiegluretusiy (TIo,) Amsuunuiiusznaudees
az 80 lngUSuinsveswuissugasiaiunlnniuanuitlsenaulumediuusenovued
asUsenouLUSELWanalns waskuiSeuasiawaliviug (Usenaumesis Ba, Ti, Zr, ag
0) dgnaAvasiussuinadalnt waviuiieuweslaualimiualasun1sseyanns SEM 69
wansmgUfl 123 wa EDS Bududosazaesigmandniinuainmedanisideuusdiond i
$ovaz 20 uaz 40 lasUTunnsvesuuFouweslawslnmuauansdnuuglasaiimmeganiad
13JL?;JulﬁaLamﬁ’umﬂﬂd’l%umu’tuﬂfjuﬁuq Lare199ziflosunainansUszneumans iganalu
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walymiun Msfvuainsuiidnasensvgilonnaninisusenaudenaisy Tpnradideiu
yhligungligranvesnsmninanasuazddsuavilifinssussninasyivlavonnsuld Beld
nitugampiniawmiindishasdednsfiuwudeumeeslawalnmiusluUnaiintuidee
nsgnudae Feluumamesuudsumeslawslymiusiinaduogianndesuuuuresignia
wardnuaglasaiamegania

Mullite
M

JUN 12.3 dnvaglassainamnaganiakazy3unasis (M fe dalan, BF fe wuiSeuwanauis,
F fo 5lvd )

WuBameiTanguvnivieslduanduzuil 12.4 Salaviwsfinuanidnuazvesguiiung
wazuavluvazinuiSouweslaualnniuaesdnuansdnvaz vosguilduuuuunives
asUsznevlungunilsdidnyin daflelnanlsedunsdng (P,) Ussana 11.09 pC/cm” Anaun
Tudsdu (£,) feuszana 3.47 kv/em Bsfiandilndidssfusuiseiiium [11] ludiuvesian
waufinafnarssenaunuidsageslaunlymiug wudfinsufuusemgAnssumansls
idnvanidlaifisudualavisniinduuansmusuil 125 wuirdnsdstusudlideldouded
mMsfinUTavesuiSsuweslaunlnniug 1ndeyavesiesazlneuIuinsvesuuiden
wodlawslnmiun (Ve deudiusiu 1/P%S fuansmuaunsaolli

1/P%5 = (=1.8)Vyyr + 1.97 (12.3)



7

B

Mullite 20 Vol% BZT

0 .._»-.:ﬁ? =
j (a) [ //77 (b)

4'40xhwaBZT “ fo (e) 60 Vol% BZT

Polarization (pC!cmzj

4| (© (d)

-20 -10 0 10 20 =20 =10 0 10 20
Electric field (kVicm)

JUT 12.4 1udawesdavesiannaudalaviduiuissuwesliamnlnniue () mullite, (b) 20,
() 40, (d) 60 and (e) 100 SewazlasUTunsvasiusEagaIlAALNNILA

nsfnwIANduTuSIENINg 1/B%5 wag Ve bakansluguin 12.5 anisusudsenn

993 P, Mifindueiailioswnainsuseuwesiaiunlnniuafiivadluinnslsdidnninigs
1

o).

Hl 1 2 n
Tpmeguq Miedu Belunindudalatinisauednvesdauiulni (€,) Nnseviviosuynialndly
danvintuvesanludnuue 0-3 aunsadualdnuaunisawieluil [16,17]

3(Enon— /€
(€non ferro ferro) E() (124)
(1+2(gnon—ferro/Sferro))_vferro(1_£ferro/€non—ferro)

Ep =
d' A ! PN a a A ] va a o a
W19 Eronoro WOE Euro  ADAIAINLABLANYENVRIENSUTENRUN MITANTRAWISISBLENEN
wazdauURwnslsdLdnnsn m:um@m er,,o 7o SpvazlagUSuinsvetasusenaunslsdLdnvsn
way £, awnliiinieuen & Faaums? 12.4 ansnsadoudunuuingldseaunseeluil

A
Ep = WEO (125)

ila A, B wag C AoAAsi 1naun1sh 12.5 4 £, deduegiuiosazlneusuinsvesansiifiud,
Twindu uenwdlenndulumaanvanun egalsinulunuided £, vesTaguanlyiauise
° P a ' v v ) ! o A

Arualanuaun1si 12.5 udaunisanuisabinnudilalunisusudgeainanlsiwduiieinig
WawutSsagastaus a1 lule detu SegarlagUSu1nsvoanulssuLgaslaLug

Imedis@uanansawtloni i £, geiulalulanuay wazdwalv P, deA1geiusig
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JUN 12,5 anuduiussyninsenaavaelnanlsduduiviiinavewussnwesiaunlnmiundiy
wsuluguilanduvesiaumfelnanlsdiatuiisuiuinaveuussugeslaug
Ty

AnuduiusvasAnafiladidnnin () Auaud foungliiesuaninuguil 12.6
dnsutunuuuisgedawslnmusdasiiladidnnindailndiAsstuanuiteiiiiuan 14
dnsuTanifalavifidasiiladidnninfiesiifeanuiianiuinniudedinsfuuuiouesla
L U m
Inmwuslufaguan (GUA 12.7) YTnames & awnsadmuanainlunavesiaquaniuy 0-3
aNAIDENY series [18], cube [19] and Furukawa [20] tJudu s?iul,amiugﬂﬁ 12.7 Baluni
fuansiiladidnninvestasuanluauifeidliaunsomuumalumadisduld esainly
MiAbiuszneueTgaeiiinndaesigaietuly udauduiussenieUTname B
wastawalnniun (Verr) ﬁ’U;ULLUUﬁQﬁ%’waQ 1/€9-25 LLamiugﬂVi 12.7 Fe0SUnes@unis
soluil

a r:’f{ 1 A a a a a v lell a a a é’
AT UYBIAIPAN LA BEN TS NTuIATe Tz AR INUSUIUANINTUYR a1 UTENBU
WS5818nn5n (BZT) Ndswalidelnanlsitusiuauinay [16]
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JUN 12.6 anwduiiusszninaniladidnninuaznisagydeladidnvsnifieuiuaudd
QM iviad

AwstussEinensgadeladidnninifisuiuanuiuanadisguil 12.6 FsUsununis
@L?mim%Lﬁnw%ﬂ%ﬁmiLﬂ?iamLL'anmmmﬂ?ﬁmwaamm?{ﬁLU?%EJuIU Imemﬂsﬁumuﬁﬁhmi
adeladidnniniivesndn 0.39 udiifesay 20 Guaau;uLismLszjasiﬂLumlﬂmml,umimaﬂiu’lm
WU mmiamLaaimmaﬂmﬂwimumm Uszanas 0.006 7innud 1 kHz mammmaq AINIS
az‘uLasﬁmaLaﬂmﬂmmsummsmamwmLLUL?&J;JL%ﬂmumlmmLum Jovaz 20 lagUsuns 019
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seluil

d
Y
d
Y

1/d3; = (—=2.53) Vgzr + 2.61 (12.7)

PNAMNEUNUGTENI1Y 1/d3; wag Ve LLaqug‘Uﬁ 12.8 WUINISLRNT U 9
é’uﬂw?wﬁw@h%L?imn%ﬂam'ﬁaa%maiéﬂ,ugﬂsuaaﬂ%mmaaamﬂw% Tuaunisit 12.5 duile
UsinafifistusuiFemeslawalimunaunsainlauialniihdafigedy dadunginsnd
dsmarionisinads seudSnamunnveawudsuwe slawslnniunvinlinisinadsdodu et
anunsaviliduysyans IndledidnnindmiigadunuuiinavosuSemgeslawelymiusly
JaoWay uonnWansznuaNU3unaesignamslsdianvsnua vunvetounIaveignia
WSls8iannsndus ndadonisfidemaansinieludin [21,22] ogelsAnu asazdosiinig
asvdeusTULiLAudelUsn
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NANT5298 IUUN 3

13, msiiuautalndlediann3nvauwsndnldasnzia (1-x)(BigsKos) TiOsxBi(NigsTios)Os
Tndveuunigniauasinnsaln

13.1 uni

@13 Pb(zr, TNO; (PZT) lesuniseeusudmiumsthlulssyndldaumesuinsesdu
uaznsuaineeiUsydiamgs esnilanBlwdledidnyin  wayAanTRduUsEANS L
yana Ainden (1] wiegndlsAnutaqmarifane fuduosddsznoundn Ssenudeiiou
yaduanImwIndeLLaraunTasyYs ileTisnandesymvant Sednuitedne ety
Tnglssatiuluinsuamaniagindledidnvinlfasayidug Aeansonaunuvieunuifanid
ngidusdusznauvaniutlagu [2-4]

dloda  dvanlwdledidnvinlSaamemldsumnmaulaegnann  Tneglutlagtusiug
autAdiouyinduesfindd PZT Wugu viliduiiadlalunsiilvssgndldon Tnglu
Uiimﬁa@lwﬁiﬁLﬁﬂm‘%nﬁl%’ﬁ’ﬁ%ﬁ"’; asUadnlnuna@eulnniue BigsKosTiO; (BKT) 15U
arudetelidunidlutanfifautdiid [5-11) asusznou BKT Idgndaasiesitudunsausn
Tag Smolenskii wazansz [5) Tl 1959 Fasfuiduianmislsdidnviniflassaauumessena
Indilafiosdefitlannnnsuuy tetragonal figaumaiiveuasiulionmgiieifias (7.) lutas 380 -
420 °C [6,9] siou lvanova wagaug [10] 1031551891191 BKT dlduunng tetragonal wagdlen
uasfiwnnsdwes a = 3913 A way ¢ = 3.993 A wazfmuiiimsiwasuwladlugignie
pseudo-cubic figaumaivszana 270 °C uaziimsiasuulasignialig cubic figamgdl 410
°C [10] Hiruma wazmay [11] @unsansiainaduusyanslndlesidnvin (ds) vee BKT 16
69.8 pC/N usignslsmusiududosenfiaziwdonwsniin BKT Adanumuiuiugsls Wesan
AN
fpnaudanUaeumintuld wu K,Ti0,; Tusswiduneunisuniigaumgdas uenani BKT &
fiautAlwdledidnminlaemluiiligmelunisinludssgndldam [12]

Tumsiguugsaudlndledidnvinveassiin BKT MAsadesuaziioneuaussai
Fosnsdmdunisldoudanusndufonisiauntanln Ined BkT WHus uenainiinig
ﬁumawﬁﬂizﬂauﬁayﬂﬂé’maummwz morphotropic (MPB) sz#ingigniavasanslsdian-
visn flassadandniiunndrsfuiunagnssunisinulesdmiunsuiuugeandalndle
Sidnvnvestaglwdledidnvinneluveuiun MPB Fsnnsldlnanlsiedugegnaziilugnisiiiv
UsgAvisnmuesaudRluih [13] Famuildinisussivgansavarsveaudediil BT iufiu Tuan
YNFIDENLYU BKT-BaTiO5 [14], BNT-BKT-LiTaO5 [15], BKT-LINbO; [16] tag BKT-BiFeOs,
[17,18] 3sl#3unisussnslasveuiun MPB lHsunismsaseu usegrslsinm nsidelvai
mMsUfuasusyuy BKT Ssnsflamdnduiiazannsorinlildand@lnalodidnyinfifieuinty
PZT

JastdniAalymiun BN Wutaglndledidnvinlfasnzidnulefifienudululily
nsldfen [19] egndlsfinnu BNIT liadesdeduasesitumelfussenaunivionnuduund



84

[20] Choi wazanz [21] Tise91u3n BNIT flassadrauuuimassonalnduaziunansliiiuds
$9an pseudo-cubic ileduasiziameliusseinamunadugs Kitada uazeaiy [22] 16
éi’mswﬁi’gﬂwﬁwuaq BilNigsTigs)Os neldimnusuas 6 GPa lngldusadugs wuin Jeya
hysteresis P-£ wasifinlu BNIT dnasizsimelfenudugadunm 30 Ju uandliifiuiansd
Judaqunslsdidnninilan P, wew Teedl P, = 0.30 uC/cm’ waw E. = 9.1 kv/cm (Saneld
awnulifngsgn 30 kv/cm) uananil Kitada wagani [22] Seeeuiinguinedns Tassadig
Tomudedou waziduasinslsddnysn

Lﬁaﬁm 5 Bai wazamy [23] 1A51897U3158UU Binary 489 (1-x)BigsNag s TIO5-xBNIT
annsauansanTRlndledinyinfvmnzaniiviing MPB (x = 0.06 uaz x = 0.14) wenanil
Choi wazAmE [21] WU S¥UU BNIT-PLTIO, anunsauansaudilndladdnvisniimbon Tned
audAi dsy; 7 250 pO/N Flesdusenau MPB (0.51BNT-0.49PbTiOs) Fuusaduitenin BNIT
anusnaie ansazansresdeiu BKT Ssdwmalunisuiuuysandalndleddnvinliatuls

nmsduatienasdeds wuln SslififlavssRvsisniinssuy BKT-BNIT dathily
Aol Fedfmqusrasdiitensidnedinuuuszuuninig Binary system) Tugns (1-0BKT-
XBNIT Taesjaiuluiinmsmusuiwnigniruesiunsedn (MPB) smadilsaudimalriiifivy
andRlndledianninimden Wedeutuwsiin BKT Alildsunsusuugs Tasagfnwunum
¥osmIifiy BNIT Afdermnuvunuivvesiiauinsiasuigne audfimaladidnninuagsmdls
dlannan wagwgAnssunisbananieldaunlni (strain) veawsniin BKT

13.2 FUABUNISNAADS
Tudruvesluseuu Binary (1-x)BKT-xBNIT (#1 x = 0, 0.05, 0.10, 0.15 wag 0.20) w313n%

gninvdulaedsnisnaneenlyduuuun® a1siad BiOs, K,COs, TiO, waz NiO lagninuildidu

'
a Y v (% a

Susudan TngAunlasunsdadinin muaun1sves (1-x)BKTxBNIT 9ntuvihnisunduayiitou

v

fugnuawesiallenimnuatendunan 6 h luasazangieniuea ntusuwidhumieou
v Y av vo = a o < v v - a
MHINNITOULATLASUNSWIRaMmll 900 °C WJuwian 2 h medhsnsiiigamgl 5
°C/min ndsnuu 3 %lasdminvedndliliaueanased e PVA vinsnauiunenouiaegn
= Y [ ~ < & v A a ° &
nawvuunudgdludnvuziluwtey Inedavaigniuudiigumall 1,050 °C Wunauiu 4

h MegnsINsTuawesgamall 5 °C /min - 91nuuly X-ray diffractometer (Bruker, D8

—

discover) lagninldlumsszulaseaiiwesesiin - AnuvwILLuengLinlagiin1sves
Archimedes MMuNIATFIU ASTM vanelay C 373-88 dwsuautanislnilagninlagnisninm
Gu delfluguuuudaluih autfiduauiuiignialneld LCZ meter (Hewlett Packard 4192A)
flennud 10 - 1000 kHz aulRAwislsdidnvinldgnasianuseiniemaaeumslsdidnyin
(Radiant Technology) %ﬂlé’gﬂﬁmﬂsﬁumﬁﬂ’mugama“"ﬁ%a (P-E loop) dmsuauitlndled
Anvnldgnamate desegnaiemngn pole 7 25 °C Tugraihifudalaulneldaunilaiiun
whitu 5 kv/mm. Tngldszezinan 15 min mdudssansindlasidnnn (dy;) Taunusmvodusas
Fregne Mosunsialagld ds; fwes (KCF Technology S5865) finudives 50 Hz ainseead
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97y 24 h &3N3 pole Ngaumniivies uazdayaniunsennauulii (S-£) azldosunen
Wwuwa3 (Fotonic Sensor, MTI-2100) $2UAUSEUUNSNAEBUYBY Radiant ferroelectric

13.3 HANISNAADILAZIATIZUNANITNARDS
INNISATIVADUALUANMNIEAINVBNYTITN  (1-X)BKT-XBNIT  FEIUNISLHNTULRDTT]
gauunnil 1050 °C wuin Lezjamﬂ‘mLmamlmmmwmmLLuuaﬂuwﬂ6’] DNTNEIUNALAILAAI LA

q
~

7 131 (571 - 6.12 g/cm’) wagnunsdy BNIT wilulu BKT Fugsildasfindannu
vuuiuiuusltuiudusngae

lothiesfin (10BKTXBNIT widwnesdl 1050 °C wasraeusiemaiian1siaeaiuy
yos¥adiond Jauanadaguil 13.1 wuin widnilassairsuuumessenalndluyng sasndm Tl
nuinniAwdanuaey wu K,TigO1s AnTuae [24] (Lﬁaqmﬂlaiwui’gmﬂufdaﬂUaauLﬁmﬁuLaalu
'gUqumiLﬁymwusuaa%’q%t,aﬂez? Fauansimanuannsaluazaiegean YeInsiinas BNIT as
Tu BKT fidanndn 20 mol% Feaenmdosiuinuidefiinuanves Takenaka wavmmy [25]
uenaNidamuin  JuuunsAsnuwresfadiendluyng  Shndasdeulumamite Ty
ALY 20 fluntu wameiriinisanuuisvemmiewad (unit cell) FsaungiviliAnns
Wasuwlantudl enafumsznisideosnouves N (0,69 A ) Feflvweiidnndt adluly
Funises Bsite vedezaan Tio (0.74 A) [26] Fefivwelvaindn Faesiuinvunnvessadl
lopawinety  Fedwaliruanfigmsniwedseninesreuasuluthdoilidinisdeuves
nshiintu wazidevhnisfiansangm 20 fiwauas 20 = 44 - 47° Fuandluzud 13.1(b) wuh
wsdin BKT flassaiauuummsyinuea [11] sulnddeyavneias  36-0339 Gsaeandesiiy
ATETIRIUIYeY Thongtha wazaniz [27] wavdue [11,13,17-24] udlefinuiunanisii
@15 BNT #nnTu 5 - 10 mol% wui Tassadrs pseudo-cubic azdimnulamsiuanniy
dosnfinisrutuvesiia (200),-(002); ﬁaﬁummsaaqﬂlﬁdw Ul morphotropic phase
boundary wie MPB uuinaiszneumeignienaussrinlasiaiamvsyinueauas
pseudo-cubic tugluwsndindnsndm 005 < x < 010 Fududnadmatueninly
Snsrduiiunsdautimalaihiias waruenaindds wuih menudummsslnuea vie c/a f
fuvaltfuitanaswhewuiy duanduzui 13.2
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(a) x=0.20 x=0.20 (b)
JL L -
5 L x=0151 Ix=0.15
T A A A N
(L]
S—
> x=0.10
- N . x=0.10
)
S ] x=0.05
‘E | A L A A -~ - x=0.05 \‘\A
x=0 _ =
_'\_.__JL ) A N § &
JCPDS No. 036-0339_(Bi, K, )TIO, Tetragonal x=0 o
= T F sEpEssE 888 8

'S

40 50 60 70 8044 45 46 7

20 (degrees) 20 (degrees)

S A

20 3

sUTl 13.1 gUuuunsBenuuvessadionduaawsiiin (1x)BKT-XBNIT dumesi 1050 °C
1o (a) 26= 20 - 80° uaw (b) 20 = 44 - 47°

S 1.020

Ty 4.02- o
o Q)
-~ -1.015 },
1 L 2 '
8 4.00 \ >
(] .
m ‘1.010 :
g 2 N\ S
3 N &
()] Tetragonal NMPB Pseudocubic -
S 306 = -1.005 @
Eosel = N\|___a—u [0 8
-l

3.94 & 1.000

0.00 0.05 0.10 0.15 0.20
xBNiT
SUl 132 nywmnudfusseninei Lattice parameter Wagenmndumvsslnueariv

US1nau09ans BNIT 2015180 (1-)BKT-xBNIT w1dumesin 1050°C
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A1519 13.1 auuAn1eniennwas ledanyvsnvaawsiin (1-x)BKT-xBNIT wn@uwmasin 1050 °C

0 5.71 1.0141 1130 0.035 3500 351
0.05 5.86 1.0104 1680 0.039 4550 304
0.10 5.93 1.0102 1710 0.036 3950 277
0.15 5.95 1.0075 1670 0.039 3200 270
0.20 6.12 1.0069 1410 0.042 3640 265

a

b v

1% a a a N a
SUQQ‘;IJa»L@@Laﬂﬂiﬂmqmﬁﬂuﬂiﬁ@ﬂ%a”ﬂﬁqﬂﬂ 1 kHz.

foyaladidnvisnfigamgiias (25 - 500 °C) wazaud 10 kHz.

NINANNANRUTIENINAT dss wazA €, AUUTUIMYEIENS BNIT wansluguil 13.3 210

nslagiuIn Aasileddansn (g,) LLaymmiamLﬁsﬂ@SLﬁﬂﬁﬂ (tand) ¥aaws18n BKT AN

WNAU 1130 tag 0.035 fuaIfu LlIEJVl’Wﬂ’]iLG]iJ BNIT aslutgsifin BKT Tudsunu x = 005

WU mmvﬂmaLanmﬂummmmaﬂuas Sarnlfvintu 1680 uaziiAngegawintu 1710
Shrscau x = 0.10 usidlovhnsiin BN aduesifin BKT Tutinafinnnd x > 0.10 wuh
J9ma pseudo-cubic fimulaawiunniu vilidasiiladidnninduwalduiianas (a5

13.1)
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nswirasiiladidnvinuazAnisagyidsladidnviinifieuiuenmgiiveasniin (1-xBKT-
XBNIT Safianudisng e (@) x = 0, (b) x = 0.05, () x = 0.10, (d) x = 0.15 (€) x = 0.20 waz
(f) nFMANUFNRUSAT T, AUUTUIUYRIENT BNIT (A1 &y NUUSHINVD9ETT BNIT) Uhenesiagy
7l 13.0 ngUasidiuin wsniin BKT U3ay’ den 7, geflan fldwiiu 315 °C Taedn 7, Al
fenlngiAsafusmATeiniuanves Zuo wavane [16] wavidewdy BNIT TuuSunaufiudy f T,
ffnanas  uazdadinsuamvesiiafiduvis 7, fe esmniluusinmgnisdivesieunans
(relaxor) [28-29] wiildleiiy BNIT USnaumnnluaufle x = 0.20 azling broad vesfinnss
FIUVI T, 308U wawdn T, Suwiliuilanasiosy ﬁﬁLLﬁ@ﬂu‘gU‘ﬁl 13.4(f)

000 5000

- -
e 1 kHz a £
8 4000  |——10kHz ( ) £ 4000
] 100 kHz 2
] —— 500 kHz g
3]
S 3000 o X0
E 5
$ =000 8 2000
® °
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9 oo __—= w 2 1000] "
= 01z @ 012 @
2 o
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2 8
o 2
2 X 2 015
01z @ Foaz §
] / i}
008 u 0.09 o
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008 § o0s B
] i}
003 2 003 2
0.00 0.00
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in 4000 100 kHz % 378 x 6000
s —— 500 kHz, [ E res
2 3000 H W 4000 o L S e
8 2 350 m ¢
-] E 2000
8 2000 © 0
g 015 2 325 000 0.05 0.0 045 0.20
1000 "] E xBNIT
012 g &
= 300
*f E \
006 @
2 E 25 —
0.03 E"— F] —
0.00 = 250 v
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emperature ('C) XBNiT

sUdl 13.4 nsmirasiiladidnviinuazmnisgydeledidnvinieuiuanmgiiveawsiiin
(1-)BKT-xBNIT Yaitaudisngg e (a)x = 0, (b) x = 0.05, () x = 0.10, (d) x =
0.15 (e) x = 0.20 way (f) NTINAMUFUNUSAT T,,, NUUSUIUUD9ENT BNIT (A1 €y
AuUSuNauUesEns BNIT).

JUT 13.5 uanenanisnsiadeuautAuslsdidnvinveaesniin BKT-BNIT o aaungiivied
eldReulunsliaunulniinaued 70 kv/cm wagAnad 1 Hz wagyinnsmen Ry, = (P/P,) +
(P11e/P,) [30] e laAAauanslunisnedl 13.2 21NHANTIATIAERY WU WI10N BKT UTans



89

fnf1 P, = 6.9 uC/cm’, P,= 18.7uC/cm’, E. = 239 kV/cm Wag Ry, = 0.62 Zemiiinlel
denndesfiunansy MUATeTikIIN [31] A1 P, | P, uay Re S lnfisTunaUSunun iy
BNIT LLazﬁmqqﬁqﬂﬁ X = 0.05 F¥AAlEWINAU P, = 16.6 uC/cm’, P.= 31.7 uC/cm’ uaz Re
= 0.86 uiF £, Fuwluanaenuiiunisiy BNIT ffisdu awvnfidniadisturosadi
wsTsBiEnvand x = 0.05 - 0.10 eraillesnan Jaiiiinaevesitaunmssinuea uas pseudo-
cubic e?fqagﬂmﬁ'au
fpmathinediemaednalsedusmoumn dlfeninludamduifashindlssdnsn
ﬁqﬂ 32-34] Fadnwaisuindns FULsEINsEUU 0.985(Biy 5K, 5)TiO4-0.015LINDO; AAnwA LAY
Zuo wazaniy [16] egnslsfinny e BNIT Aunit x = 0.10 wudaudam{lsdidnvind
waltianasdndey iesmniiniswasuigaalddu  pseudo-cubic  Beudesudn Feauln
mslnlihwesinnia  pseudo-cubic  ariiAntesnindeisuiuigaanauseritamsslnuea
laie pseudo-cubic [35-37].

Tuduvesmsinandusyas nsledidnvin wio low field ds; laaylvauliiun
daws@indt 5 Kv/mm w15 min sdenduiadiawsinls 24 b udnhlia ds; Tu
firna direction 3 IngldiA3a dss meter anutlumiaze pC/N AnRANSVIAADS WU 3TN

'3
a

BKT U3gwid {f1 dss winfu 118 pO/N Tnoridaldbnalnadsafunuiseves Hiruma wae
Ay [11] BeTnenldvindy 69.5 pC/N ilaldis BNIT 1WALUfl x = 0.05 - 0.10 U A d, TAngs
flaninty 265 - 288 pO/N Taeanfiialdtifiangeninauideiiiiuvenagy Zuo [16] fifnw
5IANSTUY 0.985(Big Ko 5)TiIO5-0.015LINDO5 deTaelaivindu 75 pC/N mmaﬁﬂutfﬁuﬁaw
Founnnaniidugadsuipmaanmvsslinuealudu  pseudo-cubic  u¥efiFeniiuiinn
morphotropic phase boundary 3o MPB FsfiSruaulnalswdufianunsadnsesniels
awlni Al e usnamnn  liden da qa‘ﬁqm Usznauiuiinsanasasaraunulwindu
Tau (E) 910 24 KV/cm wideud 20 kv/cm 3edsnasiilinisindeufivestammuddy sinldilen
maliiiatuge widlovnsifiuusina BNIT snndwiundn x > 0.10 wuin M dy; 3
wunluanaadntiosily 135 pO/N Feaenndasiuauideves Ullah uasans [38-40]
Tudhuresnsiana Strain 3o Electric field-induced strain fiaunulih 70 kv/cm
wazAud 0.1 Hz Aauanalugy 13.6 WAZAN S, WAE normalized strain coefficient (d*s; =
S, JE ) wanedislumsnedl 13.2 WU wsfin BKT U‘%z‘;m‘é Hdnwazwe loop Hunnuiide
(typical butterfly-shaped, Strain Unf) nanfe insialuiianisuin Saainisdalufieniauan
V30 Sy WU 0.10 % wagl d*s; = 137 pm/V Seandildiarlndifestuanuidefiiuanves
Hiruma wazAnuz [11] 831 d*s; = 135 pm/V fionsdnves 0.05 < x < 0.10 A d*s;
LAY S iéfmﬂﬁqﬂ 108 d*y; = 287 — 313 pr/V WA Sp = 0.20 - 0.22% SUENGU usikile
¥msuiuUSunas BNIT 91nduiund x > 0.10 wudi A d*35 WA S ﬁﬁhamaqé’m,l,amlugﬂﬁ
13.7 Wosnndnsiwasuignialudu pseudo-cubic Boufesudn JsaudAimalliwesignia
pseudo-cubic ardianfesnidleisuiuigmanauseniammsslnueauay pseudo-cubic 4
il'ﬁmgmﬁaié’faﬂa'm'faamﬂé’aaﬁmm%’ﬂumiwﬁﬂizw Bigs(Na, K)o sTiO5-BiAlO5 [41]
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gﬂ‘ﬁ 13.5 199UBaN03Ta099515n (1-X)BKT-xBNIT wW1duwmosdi 1050 °C, Samitaumlnii
70 kv/cm e (@) x = 0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15 wag (e) x = 0.20.

A1519 13.2  audAuslsdidnnsnuaz lwdledidnysnveawsiiin (1-x)BKT-xBNIT W13u@asf 1050

°C

P P A E . d  Swex  di
(MC/cm’)  (uC/cm) (kv/cm) K (pC/N) (%) (pm/V)

0 6.9 18.7 11.8 239 0.62 118 0.10 137
0.05 16.6 31.7 15.1 22.5 0.86 265 0.20 287
0.10 8.6 25.4 16.8 20.3 0.79 288 0.22 313
0.15 7.3 23.7 16.4 18.4 0.65 219 0.16 234
0.20 7.2 23.6 16.4 15.9 0.55 135 0.10 149
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gﬂﬁ 13.6 207ufiiio (Butterfly curve) U0953iN (150BKT-XBNIT wn@uwiosdi 1050 °C, ¥
Ataulnil 70 kv/cm wagAwd 0.1 Hz We (@) x = 0, (b) x = 0.05, () x =
0.10, (d) x = 0.15 uaz (e) x = 0.20.

13.4 sy
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3-:- N B d'
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JUN 13.7 Audiussendnge strain wagdn d 55 AUUTHINISAL BNIT
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MnmanIsAaesuafiiun  aguldi amnsowdemesdin BKT-BNIT  Tunneg
dasndn seTSuanuuuindeenledlagnmgdl 1050 °C i 4 h Hugamplimuzaufigaily
TUNSENTURD TN IIAIANUILIRILEY NaN15ATIVEU XRD WU lunng snsidiunay
flessafadumessonalnd  lmufpnawantseudstuas  uaslunng  Shsrdrunaud
yhmsfne iflessaseuantBnisliiivesssiin wuin maiiuans BNIT asluwsniin BKT Tu
U384 0.05 < x < 0.10 Wusamdwideviliesiindautimsliiingsiign TaeSaeldivind
auURlaBIanY3n (e, = 1710, tand = 0.036) autANIlsBIENTSA (P, = 16.6 uC/cm’, E, = 22.5
KV/cm uag Ry, = 0.86) wazauUlndlaBianyian (dss = 288 pC/N, Spax = 0.22% Uay d*s; =
313 pm/V)

13.5 LONE1981984

1. S. Zhang, R. Xia, T.R. Shrout, J. Electroceram. 19 (2007) 251-257.

2. Y. Li, KS. Moon, C.P. Wong, Science. 308[5727] (2005) 1419-1420.

3. E. Cross, Nature. 432[7013] (2004) 24-25.

4.  G.A. Smolensky, V.A. Isupov, A.l. Agranovskaya, N.N. Krainic, Fiz. Tverd. Tela. 2 (1960)

2982-2985.

G.A. Smolenskii, A.l. Agranovskaya, Fiz. Tverd. Tela. 1 (1959) 1562-1572.

C.F. Buhrer, J. Chem. Phys. 36 (1962) 798-803.

7. IP. Pronin, N.N. Parfenova, N.V. Zaitseva, V.A. Isupov, G.A. Smolenskii, Fiz. Tverd.
Tela. 24 (1982) 1060-1062.
A. Sasaki, T. Chiba, Y. Mamiya, E. Otsuki, Jpn. J. Appl. Phys. 38 (1999) 5564-5567.
P. Fu, Z. Xu, R. Chu, W. Li, Q. Xie, G. Zang, Curr. Appl. Phys. 11 (2011) 822-826.

10. V.V. Ivanova, A.G. Kapishev, Y.N. Venevtsev, G.S. Zhdanov, Izv. Akad. Nauk, Ser. Fiz.
26 (1962) 354-356.

11. Y. Hiruma, R. Aoyagi, H. Nagata, T. Takenaka, Jpn. J. Appl. Phys. 44 (2005) 5040 -
5044.

12. N.D. Quan, L.H. Bac, D.V. Thiet, V.N. Hung, D.D. Dung, Adv. Mater. Sci. Eng. 8 (2014),
1-13.

13. T. Takenaka, H. Nagata, Y. Hiruma, Y. Yoshii, K. Matumoto, J. Electroceram. 19 (2007)
259-265.

14. M. Nemoto, Y. Hiruma, H. Nagata, T. Takenakau Jpn. J. Appl. Phys. 47 (2008) 3829-
3832.

15. N.B. Do, H.B. Lee, D.T. Le, S.K. Jeong, .W. Kim, W.P. Tai, J.S. Lee, Curr. Appl. Phys. 11
(2011) S134-5137.

[16. W. Zuo, R. Zuon, W. Zhao, Ceram. Int. 39 (2013) 725-730.

17. H. Matsuo, Y. Noguchi, M. Miyayama, M. Suzuki, A. Watanabe, S. Sasabe, T. Ozaki, S.
Mori, S. Torii, T. Kamiyama, J. Appl. Phys. 108 (2010) 104103-6.

N


http://www.sciencedirect.com/science/article/pii/S1567173911001787
http://www.sciencedirect.com/science/article/pii/S1567173911001787
http://www.sciencedirect.com/science/article/pii/S1567173911001787
http://www.sciencedirect.com/science/article/pii/S1567173911001787
http://www.sciencedirect.com/science/article/pii/S1567173911001787
http://www.sciencedirect.com/science/article/pii/S1567173911001787
http://www.sciencedirect.com/science/article/pii/S1567173911001787

18.

19.

20.

21.
22.

23.
24,
25.
26.
27.
28.

29.
30.
31.

32.

33.
34.

35.
36.
37.
38.

39.
40.

41.

93

JM. Kim, Y.S. Sung, J.H. Cho, T.K. Song, M.H. Kim, H.H. Chong, T.G. Park, D. Do, S.S.
Kim, Ferroelectrics. 404 (2010) 88-92.

Q. Zhou, C. Zhou, H. Yang, G. Chen, W. Li, H. Wang, J. Am. Ceram. Soc. 95 (2012)
3889-3893.

P. Jarupoom, E. Patterson, B. Gibbons, G. Rujijanagul, R. Yimnirun, D.P. Cann, Appl.
Phys. Lett. 99 (2011) 152901-3.

S.M. Choi, C.J. Stringer, T.R. Shrout, C.A. Randall, J. Appl. Phys. 98 (2005) 034108-2.

K. Kitada, M. Kobune, W. Adachi, T. Yazawa, H. Saitoh, K. Aoki, J.I. Mizuki, K. Ishikawa,
Y. Hiranaga, Y. Cho, Chem. Lett. 37 (2008) 560 - 561.

W. Bai, F. Liu, P. Li, B. hen, J. Zhai, H. Chen, J. Eur. Ceram. Soc. 35 (2015) 3457-3466.
W. Zhao, R. Zuo, Ceram. Inter. 39 (2013) 9121-9124.

T. Takenaka, M. Yamada, Jpn. J. Appl. Phys. 32 (1993) 4218 - 4222.

R.D. Shannon, Acta Cryst. A32 (1976) 751-767.

A. Thongtha, A. Laowanidwatana, T. Bongkarn, Int. Ferroelectrics. 149 (2013) 32-38.

G. Fan, W. Lu, X. Wang, F. Liang, J. Xiao, J. Phys. D: Appl. Phys. 41 (2008) 035403-
035406.

D. Lin, KW. Kwok, H.L.W. Chan, Solid State lonics. 178 (2008) 1930-1937.

G.H. Haertling, J. Am. Ceram. Soc. 82 [4] (1999) 797-818.

P. Phetnoi, S. Niemcharoen, R. Muanghlua, M. Sutapun, N. Vittayakorn, Electrical
Engineering/Electronics Computer Telecommunications and Information Technology
(ECTI-CON) International Conference, 19 -21 May 2010, pp. 962 - 965.

J. Li, F. Wang, C.M. Leung, S.W. Or, Y. Tang, X. Chen, T. Wang, X. Qin, W. Shi, J. Mater.
Sci. 46 (2011) 5702-5708.

ZW. Chen, J.Q. Hu, Adv. Appl. Ceram. 107 (2008) 222-226.

C.A. Randall, N. Kim, J. Kucera, W. Cao, T.R. Shrout, J. Am. Ceram. Soc. 81 (1998) 677-
688.

T. Wang, L. Jin, Y. Tian, L. Shu, Q. Hu, X. Wei, Mater. Lett. 137 (2014) 79-81.

Q. Zhang, L. Wang, J. Luo, Q. Tang, J. Du, J. Am. Ceram. Soc. 92 (2009) 1871-1873.

H. Ogihara, C.A. Randal, S.T.M. Kinstry J. Am. Ceram. Soc. 92 (2009) 1719-1724.

A. Ullah, R.A Malik, A. Ullah, D.S. Lee, S.J. Jeong, J.S. Lee, LW. Kim, C.W. Ahn, J. Eur.
Ceram. Soc. 34 (2014) 29-35.

A. Ullah, CW. Ahn, S.Y. Lee, J.S. Kim, LW. Kim, Ceram. Int. 38S (2012) S363-5368.

A. Ullah, CW. Ahn, A. Hussain, LW. Kim, H.Il. Hwang, N.K. Cho, Solid State Commun.
150 (2010) 1145-1149.

A. Ullah, CW. Ahn, A. Hussain, S.Y. Lee, H.J. Lee, L.W. Kim, Curr. Appl. Phys. 10 (2010)
1174-1181.

(Wsngeazidenlulonasuuunaneiay 13)


http://scitation.aip.org/content/contributor/AU0058593
http://scitation.aip.org/content/contributor/AU0431531
http://scitation.aip.org/content/contributor/AU0431532
http://scitation.aip.org/content/contributor/AU0058376
http://scitation.aip.org/content/contributor/AU0286386
http://scitation.aip.org/content/contributor/AU0431536
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5483296
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5483296
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5483296

94

14. BvizwavansTInflvetesglitousanlenvuiauiluy delaseadiquazaudn

MAR1VB9UG5ITN Pby ST 152050 Ti0.4a5P0.0203

14.1 umi

anaslaatnniue (Pb(Zr, 70, )05 #3e PZT) ladn1sAnwiiusgaunsraie
nFsnnsfunudaudt a.e. 1950 [1-4] Fadufinsrufuiiin PZT annsnthandsegndlfidu
LULEOSUAZUOAYLDLNDS losniiamladidnvinuasdudssanslnaledidnvdndia (Wu S dss
Usz0d 300 pO/N wae ks; Uszanas 0.5 [5] Tae PZT flaseasradusuuinessenalng el
Tnssadrefiuguite ABO; uazdudsznauves PZT anduansslsdidnnin defldnsdiuvos
Zr : Ti fi1nndn 95 : 5 Hutes gamaile’ (7.) ve PZT fildnanundreduiimisowadiuwuy
Al wel T, vesansUsenavdididnsndiu Zr : Ti uanndi 53 : 47 axdinsdaidenvesiaseain
wuunsglnueanieoalnsenln 91N58868v037)N1A (morphotropic  phase  boundary
(MPB)) a@osigniadafifesenludnseauazimnsslnuea [6-7] Fsldinsseeunanisideves
PZT wuiiland@lndledidnyiniiguilodnsdinvesansuszneudilndgn MPB fisnsndiu
Z1/Ti #i0 52 : 48 fiqaumgiisies [7]

PZT waz a3 PZT Menunisufuusaud denwddylumsussgndlinmsiumealulad
U nuaReed feseindygnauazgunsaBidnnsedndmauas wargunsaivileaiiusza
It 8] dwmfuesdnuislsdidnvinludomnduddu 1insesnuuuliegluuinalndiAsyn
MBP 5UnuuvesansUsznausneg Ansiinansideiiielrinssmugaussasdvosnisuiulgedia
[1-2] $hegnatu madulossuvesngulanzuoanladidim wu S, Ca” wag Ba  dedloalily
Msunuil Pb” [8] :nanuAdeves Hu uazany [9] Alsvinisnyinansenues Pb° uay Ba
finaroantAwlslsdianyEnvewsniin PZT Sawuinnisidu Sb 0.6 wid% wag Ba 0.2 wi% e
wansausRlndledidnnsnia Ao da SAsiiv 438 pC/N , k, AU 66.3 % Uag & A7
Wiy 1740 waganauddeves Zheng uazans [10] léssamunmsunuiives Srlulwsnin PZT
fdesne Nb Bslaeinluudasilandaladidnninuas IndladidnvEniigannniy PZT sndeeis
WU Msunudidumda A Tulwsdin PZT Fafluunliingn MPB vosTaguauazindeulumg
Inneveamnszlnuea 9IN91UITEUS Zheng wazAny [6] WUIINI5LI03IUAUVDL St ez Sb
Ty PZT Unldgiesndnlndledidnninuuuesuuazesdlssnoune
Pbo s5ST0 1227 0.2 Tio 4s 5D 0205 WAAIEIAT dsy TRAE 600 PC/N Snaredanuindledisuan
smATdee Iednsmeronfugsendimslwiwoussiin PZT flinnsidesesiniieg [11-
12] sndegatu Nd™ [13] uSeseguuuuianuausiineg Ae PZT/BNT [14] wag PZT/BNLT
[15] uenuieaniudiinisseunanisifeneauinsliiivesesfinnateq fadid
BaTiO, LUugnu 1y BZT/NIO [16] waz Pb 1Tugiu wu PZT/ALO, [17-18], PbZrOs/Al,0;
[19] uag PZT/SIC [20] fanunsaviulsslaonsiinignieiaesiiiueyniauily

Tusnddeil L'ﬁ']Lﬁaﬂﬁ%U%’wqq PZT fidteerusznouilu Pbo ssSre 122r0 ss Tio e Sbo.osOs
Hugu Fafunansaud@lndledidnviniunaula ieflaglvldnsenuainudosnisniunis
Uszgndldiianizianzas lumsdnwiesdnidl PzT Hugnwildausevuineyaiauiluves
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ALO, ﬁqﬁ’uﬁqﬁwmiﬁﬂmmamzmmaqﬂfﬁ@uaumﬂuﬂuﬁum ALO; folassas1siazauv@anig
Tl o1y audRladdnysn wislsddnysn wazlndledlannsnveawsiin PbossSro 12200 54
Tio4eSbo.sz0s (PSZST) wazAIwIainasniin PSZST/ ALO; azuansauvafinngn PSZST uaz
ALO; LEDELRYY

14.2 SunauNTTMARDY

WINHN PbogsSro.122r 054 Tio.aaSb0.0,05/ ALOs #38 PSZST/ AlLO5 1iNnNs&aATIEYinIe
Boonladuuusai "’Jfaa(?\’jaﬁw,ﬂsmﬁshuﬂﬁ%meﬁmm PbO, SrCO5,Zr0,, Sb,05, TIO, Way
ALO; TumeynAuTluLng asuszneusenleduaraivaniidauuIansgeidutaniedy
‘1’7ishums%"amué’miﬂd’auquwﬁﬂmmﬁﬂizﬂau Pbo.gsSro 1227050 Tio.aaSbo.0205 LAZHIUNNT
uanauFeIEMsUaLUUu e 24 h ludnanaenues ndsniuasaadugn
hlihlsiuidugoudunaium 24 h nsves PSZST fildthlumiseanudeuneldussennie
figaumgil 875-975 °C iy 2 h fedmsnisiutusaranasdl 10 °C/min vdaaniy
A ALO; YWIRBYNIAWILLUATAIIUNG PSZST PrunsEIssALSeussUSesLEn Tneifiud
Snsdruuandaiu (0, 0.5, 1.0 wag 2.0 vol%) uagndsarniuvhnisuanandnasslusanany
lynueadunauiu 24 h waziudidenuszanilnalrfaueanagoa (PVA) 1 wt% luuianm
Léﬂﬁaﬂﬁauﬁ%ﬁﬂﬂsﬁugﬂﬁwLﬂ%‘laﬂﬁﬂLLUULLﬂuLaﬁlﬂugﬂLLUUL%%‘EJEyJﬁﬁSUH’Mﬂ’J’IMﬂg’N 10 mm
ﬁauwﬁwmiawﬁumué’a&Jﬂawm%fauiua'lﬂ'lﬁﬁqmmﬁ 500 °C \lunamu 2 h ileridndiden
Uizmwé’amﬂﬁ?uﬁmfmmmﬁﬂﬁqmmﬁ 1250 °C WWuauu 2 h fednsinmafistuuas
anasil 10 °C/min melddremniitaainaneldusseinieues PbO a1nuses PbZrO,

AL tuueinalasisnsvesesAsiing NI YANYULLANILVD
fpmavesuartunumesinialnensliiinadanisiieauuresdsdiend fesed Cuka fitae
Y83 260 51N 10-60 © N139TIVADUMUNEDIANTIAULUUADINTIN (SEM, JEOLISM-6335F)
gnldiitevilimsuisdnvurlassadrmsganiavesiuindunuildvndainnisldeiuiou
suumumummsm’;mLﬂswmmwamﬂuumLﬂu%umuiuﬁﬂmmwmemmumwmimiau
waziHusn vianntuiniseuseuiigaumgfivn Ussunn 150-200 °C wu 15 min #ednsnas
Fnazanuesgungll 5 °C/min dwiuriavesnsuliuhnsanaaeuseisanidudnsiiuuy
aitldanndesgavssmivuudeansin suwinnsuedeiuegiinisussinaainnisiiuduiunes
insunuiladuriesaazannniitgu dwsumstadmisliin Susuduasinunisdnaunitee
sruuiuinfiFouuasiedeuisaosiudieiu udsniuilliunfigamgi 650 °C uw
30 min Mydasmalifisuiugumgianansavildlasliiaies LCR fmed ju 4284A uas
AmmANgMaTmeIENINgaMTessuisgamall 300 °C uazifivufuaudaieg an 1-
1000 kHz szuunsiawslsdianvsndssgnaldnisinvesaunlnilasinnavesiudavesda
U (P-B) Tegldaunalwilnszuaaduil 20 kv/cm fiAnad 1 Hz nsAnwandAlndledidnyin
nnFuauiiiunsinaiigunaives (25 °0) argluisfuddleunienlaslinszuali 2
KV/mm w1y 30 min duUszavs lwdlediEnnin (ds,) vestunuiogiwhnisianalasldinios
ds, W% (KCF technologies S5865)firnud 50 Hz
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14.3 HANTNARDILAZIATIZHANITNARDS

89 Pbo ST 1270 saTio 4aS00.0,05 %38 PSZST fuaalasiunu 2 h fesnsinisifiudu
wazanasii 10 °C/min aeliusseniaunifigamgfivingg dousd 875 fs 975 °C ifleflaglé
gunpiuealevifiinndian Snvurvemsirumsuasleiandusluuuresdnsagnisdeauy
y033vfiond sUuUUNSAsIULTesSsanduatus PSZST uansluzuil 14.1 Gewuifigamgd
1 1 3
wnalendfl 875 °C wui’gmﬂmimﬁ&gﬁé’u (PbO, SICO;, Zr0,, Sb,05 uag TiO,) ALNAD Way
Sowuaaledonmgiinl 925 °C uw 2 h wudnwazlassaiisvesigniauansauaNysailay
SnvursUuuumadeiuuresiidionduansigniauian dednuazveasUuuunsfenuusey
fesUuuuresnnifeunefsonalndfiinuurvesfinfiguuazaudn auauunsvosduaiud
dnwazlanzidunuusenludasoatanssiulndumsgiununelay 73-2022 189 PZT og1alsh
G\’]Mﬂ’]’iLﬁﬂJ%ﬂJ‘U@QQNMQﬁLLﬂﬁi"?ﬁﬁﬁfl 975 °C nauvilsinuinaiadng vesinniaudaniasy
Ffatuanuanisfnuigaaveans PSZST axdimnuauysaideunalutiiigumgli 925 °C 1Hu

1381 2 h
* =Secondary phase | o1 ined at 975 °C/2 h
—_ A x
-}
“g Calcined at 925 °C/2 h
“—
= h
73] ; o
- Calcined at 875 °C/2 h
Q
et
o
- JCPDS no. 73-2022 - Rhombohedral
s s|ls £ 8 gzs &g
, ?‘ il M N M
10 20 30 40 50 60
20 (degrees)
gﬂﬁ 14.1 gﬂu:uumiLﬁml,uusum%’a?uaﬂsﬁsuaqm PSZST ﬁLLﬂaisziﬂﬁqam{]ﬁ 875-975 °C 1Juran

2h

E‘ULLUUﬂ’IiLgEJ’JLUWU@ﬂL%i’Iﬁﬂ PSZST/ AL, O3 (26 = 10- 60°) ﬁdwuﬂmmmﬁﬂﬁqmmﬁ
1250 °C LLam“LmUﬁ 14.2 mﬁm?ﬁmimaa%ﬁaLWa%aav\laiﬂﬁwuiu%umumé’mwdauwau wagla
nuinn1Aves AL,Os uuamﬂmmﬂﬂammm Al,Os mmmlmnml,aylmwmwam YMTIINY
F1Un5EUIUNSIABNULYRSIEIEnd A uniieues 20 daud 43-45.5 © uanagUuuunT3
Lamwumgﬂw 14.3 Togiluuds PZT  fislesausznaudilng MPB wqm‘wgwaws



o7

Usgnaumeinninaesignianieiy deg1utu Inn1nvesseuludnsoawazinmszlnuea 7
fuvtisfiares (200, lugUuuumsideuuresisdionduandiiuiaigniavasseuludnsond
auysal winifietuLeneendnasfingeiy Ao (002) wa (200); ﬁLﬂué’ﬂwmzLawwsmaﬁg
memesvmszinuea (8] Wnefiugiuvesnisidenuuvesiadiondfinnuniisues 20 whiv 43-
455 © wuiasUgvisues PSZST dneglunduuessesnludnseadensafulildunsgiuvueiay
73-2022 Badudsinansldegetaauannisueneanifuaasiiared (002); wax(200); uayiie
madeuuesisilonddnuasfiafineves (2000 iefimaifiuuIunmes ALOs 1R 2
volo ustegslsfiony sULuUNMSAB UL AR 1TusNTasiia (002); waz(200); FeRantsway
A wu 9 8 <« 9 g a 1 a 5 8 wu 1 u -
gnsoauazvmszlnuea [21-22]

A13197 14.1 auifAnianienin dnvazlassaiianisganianazantinislnivewesidin
PSZST idn Al,O5 Tuusnumige

Al,O;mol Density Grain size (um) E, tan & T, Epnax P, P Ec R, dy;
%o (g/cm?) Q) (uCfem?) (nCfem?) (kV/em) (pC/N)
0 7.40 9.73 1479 0.030 205 12327 19.82 21.63 11.68 1.15 339
05 7.49 9.34 1860 0.029 204 19709 2521 29.32 9.19 1.35 412
1.0 748 8.88 1900 0.031 203 19872 2897 3343 9.08 1.30 561
20 7.51 3.08 1970 0.038 203 18479 29.53 33.89 8.75 1.29 646

PSZST + 2.0 vol% Alzosﬂ

PSZST + 1.0 vol% A0,

A

|

PSZST + 0.5 vol% ALO,

Intensity (a.u.)

PSZST ﬂ
\

JCPDS no. 33-0784 - Tetragonal

L

(002}

(001)
[~ (100)

. I
10 20

30 40 50 60
20 (degrees)
gﬂ‘ﬁ 14.2 giJLLuumiLgsnLuuﬁuaﬁq%‘t@ﬂ%mawﬂﬁﬁﬂ PSZST/ AL, O Tnuilndt 1250 °C
1oy 20 = 10 - 60°
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(200), (002), (200),

b

2.0 vol%

1.0 vol%

i

0.5 vol%

20 (degrees)

Intensity (a.u.)

4

w
9
-9
N9
()]

Ul 14.3 gUuvuMsEBNULIesisElendvaasiin PSZST/ ALO; Mwnin?l 1250 °C
oy 260 =41 - 45.5°

NsinFEANL e UULRIMTN Y898 UIUESEIN PSZST/ Alzogﬁlﬁmﬂmi@ﬁwaﬁm
Yanssatiuuvdenauanslugul 14.4 wazvuiainsuiidiuiaainisainidusarunandly
P31 14.1 N mEBINNEBsgavTImiveATUILLARIR LU MUK uInidle
wwinil 1250 °C Tnefldnuarveansuiivumaiiane dveunsuidnnuuaglsivsngsnguds
ﬁmmaamﬂé’aaﬁummmmmLLu'uﬁqqﬁa 7.40-7.51 ¢/cm’ dwduisaiin PSZST fidnwasy
A dundniriigusanuudeiuendifidusugudnansszana 9.73 pm ogslsAmunisida
ALO; TutSinandntioslu PSZST 1 0.5-1.0 volo ﬁwiﬁﬁwwq@mwmﬁu&ﬂ’mﬁmutﬁuim
Y99INTU F9anu3AglHiNNN1ANAIEVLIAATUIIN 9.73 um Yo IEn PSZST fis 8.88 um
Yo finfiin1siin 1.0 volse ALO, VuIANTUINIsanaIeEeTIMEIuTA1 3.08 um Faide
ednunrdygIUTeINTULAYN1TARAIIITLIANTUTEIT U T UNANI9IN N1 Ta AU
ALO; HlssthsnsunsvesasazansvesudeiivinalndquonnsuduinasAatuiiniinisuns
othauviissesezneuiiiurosin Insasdudoinvesnisversvonnsy durasdunalnndn
YBINTHUNRAN WML FUFIWINE [23]
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Ul 14.4 nmang SEM weawsndin PSZST/ ALO; fiknumsinrivimennusoutazmmin
fgaumgil 1250 °C e (a) PSZST (b) PSZST+0.5 vol% Al,Os, (c) PSZST+1.0 vol%
Al203 e (d) PSZST+20 VOL% Al203

JUN 14.5 uanen & war tans anuleulvvetgmumgll veauwsiin  PSZST/ALO; 7

Y
A

AUASIUS 1-1000 kHz uwazaudhladidnyinazuanslilumsed 14.1 nuidnvazdulfoes
ldidn-vanFoudsndiotu Tnod & Senfiutudlefinisfiuturesgungisuieageand 7.
wazndsntiuAes amaaLﬁqmmﬁﬁtﬁuﬁummdmm T. WiSes ¢ T veawsnin PSZST
figslidolusmiafetog 205 °C Tnsannuideves Zheng wazanrldmenunalfagiiis7 °c
[6] M34iias ALOs (0.5 - 2 volylAnnswasuudasetenariiomes T, lﬂgqumqﬁﬁs‘ﬁﬂdﬂ
Uszana 203-204 °C Baluninfunisiiiu ALO, ﬁwlﬂémstﬁuﬁumm Emax VBITALABLANTSA
(T.) I0UANUDY &y iT91n 12300 é’m%’uL%'}ﬁﬂﬁhjmumiﬂ%’w?a Tuaude 19900 dmsu
wsfinTiY 1.0 vol%uazanatageraiieadl 18500 dwsunisifin 2.0 vol% WanIsNAaeee
LaBlanv3n (g,q) wazn1sgaydeladidann3n (tand wandlupnsnedl 18.1 NUEN g 09
Wws18n PSZST ﬁlaﬂé’chuﬂﬁﬂ%’wqaﬁmwhﬁ’u 1480 wdsanfivhnsiiuansiieadly & pr il
Afiuanndiandl 1970 TutSunaniadin 2.0 volse dauen tans vessifindinisifiuduagng
soioutlefinsvansideatly uddves tans venesfinyniusniiatesnit 0.038
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20000 4 1 kHz (a) 20000 - [ ——1 kHz (b)
—— 10 kHz — 10 kHz
-lE —— 100 kHz E ——— 100 kHz
16000 - 500 kHz _ 500 kHz
E 1000 kHz -E 16000 1000 kHz
c c
S 12000 - S 12000
2 o
S 8000 £ 8000
3 020 g g " 0.20 g
2 ) ] o
0 40004 0.15 g 08 4000- 0.15 o
(2]
0.10 5 0.10 I
04 o 04 ) ]
_._._——_A/\_/ 0.05 __._--/ﬂf\\.i 0.05 5
\ 1 — X ]
v . : . ; L 0.00 © . . . . = L 0.00 @
S0 100 150 200 250 300 50 100 150 200 250 300
Temperature ('C) Temperature (°C)
20000 | — 1kHz ( ) 20000 | —1 kHz ( )
—— 10 kHz c —— 10 kHz d
- —— 100 kHz - —— 100 kHz
& 16000 500 kHz E 16000 4 500 kHz
2 1000 kHz o 1000 kHz
c c
S 12000+ S 12000
2 Qo
£ 000 £ 8000
§ 0.20 =} E _[020 =]
2 o @ ]
O 4000 0.15 @ B 4000 045 ?T
. 0.10 5 010 5
04 7] 0 ) (1]
A 0.05 5 — /\ 005 5
7} o
, v v v ——— 10.00 @ v v v - : -1 0.00 ©
S0 100 150 200 250 300 50 100 150 200 250 300
Temperature ("C) Temperature ("C)

sUdl 14.5 Aasiiladidnyidn (& ) uaz Ansgapdeladidnvinaudeulvvesgumnivesssin
PSZST/ Al,05 ﬁmumnmwﬁﬂﬁqmmﬁ 1250 °C ﬁﬂamﬁmm dlo (a) PSZST (b)
PSZST+0.5 vol% Al,Os, (c) PSZST+1.0 vol% Al,O5 kay (d) PSZST+2.0 vol%
Al,O5

a v

JUN 14.6 waneInudawmesdaveuwsiln PSZST/ ALO; Mihnsiananigumgivies

Y
a

aeldanuliihgsandl 20 kv/cm uazanud 1 Hz dunaldinaudameiavesssiingn
Junuiidnuurdvdsuveamsdusaiia dmsumsliauulnihiigannnd 20 kvem  wadin
zlasuaNUEeY wazanAlnallstumnane (P,) Iwa'ﬂm%’uqqu (Proo) @MDY
AU () wanansannel squareness (Ry,) ¥8339UBaAWDITA[4] G Ry, @nnsalduannis
Jeauurewnulnanlsedusaruenannidudiuiunuresaunili Waunisennsmeaes fio

Reg= (P, /P9) + (P1ieep) [8] anTRmslsBidnvisniilavzuandlumsnad 14.1 wsrdindildeunis

USuugadlen P, ~ 19.82 uC/cmz, E. ~ 11.68 kv/cm uaz Ry, ~ 1.15 agalsfinmunisidin AlLOs
Lﬁuﬁamsﬁéﬁ@umsLﬁquaﬂssmaaé’ﬂwmzﬁmi’muéama%%a Fansmveeen Py, Py W8%
£ luilsidurasnisidiu ALO, LLamlﬁugUﬁ 14.7 Gewuin P, uay P, Suwnlthudududiodle
WiUSnawes ALO, uwazdiAnda 29.53 uC/cm” way 33.89 pC/cm’ MRy dwsuesfin
2.0 vol% agslsfinnu @1 £, anasann 11.68 kv/cm dmiuiunusmiindldiunsuiuusly
quiarn 8.7 kv/cm dmsuBuauwsiniiiy ALO; 2.0 vol% NKaIBINISANYIMENALA
nadeuuesidiond wu lasadendniifiansan axdinisegimiuvesipnaseuludnion
uazigniamvsylnueavesszuy PSZST/ ALO;  leeigmammsglnuoaiivnlwanlsivdud
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wansnafiulusyuiu (001) TuﬂumumgmﬂmeiﬂuaauLLU@IWiWiiqumLmﬂmaﬂu luszuu
(111) [24-25]  feduihaesignirennasminivhliniafnlnatlsedu 14 uwwy Fatug
willeuiAnIvedlna)
slwduiitldnounnilidunafuussansamnsmyuveandnnieldaunalulii lumandurdy
sdsnaremantBladidnninuasnanlseduiigidnde axiiuliin auBinslsdidnvindaia
foosdtsznoy  uarlimwdasenelign  MPB  Usingnsalivaniledneudeilaanniesniin
IndleBidnvandidl Pb Wugiu [2] wenvnifu esduszneudilndan MPB azdwasdiannde
andAnslsdidnydn danuvuudiudigs Tuvanee ¥t uarsdemavesaudimaluihues
wslindd PZT Wughu Tunsdlvesmnumuiuty arsmuiuiugsaslant@inaniy Wy dan
wislsBidnminuaylndledidnviniigs  [26-27] FefunsUsuugsnumuuiusluinis
Ufugsaudmnslsaidnnin  awininsutuduiidtufiogudrinfnadoaudvonesdndid  PZT
Fugnu Tunaneq anAdeldtinisuendt suansuiilngjazdemavinliauiim{lsadnninuas
Indledidnvinilengs  [7,28]  eehdlsfinuvunmnsuveasiiniliinauslufivuinanainy
Uiinumade  fufuladeldiuisvesnsuinatiostonisusulgsautRnslsaidnuinie
vhufsuruiiadedun (esdusznouvesansindan MPB uazammUILLIL)

F-
o
£

< (@ - |(b)
E “E Lassadlpdd
3 20 G 20 P
= A : 1
a - ] |
g 5 R,
g -20 200009 g 20 A Hx“
< E
° 3 ucﬁut"'
o o
80 20 40 o0 10 20 30 30 40 o 10 20 30
Electric field (kV/cm) Electric field (kV/cm)
40 40 (d)
o o m
f,_ 20 f,_ 20 f I
g g 14
c 0 c 0 + I'I
§ g T
] o
° ° WJ
o o océo“‘
a0 20 40 o0 10 20 30 T30 20 40 0 10 20 30
Electric field (kV/cm) Electric field (kV/cm)

Ul 14.6 Snudawmeida (P-£) nanlswduiieuiuauniliiih veswsiin PSZST/ ALO; 7w
rinfigaumail 1250 °C laginfianud 1 Hz Wile (a) PSZST (b) PSZST+0.5 vol%
Al,03, (c) PSZST+1.0 vol% Al,O5 uag (d) PSZST+2.0 vol% Al,04



102

40 16
%% w14 _
£ 7 5
o 30 | g e——— ‘;;9'
(-j)_ P> / pd 12 %

> S X
~— 25/ / @ ©
Q. 5 /x\ w

w 10

200 @ 94

P
8

00 05 1.0 15 2.0
ALO, content (vol%)

gﬂﬁ 14.7 wansen P, P, uaz F. Wieuiuileiures3unn ALO; veawsniin PSZST/ ALO,

40 800
—~ 35 L 600
N ——
§ z
LQ a0l o
o 3 400 2
= 5
Q" 251 )
1 200
20 |
0

00 05 10 15 2.0
Al,O, content (vol%)

gih?'i 14.8 UAMIANS P, U ds; Wiuiuileuvesusunm ALO; 189518 PSZST/ ALO;

AnduUszanslndladidnysn (dss) dsarnwiunisinaduanslunisnei 14.1 dmsy
L%iﬁﬁﬂﬁlﬂiﬂimmiﬂ%’wqaﬁﬁh dss WU 339 pC/N hagA ds; fanfiunnnduiiomuusunn
289 Al,O5 ﬁﬁmmﬁqmi‘]u 646 pC/N dnsutsndin 2.0 volo% FaflAfinTuusyanm 2 wh e
Lﬁauﬁ’uLsﬂiﬂﬁﬂﬁlﬂﬂimﬂﬁﬂ%’wqa ﬂ?iU%JU‘UEQﬁE]WQf\]SLﬁ@]ﬁ]’]ﬂﬂ’]il,all ALO; filAsundas
Fpavesesdusznouaniiiigniavessenludaseasiuusnluduifgaamnsslnuea
UIUNIN ﬁaﬂﬁmw%’ﬂﬂé’ﬁnmawm MPB Tusuidedonandnlauunliudmiuen ds; §
ANUAAIYARIAUAIVDY P, muamiusﬂw 14.8 aﬂwmvm'ﬁLﬂmmmiaaﬁmalmm&mqwmaq
weslulaunfinveanslsdiannsn [29] mammsmalﬂu dss = 26536,01,P, WD &35 AD ANAIN

£
Qdd

lﬂaLaﬂ‘VﬁﬂsU@ﬂ’mﬂ bl & Ao ﬂ?L‘W@Ja’m%ﬁﬁJﬁﬂﬂﬂﬂ Qi LLﬁ(”I\mﬂﬂ?ﬁﬂﬂiuﬁ%ﬁalﬁﬂﬂ/ﬁaﬁ%ﬁﬂ

q @

i AduresnvasTanmeossenalng [29] mﬂmwguuuamlwmmw AN ds; Ludndrudu A
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P, Fetunsifiulseansnmees dss Sdmiieidostu P, ndanndiiuanside Bslunintu nns
UFulsenn ds; finnuieatestunisanatves £, fien £, s azanunsadmaldesiaing 0y
msznsidouiiveslossuiinislauiirevilimnudiedenisinaduazufuusananlsivdu
¥9333Uv [30]  erwmuindufdnidusntesenisiifeadesivandinalin Tusuised
wnltiesmmuLTuiiaiutudio i AL, O ﬁﬂﬁ?umsﬂ%'uﬂqwmwmmiuma%tﬂuﬁﬂ
ﬁaa‘ﬁ’wﬁﬂumsﬂ%’uﬂqmwm dss ﬁqﬁ?u@mﬁamfwﬁgwmﬁiéfﬂfﬁ'nmﬁﬂuﬂﬁaﬁwmvﬂum':?
U%’UU@&IW%MSLﬁﬂ%’%ﬂ%?lt,azﬁﬂizﬁw%mw‘LumsLﬁum dss Y993UY PSZST/ AlL,O5 31NNNT
n319dou NsUSuUsautansliiiveesadlin PSZST/ ALO; dauuszauminudnsa 1a
wanINaDE N TALIITuILiidulsznoutes ALO; TuruneyniauTudaudindliii
ANI1IN1AYBY PSZST %30 ALLO; Lileaae1ufe)

14.4 a3y

15 In7T0IAUTENDY PbgssSTo127r0 54 TinasSbo.0205/  ALOs W38 PSZST/  ALO;
UszauanudnSalunsdanssidisiFeanlesuuuiaiu vienswiadnuuudada 1dinns
fuflunsnsaeuNansEuYaseynauluves ALO; Mifuadluiednuuzlaseaiisuazandd
malwiweussiin nulassairavesndnifeunesevalndlunnesddsznou nsiueyniaul
Tuves ALO; Wasuularigmavesesdseneunnigmasexludnseadmiuiunuiilisiunis
ﬂ%’uﬂqalﬂL"ﬂuﬁfgmﬂsuaqmmxiﬂ%ﬁﬁﬂﬁ%’ﬂ%ﬁ;ﬁﬁshumiﬂ%’uﬂqaLLé”; dmduduauil 2.0
vol% Harlediannsn (T, =203°C, & = 1970, tand = 0.038) ALNSISBLANTSN (P, = 29.53
uC/cmz, E. = 8.75 kv/cm, Ry, = 1.29) warvauURlndladidnnsn (ds; = 646 pC/N) ﬁgjq 1N
Nan1IIRRRsRiuinsiEu ALO, daarpantivenesfinegedodday Tnsianizegn9Ba
audAlndledidnvdn Femadniagldiunmsiiasandmiunmsussgndltidutagndledidnyin
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(Usagsgazidealuenasuuuningay 14)

15. guURladidnnsnuaznavasvalnfinvaawsiiin Sr,, Ba Fe, sNb, ;04 (x = 0.0,

0.1 wag 0.2) MmsaulaeASinaonasuLnal
15.1 UNUI
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'JamﬂmﬂmaLaﬂﬁnsﬂmﬂimummamwmamiﬂiuaam%mumamuiﬂﬁ'} Ny
Uszﬁ;l,wwmmm waziwuiees [1] deiagiilvienladidnvinigeanunsaainslsmaesuuuy 1wy
TGUIENEe [2] wsdin [3] waziauuny [ IﬂsmmmwmmmmwﬂmumumLaﬂaq Faay
wanziugunsellulasdidnvseiind WuiwﬁﬁﬂiﬁwmaﬂuﬁmmwmmmjuLmiﬁﬁ’umﬁﬁuwu
Yan  Alimesiladnydngs  Amsgadonsanudouiin  wazdduussansidsgumgiives
Ansiiladidnninenial GewuiriagluguoenleduuumessondlndiBstou fiflgnslaeiluidu
ABBO, avlimasiiladdnvandian (5, 6] @slaevhludrulsznevves ABB'O, il Fe Tu
1A598519 AB A(FeqsBos)0s (A=Ba, Sr, Ca; B=Nb, Ta, Sb) [5,6] Imswudﬁa@maﬁﬁé’ﬂﬁmmﬁ
Tp3idnv3niimevauesiunudlaasnie  Ferdnetuaudivenssifin  CaCusTisOp, (CCTO)
[7-10] ”Lumim"ifa@ma’wﬁwudﬁL%iwﬁﬂamam%amlasauluiaLum (SrFeosNbos05; SFN) tHudn
Faoniladidl Fe Tulassaduazfuianmessondlndidetou JeaudRladidnninueawsiin SFN
Ieigniianuelne Raevski uazaasz [11] wuidmasiladidnningsis 10°-10" Tuthsanuiuay
YN InIg TnemnAnssuladidnvinlutanladnvinargetasioadestuiunadng
wuuBenan (Schottky barriers) @slumans nsd wui Aunsdnduuuvenanaunsauinluwws,
fingadinsthlnifiuensneiy SoilmAninalswdulssnn  MaxwellWagner suilesann
anuuanssressysusled  seineushaiiinmhliihiuensnety [12-13] wenanduudn
mpsfiladidnviniinevavasiuauivenssifin SFN daiinsfnulumenveanaln Maxwell
Wagner 8neag [1, 11] waviilosnnwsiiin SEN faudiviunaulauinung ﬁqﬁ?umﬁﬂ%’uﬂqa
aUUR SFN Tmensiinanside M’%Ejmsé’qmesﬁmiﬁiﬂaﬁ%ﬁﬁm Fududiaula [1, 1]

TneUnfudresfiniifialadidnninilassadrsuuuimessondlndazaiunsadansizi
FeTRUfRTe I Lzvesuds TaduiBfideddanmadadunsyuiunis (14, 15] uimadinddney
TsoynafineuLazInszELIRYeIoyna naenauliimiaue Jedsnalviautinislui
voauwsfindldlid vennilinsiuddosundinudmiunisduaneiineisuiasenaniue
vosudeiiroutregs dwalifidlddneseninshdasniunsnangs fofudeldldionind
Uszansnimgs Sedinsdannevinaiinunisuealedinduesiindionszuiumaadl Wumaia
lulasin Toawea warlelasineduea [16-18] egrslsfnmuuiniaizmaaiivaniasldned
AUNINGS NutsAesTansssuAeudnegs uenand viensdingRududusunsedeuysd
ogalsfimaluamddefriuanlduandiiuimeiuigriues BIN arunsnwnieslddogumgii
mlagld3tindonasuman [19] Faldinsmenuineinnaeviaiiessufemaiaiues
wansausATIANIIN e TeNde S a0z veuda [19-20]

Fefuluanddell wa SPN fidedne Ba Idgndansizsideisindevasuvar uaslesidn
I¥gnindsunnusiiinunisndsudie B tuarldnsaaeuantineg uonanidsldAnyinaves
Hlndhwosssiindeaudiladidnnsnande

15.2 35N15NAa09
Tusidedlavinnisdansiesiasidn SryBa,FeqsNbosOs; (x = 0.0, 0.1 wag 0.2) Ale
wadawnderasunainunbainisesuigluauisendiuun [19] Tagansaesulaun SrCOs,
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Fe,05, Nb,Os WAz BaCO, anmaniuudiirunalevifigamail 700-900 °C iunan 3 h lny
Snsmsliianudeud 100 °C /h uardasnislianubuii 300 °C /b udsiniutmeiiciy
nsuanledindaruiauaruanas PVA fidaududuiesay 3 Tasvniin waedatusy w
Fumesfigamnil 1300-14500 °C 1fuiian 3 h JUTl 15.1 WaAIUNLUAINNITELATIEVNITB
SBFN wazlwsniinuas SBFN udnsanaeuniseiinignialasmeianisidenuuvesisdiond
uwaznsraaoulassairsganialaglfiniesqanssaididnasouvudeansin wazdmiunig
nsnaevautinsliidulsitamdlwilagldnnitu Seldmnnduiitnifiaesduues
513in wazinfionmnd 600 °C iuan 15 min 9ntuldiaTes LCR fiwasluminsiaaey

8GO,
— 4 Mixad [1:1 by wt %)
Sty Calginations . Mixed ' £ i
= Mixed = 00 - 800 °C - {171 by moltay
Pty | o~ ; % o b NaCl
L] SBFN powders |
NB,D, -
Sin‘ij'lng
1300 - 1450 °C
¢
SBFN ceramics

JUN 15.1 UNAMYBINTEUATIZVRILAZIYSEIN SBFN

15.3 KANSNARDILAZIATIZIHANITNARDS

SUTl 152 wamsguuuunsiiisnuuresidenduomaunalerl SBEN 7 0.0 < x < 0.2
wuimauaaley SBAN fpmauiavsisleunaleifigamgll 800 °C winingamgiiunaled
wssuMeISURNeaauzveuda [14, 21, 22] gUqumiL?:mLuumm%’a%l,aﬂsﬁsuaqL%iwﬁﬂﬁgﬂ
wnnHsTruNsuAalefigamal 800 °C U 15.2 (b) Wuiniegsil x=0.0 uaz 0.1
i¥pnausgrdlassuuuumadeiuuresidiondnsaiudeyaumsgiu ey 01-070-5965
wagnugUiuuMadisnuuresiidionduesiietieil x=02 favesigmeanianUaeuegi 20
~ 28.3°
Tpmewandaeure  gaiaveswuiseuleseusenlen wie BaFe,0, AstiudeyauInggIy
vaneiay 00-020-0132 Swwaiifntueradumsenszuiunsliaudeuriliinadenisiedy
mevesgding dufewwsidin SBFN ﬁ’g’gmﬂﬁmammqqmmﬁ (Qmmﬁmi%uma%ﬁ 1350
°0) friuasiuliiBuuuindevaenmailifisusangungiuealey  wistangumninisdy
wossne (nevhlugamglinsduinesin=1400 °C) [14, 22] Wlevenefiyu 20 ~ 74-77 ° fidly
5U 15.2(0) wuhiiaufievdniiulédail x=00 faduaumnsvessniindidulasiasrienslng
oudn edulsfiny Reaufiafiyniinndeuasnausudeduinumiududy Ba ifindy
awmiloramszuandivmanfinosvedlasehundnvessiininadeuasiledy Ba Tu
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a o 1 g.’/ & 2 o d‘ % 2
FEUUTEUIITN SBFN oy siuvids A tufle Sr i3t = 1.44 A) anunsagnunuiidne Ba (2=
1.61 A fadu Aedesalloosuvaeiiunul A lua1susenauidneid aunsamuialaan
aun1s9 (15.1)

2+

Fasite = (1_X)rSr2+ + XI'ga (15.1)

Tnosaiilovouvosiumis A vosszuulesiiin SBFN fiduinildazuanslugudeuluves
gﬂﬁ 15.2(c) wuivwiseslesoudisiunys A Wiisdudiousuna Ba Wty eseneilesoy
984 Ba Hvu1aunnnan wagUsunsmiiewaaveagsiinaiwiulagldlassasisessinseutn
wuidiadutuidiousunm Ba iiudu fadu nsiBsuUsunsve e waddedusiugiunig
Wasusaslosoudidumus A veaan SBFN Hutes

(a) Sr, Ba Fe, Nb_ O caleined powders (b) §r, Ba Fe, Nb, 0 ceramics

;‘ .-; = k2 _L i I A
E-. x=1,2 ) _w..J'- f|_ n -\_u ;
= £ l=nl ﬁl_ J \
= H " Al
= |lr=mi \ =
= Jh—thL-mﬁ-IWh-u—ﬂ"r—l : ¥ = L0 _ﬂ JI I )

x=0.0 |

weadi | VRS W S W i

0 W 40 M e T 80 0 80

il
o

Unie cell valumse (4"
%
L

th

[ntensity (a.u.)
s

Y,
Ll ey T
| Hm
74 75 % b
20 (degree)

U 15.2 (a) gUluy XRD 40984 SBFN, (b) JULUU XRD vaatws1dn SBFN (" * " Land
BaFe,0y), Uag (0) JUWUU XRD 71 20 ~74-77° (Uslu: uansUSunasvesmiieiad
wazAndgvesseilosauvaiumie A WsuduUsunaanudud)

a1 1%

818MENA0I9aNIIAUBLANATOULUY
d89n51A (SEM) NUIMRIMTNYe9s1dnNanunAaudafasdanwuskuy wazn1siiy Ba ashulu

JUT 15.3 uananmangiintnvedwsiin SBFN

a

w5730 SBFN vilslugudamunnnsy 91nnsfulnAedsruInTeunsuseiansAndady
(linear intercept method) HUINVWIANTUANAIAIN ~10.12 um FMSURI0E137 x = 0.0 wide
YUIALNTY ~5.3¢ pm dmSUF08197 x = 0.2 nsdudaunanisiaveansuenaidiosnnain
AATERTIAR M8InTinSAY sauait s gnuMuAidne Ba FamuiesonfiAntuianunsa
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Josdunisiadeulmvesveuinsulutivuzinwazidunairliauinsesnsuanas [23]
wenninisunguesignaulanuasuenvrzdadunavainisindeuiivesveuinsuluamy
AT FInlAaNNareIN1TANaITaRNTUN X=0.2

gﬂﬁ 15.3 nweng SEM w84 Lo51din SBFN Taefl (a) x=0.0 uag (b) x=0.20.

Aasiiladianmsn (g,) wazAINTELden9ALToU (tand) Lﬁauﬁ’uammﬁuaummﬁ
LLammsUw 15.4 wmwmmwlmaLaﬂmﬂummeuLuaammmwmuuavmwﬂamwammum
wavﬂ,muﬂmaﬂumamﬂiwmmaqmmwauq feuan [18, 22, 24, 25] Imammnmmmmm
ApsilaBLEnnIn AT uANLEDE sty mmflquaqwmaqssnmwl@aLaﬂmﬂ%amaqLLaz

doulullogaumgiasduimiudiiintu Snviuesdndumansrinsfiladianvingawuuneiiile

gaunfigedu N1A11udae luaudnuingsiding x=0.1  wuindarladidnniniuszuia

5 a A =t A yd’JQ ! ! a a a
g ~ 1.98x10° Migaumadl 298 °C uazaud 1 kHz Jspriladfinnsaninduensiiladdnin
asdmusfinlaseurileddnvdndefisuivnuideiuun sgelsinueiniladdnin
oA % A o 9 a o o Y  ad aas 4 a
ueiigannmededisuiuwsinfiwseuiieisuiiseanusveuds (g, ~ 10 10391U3

AU [11,14] dmSuwsind x= 0.2 invesarnladidnnsniaA1i1ning x=0.1 (e,~1.90x10

=D D

[

o @

figaumndl 293 °C wagfimud 1 kHz) Feo19vziiosninmavesigaaiiliviavsinulues
fin MnuatilfaziiiuindnuazvesdniiladidnninveaesiinadeiudnuusvesTanmils
Sidn-vidnuuuriuame [26] eflazaniaaeumnuidumilsdidnvinuuuriounany Fsldvinnng
Smouwllsdidnvindawmeita P-£ lneimanudaiidangumnives suanduguiideulusud
15.4 wuingsdnliuanaginssundumslsdidnnsn (non-ferroelectirc) fatfumginssulnd
dnviinveawsfiniidnwldlafingAnssunuukeunans usdieselutesenalndu suil 15.4 1¢
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wansANIsagdeveauseuladianin (tand) Wisuivaamgiuasainudveussiin SBFN
WuIlAIweIR tand uansliiiuindidnwaeinssarenuanud naaIndnisiuan tand fian
anavegalifuddydmiuesling x= 0.1 FailAreguszun 0.27 Nguniiviotuas 3.80 9

PR

oaumMgiinfingaan (,) A A 1 kHz faans197t 15.1 [11, 14, 27-33] B3A tand ﬁié’ﬁfﬁ@h@ﬁ"md’]
muié’]’aﬁé{’qmﬁvm%ma SFN ¢edsujAsenvesuda mumﬂivmm 0.1-1.0 waw ~10 _10% 7
guvniivesuarguugififingean auddu [11, 14, 27, 28] Afid1ves tand Sudumay
wslindimssnuealatiiaznsindusesiigamgidideieuiunuidsdug msznszuiums
mfeuildiigumpdmisilimnududuresiossuuin viedosinseandiauluissiinddis
LLaz%qﬁamﬁaé’uﬁuﬁ‘ﬁ’quaﬂﬁmmwué’w’?ﬁﬁﬂﬁlﬁﬂwqamiuﬁa@awaqm tand
Tneihlunginssuvaaesifiniiidasiladidnniniigeannsneduislddenalnues
Maxwell-Wagner \flasnrnisifinduinaminsunliihiiuanseiu Ssnnsesadeuannuduly
taunsoldmaiianisssgndldaunafunoundndduiuaud Suvaiaildgnihuliiiie
ATIAABUAN URUETLANIINNAYOUNTY VOULNTY LLazﬁﬁgﬂV\Iﬁ'}ﬁW%’UL%iﬂﬁﬂﬁﬁmmﬁlm%lﬁﬂm%ﬂqq
Felunanensdifunginssumisliihvosesdnfifanngmnainingy veuinsu uaztald
annsansvaeulilagliieasedisiedeusenoumeanunasruuiuvesnIufunIuLaL Al

< v a v = 14 I a
ANuAulsey lneldieaslunisiiniudeya Feusznausmieaiulasauisaesuielalagnis
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1 kHz
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Vil i
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x=01
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ILIEY ]
Al ki
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x=0.0
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- 10 kiix

Tk ke
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WapANIINAI Z*
JUN 15.4 uansaudRladianniniieuiuiladuivesamaiivasanudidmiuesniin SBFN

(3Utslunans P-E 29iudawmesda veawsndin SBFN)

A15799 15.1 auTdladidnnsnvaawsidin SBEN waznsilseuieuiuauidedund Fe undn
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& (1kHz) tan &( 1 kHz)
Materials Rel

RT T RT Tm
5y 0Bag o FeNb)y 504 140 10* 180 10° 040 192 Il
SrosBan i(FeNb)osOs 320 10* 198 10° 027 380 Il
StosBana(FeNb) 04 249 10* 190 x 10° 055 5.28 Il
St(FeNb)q 50;-based ~10%-10° ~10°-10° ~01-10 <1010 [11,142728)
Ba(FeNb)s0; ~10%-10° ~10%-10° ~10-60 ~1.0-40 [20-30)
Ca(FeNb)os0-based -10* 10 -03 - 1]
Ba(FeTa)ys0y -8x10* >8 % 10° <10~" >107" 1
Ba|(Feoohlo. JosTaas|0s -10* -10° ~050 ~5.00 131
BaTiga(Nig sWas)a 104 ~175x 10* 180 x 10* -025 -0.30 132]
BaTig 4 Feq sNby s )o.s04 -8x10* ~3x 10 -40 >800 3]

“Data for this work, T, temperature at peak of dielectric constant vs, temperature curve,

s [(a) v x=00 |k & x=01 |ggpp’
9x10 : gl (L) =01 foxto
& W : - HIT
- | ) HE Ry — 4=
E(-.xllil' ?— i e 6x110) E
S | F4 75 =l
e [ gali/ N Fanln' N
' - A A
I/ : o e
0 : _ 0
gx10* 1(€) £ x=02 |(d) il ox 10"
- 3 C ] —em00 ] [
= 6’ i = |Fe haoe 7 oxl0’ £
g hxlil - : s -, LY rbx =
E 1 43 e K ..i-e.',fa.'.fq.'.-a.'u"-“,-f‘f T -.g
= _,; v o) %]
™ ax1i’ & B, P10’
r: ! == x =
| & - x=ILl
0l 2 |CLem) A x=1 0
0 E3 [N S [ S T £33 [ 1 [ N T

Z{inem) Z{fem)

= 6

U7 15.5. (a—c) uanneuimandduiiunudanaiuvesesniin SBFN Nigaumgll -40 °C uaz 30

°C way (d) meumANgduRLAUgaLUnaSuA 200 °C

JU# 15.5 Aansmimaend Z* dwmiuesndin SBFN dailgumniiiuansdiaiy dmsu

157307 x= 0.0 Nigaungiien -40 °C uazgamninanas (30 °C) azwiuindnvaznsmuandlda 2
TAsaudauazaudge wagh x=0.1, 0.2 invdruldsfinudaiasaietuiy winudiy
Tasdnusnatsnuinans) (aedliiuladasie “<*” Tugundeulugun 15.5 () Tugiennud
na1ee) dnsdeuriuivdiulasanude (Fagudiulaaigamgil 30 °C) dulaanaudgs nang
wayAaUIsaaILSAUINTY Younsu waztaliih [13] deuesfiniviulsliuwanslmiuing

¥ oa X oo ¥ o d o o o &
HavRIRENAn YU UABNAYUNTY YauULNTU wazdliin diungamgiage (Augu 200 °0) 7
x=0.0 nudmlAufesagun 15.5(d) luvaewsinidnisiu Ba sznudiulAsasslas wasiite
< 4 v oada £ & = ! [ o v K% < =
unnstududeiiintuilalsegiinisnsisdeuaiamnuaiunadus gae [34-36] udduduisesen
= vo A Y o v Y A A o w a4 A do
Mzlasuilosanlasviudeuiuuag/mielindiavenseilenin

lun1sasvaeuivedududl Z* Miavululaviniswasn Z° du M Weuiuaunes

(%
o Y

wanslugun 15.6 dmsuiesndind x= 0.0 wuianudiuazaudasfingnastodanalaagng

Faauigamgiiwazgs muaiu dnsuiiananuaiouluilisanudgalukaz gumngiiuiy
W38N7 x=0.1 uag 0.2 laens1uil Z° fu M azusingiiafimnudauazen agdlsinu wuind
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1ﬁéLﬁ®%u1uﬁtj'Nﬂ’J’mﬁﬂa’Nﬂ finaonnsmves M’ ﬁaﬁ?u%agamﬂ M atduayudeyaiin z* o
wazALAUUsEdmSUINTY youinsuuaztalniludu ~ pF.cm”, ~0.1-10 nF em”, uag ~1-100
nF-cm’ aadey [12, 36] msmﬁhﬁuﬁuﬂizqmﬂ M leanaunis M = €,/(20), o g, A
anmeouduing Lagdasiniu 8.854 x 10 F cm wag C Ao fuAuuszquesiind x=0.0 &
AUsEI 5.6 pF cm | afigaungd -0 °C Yafinrud 5 MHz BsfinfiAntuduiusiunanes
iU wazden C=17.6 F cm’' (lgaumindl 200 °C Sndtaanudl 200 Hz) duiudfunavesdaluil
dusulsfindl x = 0.1 A1 C 91 5.7 kHz waz 30 °C (15slna) fawiifu 1.9 nF cm” daduna
YDIVBULNTY UaTTAT 420 Hz wag 200 °C wuiilddn C windu 11 nF cm™ Wunavesialniiy
dulwsiindl x=0.2 A1 C Wiy 5.0 pF cm 30l 1.5 MHz figauvgdl -40 °C Faifuanain
15U wAETl 30 °C ANAT 4 kHz ud C Flutasluadidwviniu 1.6 nF cm” Wesannuaves
youlnsU 0e19l5AnAeIEndl x=0.2 A1 C ~ 13 nF cm 91 436 Hz uazgagil 200 °C 3
msardusiusiunavesialiih fadudaliihdnasdewsifintmun

E
L
g
N ! . sl T o= 30T s 200 °C
- x=1
E
=
=]
my
E
[
g
N el - 30 3
w ow o w ow ow ow ow o w ow
S{Hz) JiHz)

5UN 15.6 n515e7ing Z7 uag M7 iguiuaudvesesniin SBFN

A15197 15.2 LaAINANIUNTEAUYDLNTY Yaulnsu wastiliidmsuuiaesniin (sauesidn
SBFN)

Activation energy (eV)

Materials Note Ref.
Bulk Grain boundary Hectrode

Sr(FeqgNbg )0y 021 - 070 Ceramics This work
SrosBag 1 (FeasNbg 5 )0y 019 - 081 Ceramics This work
SrasBao 2(FeosNbos)0s 020 - 0.80 Ceramics This work
(Lag,4Bag 4Cagz)(Mng,4Tig s )05 ~-0.20 022 - Ceramics [36]
CeAlD, 022 052 - Ceramics [37]
CaCu,Tiy0y; ~0.1 06-0.7 - Ceramics [38]
SrTidy 083 - 1.32 Single crystal [39)
Ba(Fe, _ ,Ga,)asNbasOs 0.16-0.19 066-0.73 091 Ceramics |40

(x = 0.0-04)

(1 — x)SAN-xBT (x = 0.0-05) 0.18-022 064-07 0.85 Ceramics [41]
BaTiaz(FeasNbos)as Os 025 033 - Ceramics [42]
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devimsdaumdsunszdureanisilaliiuuudieg Taswainasnasnsening
In(1/R) fu 1/T Bawdsanunszduvesiathannsamananutuvesnsminasnld amsany
nszdurednsy veuinsukartaliiuanslilumsed 15.2 waginsiusuifisudmaaany
nseAuldiuauAdedu [36-02] wasnunseduvesnsudmiuesind x=0.0, 0.1 uag 0.2 T
WinAu 0.21, 0.19, 0.20 eV f1Ua1nAu f-ﬂ'ﬂﬁlé’ﬁmaﬁ’uwé’wmﬂssﬁmmﬁaﬁwmmiuﬁﬁms
F10IUNTILATEEIEN SEN firiuan SeeSurslumenvessdniiesain Fe ' /Fe’ Tunandiv
[1, 43] Wé’qmuﬂizéjwaq&”Jﬁwﬁlﬁmmﬂ%’ﬂw%ﬁmwhﬁ"u 0.81 uax 0.80 eV dusuLwsiingi
x=0.1 uaz 0.2 auadu Adiladlnddssfunisfunuainauiiiium wavldtinumenensly
msa%mawé’wumzﬁuﬁlﬂumamﬂmsﬂwawauLﬂsu wioghalsamuduniseinfiasnudia
Tutanuiinansy wszdnuagldsnisveansmdmiuening x= 0.0 Fefundsunsedu
funadldaniinfinnuisiawintu 0.70 eV Admsozidunaitinanda i

Tuauided 18anwiUszianvesialniiiinaderiniiladidnvsnvoaesiiin Tnew
FAlnlddifunes (Aw)  Yruedeuiiianinenssifind x=0.1  #rewmadanisatamed
(sputtering technique) %agﬂﬁ 15.7 azuaniaafibadidnninifloutuainudlneuivuiiey
Ussinmestalulfinsswinmestudu wuifigungiiviesusingdunsmidufisuausedy 4
iwmammw%amﬁqq NANILATAN ADHAYDILNTY TOULNTY WAL lWTN audndu [12] 7
gaumgiiae (200 °0) 1w5indl x=0.1 LAPINATBIVIIAL LLGiNﬁ‘U@Q%@lWWWéJuLﬁﬁ]ﬂmﬁﬂﬂﬂ'}‘igﬂ
nszdueuiou TeasiladidnyEnifisunrudinudagannlutasauin (fasui 15.7(0)
Avililiiuind i dunes aslidasiiladidnniniigenindalaifiduitu Tasawzd
AEM et lifiuinssinnesinlwiindinansenudemnsiladidnvsnvosesiinidnui
Falgtinsiauedileidumsvhauvesialany (@2lil) ansadenloeiu Schottky barrier
[35, 44] uaﬂmﬂﬁwaﬁum%ﬂvmﬁé’fﬂé’%’uﬂWiLauadﬂﬁuagﬁ’uﬁﬁwawaénlfziu ANYULTOUAD
V09740 Founngosiumi nIgAduBaNBIIU ms‘UuL"ﬁauLLazmsm%méf’;a*&m[40, a5, 46] G
Tnswieuasiarnsdweslunseuiunswienas Wy gamginiswsaaletuasn1sHdy
wes ervvzdusnsunils vldunasedalniihfunssuiunisiiwandrsiudanuimmnsfimesly
nsvuIuNanagltansUuidouardounndesituinvesansiunneiy yonantundaudives
INU YoulnIU Jedunusiunalnn1sinves Maxwell-Wagner Fafinaunanduneunisnsousy
iHosnnnszuaunsdaanzsiniedsanssariilildnanuazlassaiiamaganiadineiu (Fasu
INTU VUIALNTU LAZAUNUITBIVOULNTU [1]) Snwardduiusfumnudunusasduiy
UszqueainTu YouinTuLazRareIn1sinAaiiladidnnin Fardy Anailadidnvidniigediniy
w5 infidned (Reufunudidiuem) enesidunavesnsyuiunisnisy Ssnuildinedande
vieuwian dvsunsainavesinlnii Li uavaa [35] Tds1oa1unaiiwavestalwiinanunsany
Tuws7iin CCTO Fandeusiones wildwuluwsifinfindeusdie In-Ga MiLiesnain InGa &
flaturnnsyiauidnindlowssuiiouiunesds) dwiulucmuidel Arrsiiladidnnsnd
uanensdmduia i ilu ves wer Qu omavidosnanileidunisvinauiiuandsfuui
135, 47] aghalsfinnu wedadwmsunsiadoutaliiiufie nsmdsnnGuwazswiinudou
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600 °C 1Wual 15 min dmsutnlndtunaznisvidrlwinndunes envazdalidiusinline
muLaNEelunIsInAasnlaslannsnlamie [35]

0.0

2 ax10"
(a) at RT Ag pustcs
1 1u| 1 Z"||hl|:|'l:|"tll A
o
1.6x10"
i’
W "
A=
£.0u10° |~ P,
/ TS 1/u;/|u' 1t 10t
f--"—'——Lﬂ;.j#

w 1w w wt e
f(Hz)

2. 4ui0®

fh:l at 2T s A pastid

= Bpabhered A

0.0

10° 10 10
JHz)

i0

Ul 15.7 n3minansrasiladidnvinifisuiuna e (a) gamgiivies uaz (b) 200 °C
dmsuiesdnfiddalnih dunnsaiy

15. d3una

uideivhnsduaseinsansoudeuleseululewun Sr,.Ba,FeysNbsOs: (x = 0.0,
0.1 uaz 0.2) sewadandonasumar nuigaauignsiigamgiinisuaaleti 800 °C Fasn
niBUARSeanuzveaudsagic 400 °C dnsillduvinsdatuguasindume fluesidn
SBFN Tnssadneigniaveswiindusesinsendn wninfomauanidiasiladidnniniigs &
AUsEam ~1.98x10° Tigaumgdl 298 °C A 1 kHz drfudalafinfifudu Tasiane x =
0.1 wansAfigeunn WeolSeuiisuieandin SFN Mwdoudeisuiisenaniurveauds ngfnssu
vousiinildamnsaasuglumenvasnaln Maxwell-Wagner suiiloananlusifinfiusion
MsfuAnenaiy WmfﬂmsmauauawaqégfﬂwﬁwzmauauaqmummﬁﬁﬂLLazﬁﬁmqmmﬁqq
uenantuussamvestalaiillivindaduf Dunademasiiladidnyinueassiinge
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In the present work, effects of annealing time on strain behavior, densification, and microstructure
of 2 wt. % B,03 doped Ba(Zr( 7Tig.03)O3 ceramics were investigated. The ceramics were initially
sintered at 1150 to 1275 °C for 2 h. After sintering, the densest ceramics (1250 °C ceramics) were
selected for annealing at 1000°C for 4-16h. An increase in strain level and piezoelectric
coefficient was observed after some annealing. High bipolar strain level of 0.48% and high
piezoelectric coefficients (d"33) of 603 pm/V were obtained for the 8 h samples. Longer annealing
times (>8h) resulted in reduction of the strain level and piezoelectric value. The change in
piezoelectric properties was correlated with the densification and microstructure of the studied

samples. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812227]

INTRODUCTION

Recently, much attention has been given to lead free pie-
zoceramics due to environmental concerns about the toxicity
of Pb in normal lead-based piezoelectric materials.'™
Barium zirconate titanate (Ba(Ti;.Zr,)O3, BZTs) is one
such ferroelectric material which has received considerable
attention due to its interesting electrical properties and the
lack of lead pollution during processing.”’ This material can
be produced by the substitution of Zr ions at the Ti site (B
site) of BaTiO; lattices. High dielectric tunability has been
reported for some compositions of these BZTs.® In addition,
high strain and good piezoelectric properties have also been
reported.’

However, it is difficult to obtain BZTs ceramics with
electrical properties comparable to those found in lead-based
ceramics. Thus, various approaches have been applied to
improve the electrical properties of BZTs ceramics.®”"
Some research has demonstrated that the piezoelectric prop-
erties of BZT ceramics could be improved by adding
B,0;." Recently, it has also been reported that the electrical
properties of many complex ferroelectric materials were
improved by the method of post-sintered annealing.""'? It is
expected that this method should also result in positive
effects on the electrical performance of BZT based ceramics.
Therefore in the present work, we applied this method to
improve the piezoelectric properties of B,0; doped
Ba(Zr ¢7Tip93)O3 (abbreviated as BZT07) ceramics.

EXPERIMENTAL

The BZTO7 based ceramics were prepared using the
conventional mixed-oxide method. Metal oxide powders of
BaCO; (purity > 99.0%, Sigma Aldrich company Ltd.,
Germany), ZrO, (purity > 99.0%, Riedel-de Haén, United

YAuthor to whom correspondence should be addressed. Electronic mail:
rujijanagul@yahoo.com

0021-8979/2013/114(2)/027018/4/$30.00

114, 027018-1

Kingdom), and TiO, (purity > 99.0%, Riedel-de Haeén,
United Kingdom) were used as starting materials. The metal
oxide powders were weighed based on the stoichiometric
formula of Ba(Zrg 07Tig.03)O3 and then ball-milled in alcohol
and zirconia milling media for 24 h. The obtained powder
was calcined at 1200 °C for 2 h. To reduce the sintering tem-
perature and help improve some of the electrical properties,
2wt. % of B,O3 (=299.0%, Sigma Aldrich company Ltd.,
Germany) was added and mixed with a 3 wt. % polyvinyl
alcohol binder (MW 31000, Sigma Aldrich company Ltd.,
Germany) by the ball milling method for 24h in ethanol.
The resulting powder was then pressed into disc-shape pel-
lets with 10 mm in diameter. The green pellets were sintered
at temperatures ranging from 1150 to 1275°C for 2h. Bulk
density of the sintered samples was determined using the
Archimedes method. It was found that the 1250 °C samples
showed the maximum value of density. Therefore, the
1250 °C samples were selected for annealing at 1000 °C with
annealing times of 4-16h. Phase formation of the sintered
ceramics was investigated by the x-ray diffraction (XRD)
technique. The bulk density of the annealed samples was
also determined. Microstructure of the samples was deter-
mined under a scanning electron microscope (SEM). For the
electrical investigation, silver paste was painted on both
sides of the samples. The samples with silver paste were
then fired at 650°C for 15min. The strain versus applied
electric field (0-80kV/cm) was determined using an optical
displacement sensor.

RESULT AND DISCUSSION

Fig. 1 illustrates the unipolar strain (S) versus electric
field (E) of the samples for various annealing times. All of
the samples showed a non-linear behavior in the S-E curve
and annealing time had a significant effect on the S-E curve
characteristics. For the as-sintered ceramics, the unipolar
value S was determined to be 0.21%. This value is close to

© 2013 AIP Publishing LLC
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FIG. 1. Unipolar strain curves of the B,O3; doped BZT07 ceramics annealed
for various annealing times.

the value reported for Ba(Zro 03Tl 92)03.> After annealing,
the value of the unipolar S increased to 0.47% for the 8h
annealed samples and then decreased to 0.34% for the 16 h
annealed samples. It should be noted that the maximum
unipolar strain value in this work (for the 8 h samples) is
much higher than those of hard PZT samples (S ~ 0.1% at
40 kV/cm).13 In addition, no induced phase transition was
detected in the samples under the applied electric fields.

The bipolar strain behavior of the B,O; doped
Ba(Zrg 0gTip92)O3 ceramics annealed for various times is
displayed in Fig. 2. All bipolar strain curves exhibited a
butterfly-shaped loop which indicates an electrostrictive
behavior. The field-induced strain in Fig. 2 had similar val-
ues as found for the unipolar electric field in Fig. 1. The
value of the bipolar strain at 80kV/cm increased with
increasing annealing time up to 8 h then decreased with lon-
ger annealing times (Fig. 3). The maximum bipolar strain of
0.48% was observed for the 8h samples. The maximum
strain values obtained from the unipolar and bipolar strain
curves in this work are considered to be high values for lead-
free piezoceramics.'*'

The piezoelectric coefficient (d"s3) versus annealing
time is also shown in Fig. 3. The value of d" 53 was calculated
from the bipolar strain curve at the maximum applied
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FIG. 2. Bipolar strain curves of the B,O3 doped BZT07 ceramics annealed
for various durations.
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FIG. 3. The bipolar strain value and piezoelectric coefficient (d"53) versus
annealing time of the B,O5; doped BZT07 ceramics.

electric field (80 kV/cm). The values of d*;; increased from
271 pm/V for the as sintered samples to 603 pm/V for the 8 h
samples then decreased to 462 pm/V for the 16h samples.
This result suggests that there was a significant improvement
in the piezoelectric coefficient of the ceramics after anneal-
ing. Although the maximum value of d*;; in the present
work is slightly lower than that reported by Hussain ez al.'?
for the Bio,5(Nao_78K0,22)0,5Tio,97Zr0,03O3 ceramics (614 pm/V),
the value is quite high for lead-free ceramics.

Improvements in the piezoelectric properties of modified
ceramics have been correlated with many factors, including
densification, chemical composition, secondary phases, and
microstructure of the ceramics. In this work, the density as a
function of annealing time for the B,O; doped BZTO07
ceramics was determined and is shown in Fig. 4. The density
was found to improve after annealing. The density increased
from 5.720 g/cm? for the as-sintered samples to 5.760 g/cm?
for the 8 h samples then decreased to 5.751 g/cm? for the 16 h
samples. These results suggest that sintering was nearly com-
plete when samples were sintered at 1250 °C for 2h and the
annealing at 1000 °C for 8 h allowed the sintering process to
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FIG. 4. Variation of density and grain size as a function of annealing time of
the B,O5 doped BZT07 ceramics.
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continue until the process was completely finished.'®
Therefore, the optimum properties observed for the 8 h sam-
ples are due to the improvement in densification.

The phase evolution of the as-sintered and annealed
samples was investigated using XRD technique. The results
are illustrated in Fig. 5(a). No XRD peak of B,O5 or any
other raw material was observed in the XRD results. All pat-
terns were similar and showed perovskite diffraction peaks.
Although there are conflicting reports for the crystal data of
the BZTs ceramics,'’'” our XRD data (collected by Rigaku
MiNi Flex II with Cu-Ko radiation) match with The
International Centre for Diffraction Data (ICDD) file no. 01-
081-2198 and the symmetry of the samples was identified as
orthorhombic. Therefore, the main XRD peaks were indexed
and lattice parameters were calculated based on these data.
The lattice parameters slightly increased from a=4.0032,
b=4.0257, and ¢=4.0285A for the as sintered samples
to a=4.0063, b=4.0281, and ¢c=4.0312A for the 16h
annealed samples. The slight increase in lattice parameters
suggests that the unit cell of the samples slightly increased
with annealing time. This may be due to some boron ions
have entered into the interstitial site of the lattices since bo-
ron ion has a very small ions size (0.23 A)‘zo However, fur-
ther work is required to confirm the reasons for this. In the
case of the 12h and 16h annealed samples, peaks of a sec-
ond phase were observed (such as at 20 ~ 28.63°, see Fig.
5(b)). This second phase was identified as Ba,ZrQ,, accord-
ing to ICDD file no. 01-077-0944. The formation of this sec-
ond phase suggests that annealing caused a decomposition of
the BZT at longer annealing times.

The microstructures of the samples were also investi-
gated. SEM micrographs of selected samples (8 and 16h
samples) are displayed in Figs. 6(a) and 6(c). The average
grain size values of the samples, as calculated using the
intercept method, increased from 19 um for the as sintered

samples to 26 um for the 16 h annealed samples (Fig. 4). The
grain size range in this work is consistent with a previous
study.?! The increase in grain size with annealing time
suggested that grain size may be a factor that affects the
change in piezoelectric properties.”>** It should be noted
that an anomaly microstructure was observed for the longer
annealed samples (12-16 h samples, see Fig. 6(c)) which the
as-sintered samples did not have. This result is consistent
with the XRD data.

To characterize the microstructure in more detail, a
chemical analysis by energy-dispersive X-ray spectroscopy
analysis (EDS) was conducted on selected grains. The corre-
sponding EDS results for the 8 h and 16 h annealed samples
are shown in Figs. 6(b) and 6(d). In the case of the 8 h sam-
ples, the EDS analysis indicated that the grain boundary con-
tained slightly higher Zr and Ba concentrations (compared
with the bulk grain region), while slightly lower Ti concen-
trations were observed. This behavior was also found for the
as sintered samples (not shown here). For the 16 h samples,
an increase in Zr and Ba concentrations at the grain bound-
ary was clearly observed. Furthermore, in the bulk grain
region, the Ti concentration clearly changed as compared
with the 8 h samples (see also Fig. 6(b)). The change in the
concentrations may be due to a diffusion process which
occurred during annealing. This may have caused the forma-
tion of the second phase and a chemical heterogeneity within
the samples after annealing.

Based on the experimental data, the change in piezoelec-
tric properties in the present work could be explained in
terms of the densification and the change in microstructure.
Higher densities should result in higher strain levels and pie-
zoelectric coefficients. Furthermore, the grain size may also
affect the strain behavior of the samples. However, the for-
mation of secondary phases can cause deterioration of these
properties.
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FIG. 6. (a) and (c) SEM micrographs
of the surface of the B,O; doped
BZT07 ceramics annealed at 8 and
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CONCLUSIONS 7. Yu, C. Ang, R. Guo, and A. S. Bhalla, J. Appl. Phys. 92, 1489 (2002).

In this work, we demonstrated that annealing time has a
significant effect on the properties of B,O; doped BZT07
ceramics where some annealing resulted in an improvement
of piezoelectric properties. The optimum annealing time for
the observed improvement was 8 h. A secondary phase struc-
ture was clearly observed for longer annealing times. The
changes in the piezoelectric properties were considerable
due to the changes in density and the microstructure after the
annealing process.
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In this work, (1-x)SrFe,,Nb;,0s-xBaZn;;Ta,505 ((1-x)SFN-xBZT) ceramics with 0.02 <x <0.11 were syn-
thesized via a solid state reaction method. A phase formation analysis using the x-ray diffraction technique
(XRD) showed that the ceramic samples exhibited a pure phase perovskite for x < 0.10 compositions, indicating
that the solubility limit of BZT in SFN is very low. Adding BZT enhanced the dielectric constant and reduced
the dielectric loss. Very high dielectric constants (>40,000) were observed for the x =0.10 samples. The dielec-
tric property investigation also revealed that all samples exhibited dielectric relaxor behavior.

Keywords: SrFe;xNb,;»0;, giant dielectric, dielectric relaxation, ceramics

1. INTRODUCTION

The high dielectric constants found in the A(FeysBys)Os
(A =Ba, Srand B = Sb, Nb, Ta) system have been extensively
investigated and reported on.? SrFe, sNby 505 (SFN) is one
such material that exhibits a high dielectric constant (& =
1,000 - 10,000) over a wide temperature range.” This material
has a perovskite structure and shows a relaxor-like behavior.
Further, SEN also presents a diffused-phase transition behavior
characterized by dielectric-temperature measurement. The
magnetic characteristics of these SFNs were investigated by
Tezuka et al™ Although SFN shows a high dielectric constant,
its dielectric loss is also high, compared to that of many other
dielectric materials such as barium zirconium titanate.” This
makes these ceramics unsuitable for wide use in electronic
applications. Therefore, research to improve the dielectric
loss performance for SFN ceramics is still important. Many
authors have studied the dielectric loss behaviors of modified
SFNs. The solid solution between SFN and other materials
has been fabricated and its properties have been reported
on."* Recently, a family of complex perovskite structures in
the A(B15B253)0; system has been investigated by several
authors.”™"” Among these materials, Ba(Zn,sTa,3)O; (BZT)
ceramics are interesting materials due to the fact that they
exhibit low dielectric loss.""'? To our knowledge, no solid
solution of SFN-BZT has yet been fabricated. In the present
work, we therefore report for the first time on the results of
our investigation into the properties of SEN-BZT ceramics.
It is expected that the dielectric behavior of the SEN-BZT
system may be better than that of pure SFNG.
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2. EXPERIMENTAL PROCEDURE

The starting metal oxide powders were weighed based on
the basic formula of (1-x)Sr(Fe;2Nb;2)Os - xBa(Zn, 53 Tax3)0s;
((1-x) SEN-xBZT), where x varies from 0.02 to 0.11. The
starting powders were mixed in ethanol for 24 h using
zirconium balls as a grinding media. After drying, the mixed
powder was then calcined at 1100°C for 3 h. The calcined
powder was then mixed with a polyvinyl alcohol binder and
ball milled for 24 h. The obtained powders were pressed into
a disc-shape and then the resulting green pellets were
sintered at various temperatures ranging from 1350°C to
1500°C for 3 h. The densities of the obtained ceramics were
measured using the Archimedes’ method. Phase formation
was investigated using the x-ray diffraction (XRD) technique.
For the electrical test, the resulting ceramics were coated
with silver paste electrodes on both sides of the pellets. The
dielectric properties were measured using an impedance
analyzer.

3. RESULTS AND DISCUSSION

The x-ray diffraction (XRD) patterns of the (1-x)SFN -
xBZT calcined powders for 0.02 <x <0.11, are shown in
Fig. 1(a). All calcined powers exhibited a pure perovskite
phase with an orthorhombic symmetry that corresponds to
results in previous work (for pure SFN)."*! After sintering,
there was an impurity phase observed in the x = 0.11 ceramic
samples (as indicated by “*” in Fig. 1(b)). The impurity
peaks were identified as BZT, corresponding to JCPDS file
no. 00-018-0201. The appearance of the BZT phase indicates
that the solubility limit of BZT in SEN is very small. The
formation of the impurity phase (occurred after sintering)
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Fig. 1. XRD patterns of (1-x)SFN-xBZT: (a) calcined powders and
(b) ceramic samples.

which it could not be observed for the calcined powders,
indicates that the processing temperature (sintering temperature)
has an effect on the phase formation of this solid solution.
The formation of a segregated phase may produce a
compositional fluctuation in the solid solution.

The dielectric constant versus frequency at room temperature
for the studied ceramics is illustrated in Fig. 2(a). The
dielectric constants of all samples exhibited frequency
dependence. The samples also showed higher dielectric
constants at lower frequencies. This can be attributed to the
presence of all different types of polarizations, i.e. interfacial,
dipolar, atomic, ionic, and electronic contributions in the
material. However, the dielectric constant of the samples
decreased with increasing frequency since some of the
polarizations mentioned above may have made less of a
contribution.!”"” The dielectric constant increased with
BZT content up to x = 0.10, but then decreased with further
BZT addition (as can be seen in the Fig. 2(c)). Figure 2(b)
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Fig. 2. (a) Dielectric constant, (b) dielectric loss (tan J) as a function
of frequency for (1-x)SFN-xBZT ceramics and (c) dielectric constant
and dielectric loss as a function of BZT concentration at room tem-
perature and at 1 kHz.

also illustrates the dielectric loss versus frequency at room
temperature. The dielectric loss decreased with increasing
BZT concentrations, except for the x > 0.08 samples. The
x = 0.08 ceramic samples had a dielectric loss value of 0.20,
while the SFN ceramics in previous work had a value of
~1.0 (near room temperature).”! Furthermore, each sample
showed a peak at high frequencies, suggesting that the
samples exhibited dielectric relaxation behavior.

The temperature dependence of the dielectric properties
for the SFN-BZT ceramics at 1 kHz is shown in Fig. 3(a).

Electron. Mater. Lett. Vol. 9, No. 4 (2013)
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Fig. 3. (a) Dielectric constant and (b) Dielectric loss as a function of

temperaure for the (1-x)SFN-xBZT ceramics.

Each sample presented an increase in dielectric constant
with temperature. This characteristic is similar to that found
in many reports for giant dielectric materials such as SFN
and BFN ceramics.*'”! The dielectric constants in the
temperature range ~27-120°C increased with increasing
BZT concentration (for all samples). However, the dielectric
constants for the 0.04 <x <0.08 samples (at temperatures >
120°C) were relatively low compared to that of the x=1.0
sample. This result indicates that BZT produced a higher
degree of temperature dielectric stability. It should be noted
that the x = 1.0 sample had higher dielectric constants than
did the other samples (& >41,000). These dielectric constants
are high for giant dielectric materials. However, the x = 0.11
samples showed relatively low dielectric constants (g <
2,900). Normally, BZT ceramics have low dielectric constants.
Therefore, the decrease in dielectric constant for the x =0.11
ceramics may be due to the presence of a BZT segregated
phase, which may be detrimental to the dielectric constant.
Figure 3(b) presents plots of the dielectric loss value versus
temperature at 1 kHz. For the 0.02 <x <0.08 samples, the
dielectric loss values decreased with increasing BZT con-
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Fig. 4. Arrhenius plots of the frequency dependence of tan ¢ maxi-
mum temperature for the (1-x)SFN-xBZT ceramics.

Table 1. Activation energy (E,) of (1-x)SFN-xBZT ceramics.

x 0.02 0.04 0.06 0.08 0.10 0.11
E,(eV) 0212 0230 0224 0233 0201 0.226

centration. However, there is no trend for the dielectric loss
values for the x > 0.08 samples. It should be noted that in the
temperature range of ~77-180°C, the dielectric loss values of
the x = 0.08 samples were less than 0.1, which is lower than
that of the SFN ceramics. In addition, the dielectric loss-
temperature curves at various frequencies for each ceramic
exhibited dielectric relaxation behavior (not shown here).

The activation energy for the relaxation was calculated by
using an Arrhenius relation:

f=fesel 7% 1)
where f, is the pre-exponential term, F,is the activation
energy, and kg is Boltzmann’s constant. The Arrhenius plots
are shown in Fig. 4. Values of E, as calculated using Eq. (1)
were in the range of 0.201 -0.230 eV, as summarized in
Table 1. The slight change of the E, value suggests that BZT
had a small effect on the E, value. However, the obtained
values were close to the value reported by Ke et al. for SFN
(E.=0.23)."

4. CONCLUSIONS

The properties of the (1-x)SFN-xBZT ceramics synthesized
via solid state reaction method were investigated for the first
time. The solubility limit of BZT in SFN was found to be
very low. However, addition of BZT for some concentrations
(0.02 <x <0.08) was found to enhance the dielectric constant
as well as reduce the dielectric loss value. The ceramics also
exhibited a dielectric relaxor behavior. Based on these

Electron. Mater. Lett. Vol. 9, No. 4 (2013)
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results, it would be interesting to form other solid solutions
between BZT and other giant dielectric materials to develop
other high performance dielectric materials.
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The properties of 0.94BNT-0.06BT/xNiO lead-free nanocomposites were investigated. The NiO additive influ-
enced dielectric properties as well as the phase transition behavior of the samples. Dielectric properties under
applied magnetic fields were also measured. After addition of the additive, the loss tangent could be controlled
by an applied magnetic field. Furthermore, the P-E hysteresis loop changed from a normal hysteresis loop for the
unmodified sample to a constricted loop for the x = 0.5 and 1.0 vol. % samples, and then became a lossy capaci-
tor hysteresis loop for the x = 2.0 vol. % sample. These results suggest that NiO nanoparticles have a strong

influence on the properties of the composites.

Keywords: magnetocapacitance, ferroelectric, nanocomposites

1. INTRODUCTION

Due to environmental concerns, many lead free electro-
ceramics have been investigated, such as bismuth sodium
titanate ((BipsNags)TiO;, BNT), barium titanate (BaTiOs,
BT), and potassium bismuth titanate ((Ko.sBios)TiO;, KBT)
based materials."” Among them, BNT is an interesting lead
free piezoelectric material with a perovskite structure. It has
Bi'" and Na' on the A-site of the 4BO; perovskite structure
with a rhombohedral symmetry.”) BNT has recently been
considered to be a promising lead-free piezoelectric material
to replace the widely used lead based materials, due to its
high remnant polarization at room temperature. However,
the large coercive field of BNT ceramics makes them hard to
pole as a result of their weak piezoelectric properties. To
overcome this problem, many BNT-based solid solutions
have been fabricated to improve the properties. Among these
solid solutions, (1-y)BNT-yBaTiO; (BNT-BT) ceramics have
been intensively investigated by many authors after Xu et al.
proposed that their BNT-BT ceramics had a morphotropic
phase boundary (MPB) for 0.06 <y < 0.10, and the y = 0.06
sample exhibited high piezoelectric properties.®

Recently, magnetoelectric (ME) ceramics have attracted
considerable attention for their impact on basic science and
electronic applications. The properties of these MEs are
thought to be induced by the interaction between electrical

*Corresponding author: rujijanagul@yahoo.com
©KIM and Springer

and magnetic dipoles. Unfortunately, single phase materials
which exhibit a large ME at room temperature are very rare.
Therefore, researching large ME materials has been an
interesting topic of research in recent years. Recently,
significant ME values have been found in some multiphase
materials, such as composites of BT/CoFe,O, and lead
zirconate titanate (PZT)/mickel ferrite.”'” However, the
nanocomposites which show the ME effect have not been
widely investigated. Furthermore, many authors have
reported that nanocomposites show other interesting propetties
compared to ordinary composites, such as the enhanced
mechanical properties of PZT/ALO; nanocomposites."! In
the present work, we report on our investigation of a new
nanocomposite of BNT-BT/xNiO. BNT-BT (at a composition
of y = 0.06) ceramics and NiO nanoparticles were used as
the matrix and dispersed phases of the nanocomposites,
respectively.

2. EXPERIMENTAL PROCEDURE

0.94Bi,5Na 5Ti05-0.06BaTiO; powders were prepared
using the conventional solid-state mixed oxide method. The
mixed raw metal oxide powders were calcined at temperatures
ranging from 800°C to 900°C for 2 h. The high purity
perovskite phase obtained using powders at the optimum
calcination temperatures were then combined with NiO (x =
0.5, 1.0 and 2.0 vol. %) nanoparticles (average particles size
less than 100 nm) and sintered at 1100°C for 2 h. Phase
formation was determined using the x-ray diffraction
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technique (XRD). The dielectric properties were determined
at various temperatures and magnetic fields by using an LCR
meter (Model 4276A, Hewlett Packard). The P-E hysteresis
loop was measured at room temperature using a ferroelectric
tester (Radiant Technologies Inc.).

3. RESULTS AND DISCUSSION

The phase formation of the studied samples was determined
using the XRD technique at room temperature. The XRD
patterns in Fig. 1 indicate that all samples exhibited a pure
phase with rhombohedral symmetry. Peaks of secondary
phases, such as Bi;»TiO» and BisTi;O1,, were not observed
in the XRD patterns. This result is consistent with that
reported in previous works."” Furthermore, no peak was
observed for the NiO phase in any of the XRD patterns. This
may be due to the low level of NiO additive which was too
little to be detected at the sensitivity level of the XRD
instrument. In addition, intensities of the XRD peaks decreased,
and their XRD peak widths decreased, with increasing NiO
concentrations. These results indicate that the NiO additive
produced a lower degree of crystallinity. Furthermore,
structural and chemical composition heterogeneity may have
occurred in higher NiO content samples due to the
unintentional reaction between the matrix phase and the
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J A A
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Fig. 1. XRD patterns of BNT-BT/xNiO nanocomposites.
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nanoparticles and/or the partial interdiffusion between BNT-
BT and NiO."*"!

Figure 2 displays plots of the dielectric constant and loss
tangent versus temperature for various NiO concentrations.
All samples showed a weak frequency dispersion of the
dielectric constant. However, the additive produced a higher
dielectric constant-temperature stability, especially for the
0.5 and 1.0 vol. % samples. Two phase transition peaks in
the dielectric curve were observed for the BNT-BT ceramic.
These peaks correspond to the thombohedral to tetragonal
(T+~100°C - 180°C) and tetragonal to cubic (7,~300°C -
340°C) phase transitions. The characteristics of the
permittivity curves for the BNT-BT ceramics agreed well
with the work done by Xu e al®® After addition of the
additive, however, a variation in Ty and 7}, was observed, i.e.
there was no trend observed for these temperatures.
Furthermore, the two phase transition peaks merged into a
single diffuse phase transition at higher NiO contents
(x=2.0 vol. % sample). These behaviors may be due to
heterogeneity of the structures of the composites. Figure 2
also shows the loss tangent as a function of temperature for
various frequencies. The loss tangent tended to decrease
with NiO content for the x < 1.0 samples, but it increased
with further NiO content (x = 2.0 vol. % sample). The
increase in loss tangent for the x = 2.0 vol. % sample implies
that the x = 2.0 vol. % sample had higher electrical
conductivities.

To determine the degree of the diffuse phase transition
after adding the additive, the diffuseness parameter (o)) was
determined, using the following expression:'"

Emad & = exp((T = Tw)1257) (1)

where &...x is a dielectric constant at 7,,. The value of J, was
calculated from a plot of In(&ma/&) versus the (T — Th)™.
Figure 3 illustrates the values of J,as a function of NiO con-
tent. The parameter d, increased from 141 K for the unmodi-
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Fig. 2. Dielectric constant (&) and loss tangent (tan d) as a function of
temperature for the nanocomposites.
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Fig. 3. Diffuseness parameter as a function of NiO content. Inset

shows In(&.max/&) versus (T —
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T,)* of the samples.



C. Kruea-In et al. 835

fied sample to 198 K for the x =2.0 vol. % sample, confirming
that the addition of NiO promoted the diffuse phase transi-
tion in the composites.

Figure 4(a) illustrates the variation of magnetocapacitance
as a function of applied magnetic field at a 1 kHz frequency.
The magnetocapacitance decreased with increasing magnetic
field for all samples. The rate of change in the magneto-
capacitance increased with increasing NiO content, i.e. the
2.0 vol. % sample showed a larger change in dielectric
constant than the 1.0 and 0.5 vol. % samples, respectively.
Figure 4(b) displays the magnetoloss as a function of the
applied magnetic field at 1 kHz. The samples showed a large
change in magnetoloss. The magnetoloss increased with the
applied magnetic field, where a higher NiO content sample
showed a higher rate of change of the magnetoloss value.
This result suggests that the loss tangent can be controlled or
tuned by the applied magnetic fields.

Figure 5 presents the ferroelectric hysteresis loops of the
studied samples. The pure BNT-BT ceramics exhibited a
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Fig. 4. (a) Magnetocapacitance (MC) and (b) magnetoloss (ML) as a
function of applied magnetic field of the samples.
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Fig. 5. Polarization (P) versus electric field (£) of the samples. Insets
show current density (J) versus E.

normal ferroelectric behavior, characterized by a square
shaped hysteresis loop. The ferroelectric behavior in this
work is similar to the work done by Xu et al.® For samples
with higher NiO contents, the hysteresis loop became a slim
and constricted loop. The reason for the presence of the
constricted loop in this work may be due to charged defects
and/or defect complexes which occurred in the samples due
to partial interdiffusion at the interfaces of the BNT-BT and
NiO phases."" These defects may act as pinning points for
the domain rotation which resulted in low polarization
values."*'*'"! Furthermore, it has been suggested that the
formation of complex defects can reduce the coercive field,
compared with the defect-free case."*'* In the case of the x =
2.0 vol. % sample, a lossy capacitor hysteresis loop was
observed, indicating that this sample had a high conductivity.
Plots of current density versus electric field of the samples at
room temperature are illustrated in the insets of Fig. 5. The
current densities at 13.3 kV/cm were 20.1, 2.8, 3.9 and
9.8 mA/cm’ for the 0.0, 0.5, 1.0, and 2.0 vol. % samples,
respectively. The reduction in current density for the 0.5 and
1.0 vol. % samples is consistent with the decrease in loss
tangent at room temperature. However, the 2.0 vol. % sample
exhibited a breakdown at an applied electric field of 13.3 kV/
cm. The electric breakdown confirms that the 2.0 vol. %
sample had high conductivity.

4. CONCLUSIONS

In the present work, lead-free BNT-BT/xNiO nano-
composites were fabricated for the first time. The additive
did have an influence on dielectric behavior. Obvious changes
in ferroelectric properties were observed after adding small
amounts of the additive. The additive also produced a large
change in loss tangent value under an applied magnetic field
suggesting that the loss tangent of this material can be tuned
by the magnetic field. Based on these data, the nanocom-
posites of BNT-BT/xNiO showed many interesting behaviors
as compared with pure BNT-BT ceramics.
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Solid solutions of the (1-x)Ba(Zr0.07Ti0.93)O3-xBa((Nio.s Wo.5)0.1Ti0.9)O5 system with 0.05 < x < 0.2, were fabricated
via a solid-state reaction technique. All samples exhibited a pure phase perovskite structure. The x = 0.05
samples exhibited very high dielectric constants (>60,000) for temperatures over 400°C, while the x=2.0
samples had a higher degree of dielectric constant stability over a wide temperature range. The ceramics
also showed a dielectric relaxor behavior. The frequency dependence of the loss tangent peak was observed
to follow an Arrhenius law where the activation energies increased with increasing Ba((NipsWos)o.iTio0)Os
content. The result suggests that the addition of Ba((NiosWos)o.Tio9)Os has strong effects on the properties

this ceramic system.

Keywords: solid solution, high dielectric, activation energy, lead free ceramics

1. INTRODUCTION

The ABO; based perovskite oxide compounds are an
important class of materials which show a wide variety of
properties including ferroelectric, relaxor, and piezoelectric
features. It should be noted that many modified ABO;
materials also exhibit high dielectric constants, making them
suitable for capacitor devices. For dielectric applications,
giant dielectric constant ceramics with perovskite structure
have been extensively investigated in recent years."” The
complex perovskite system with A(B%sB"s)0; (where
A=Ba, Sr and Ca; B', B"= Fe, Nb, Ta and Sb) show an
abnormally high dielectric response similar to the CaCu;TisO12
(CCTO) system.”” The materials of this system also exhibit
high dielectric values (1,000 - 100,000) over a wide temperature
range with a frequency dependence. Recently, Zhao et al.®
reported that Ba (NigsWos),Ti1.0; (BNWT) ceramics also
presented with a giant dielectric behavior. The dielectric
constant of the BNWT ceramics exhibited a large dielectric
constant (~10,000) over temperatures in the range of 200°C -
450°C. Furthermore, many recent studies have focused on
Ba(Zr, Ti.,)O; based (BZTs) materials due to its high dielectric
constant and piezoelectric properties.”’ The properties of
BZTs are dependent on Zr content which can replace the Ti*"
at the B-site in the 4BO; perovskite structure. The phase
transition temperatures of BZTs ferroelectrics occur for

*Corresponding author: rujijanagul@yahoo.com
©KIM and Springer

rhombohedral to orthorhombic (77), orthorhombic to tetragonal
(T3), and tetragonal to cubic (7.) phase transitions and are
strongly dependent on Zr concentrations.”®! The high dielectric
constant (~14,000) of Ba(Zroo7Tio93)O; (BZT07) ceramics
can be observed at its 7. of ~105°C. The BZT07 ceramics
also show low loss tangent values over a wide range of
temperatures where the low loss tangent values are good for
capacitor applications. Since the Ba(NigsWs)o.1Tio9O5 system
shows giant dielectric constant behavior and the BZT07
exhibits low loss tangent, the solid solution between them
may generate improved dielectric behavior. Furthermore,
these materials have no lead content. Therefore, forming this
solid solution may help to reduce the volatile lead used in the
ceramic processing step of many lead-based giant dielectric
materials, and is an interesting issue for electronic material
research. To our knowledge, a solid solution of BZTs-BNWT
has not yet been fabricated and their properties have not been
reported. These properties have prompted us to synthesis
BZTs-BNWT ceramics and investigate their properties.

2. EXPERIMENTAL PROCEDURE

The stoichiometric (1-X)Ba(Zr0‘07Ti0,93)O3-XBa(Nio_5W0‘5)o,1
Tio40s, (1-x)BZT07-xBNWT with x=0.05, 0.1, and 0.2,
were prepared via a conventional solid state method. High
purity oxide powders of BaCOs, ZrO,, TiO,, NiO, and WO;
were milled and mixed in ethanol with Y,O;-stabilized ZrO-
balls as a grinding media for 24 h. After drying, each batch
was calcined at 1200°C for 2 h to form the (1-x)BZT07-
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xBNWT powders. The calcined powders were then mixed
with polyvinyl alcohol (PVA) for 3 wt. % and formed into
discs by cold uniaxial pressing. The resulting discs were
sintered at 1450°C for 4 h. Phase formation of the ceramics
was investigated using the x-ray diffraction technique (XRD).
The microstructures of the sintered discs were studied using
scanning electron microscopy (SEM) with a Jeol scanning
electron microscope. The dielectric constant and the loss
tangent were measured using an Agilent 4284A LCR meter.

3. RESULTS AND DISCUSSION

The x-ray diffraction (XRD) patterns of the (1-x)BZT07-
xBNWT ceramics for x = 0.05, 0.10, 0.20 are shown in Fig.
1. These results indicate that all of the ceramics exhibited a
pure perovskite structure, i.e. no secondary phase was
observed for any of the samples. The tolerance factor (¢) of
the (1-x)BZTO07-xBNWT solid solutions was calculated
based on the basic equation: 7 = (rs+ ,)//2 (rs+ r,) where
r4, g and 7, represent the ionic radii of cation 4, cation B,
and of the oxygen anion (1.40 A) of the ABO; structure,
respectively. The calculation result of the ¢ value as a
function of BNWT content is illustrated in the inset of Fig. 1.
It was found that the ¢ value slightly increased with increasing
BNWT content and occurred in the range of 1.057 - 1.058.
Generally, the tolerance factor is a necessary parameter for
checking the stability of perovskite phase formation. This
parameter can also help to determine the degree of lattice
distortion in the perovskite structure. Normally, the distorted
perovskite structure is stable when the tolerance factor is
close to 1. Our calculation values suggested that the unit cell
of the (1-x)BZT07-xBNWT system was slightly distorted
after adding BNWT. Furthermore, pure BZT07 (¢ = 1.057)
phases can easily be synthesized by normal processing,
therefore the studied solid solution system can easily be
formed using a conventional solid state reaction.
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Fig. 1. XRD patterns of the (1-x)BZT07-xBNWT ceramics. The
inset shows the value of the tolerance factor as a function of BNWT.
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The sintered surfaces of the BZT07-BNWT ceramics are
shown in Fig. 2. The average grain sizes of the samples were
determined using the linear intercept method, as shown in
Fig. 2(d). The average grain sizes of the samples decreased
from 42.8 ym for the x =0.05 sample to 20.9 gm for the
x=0.2 sample. This result indicates that the addition of
BNWT inhibited grain growth of the ceramics. Furthermore,
a higher BNWT content sample exhibited a higher degree of
non-uniform grain size. This result indicates a higher degree
of heterogeneity in the microstructure for the higher BNWT
content samples.

The dielectric constant and loss tangent values versus
temperature of the (1-x)BZT07-xBNWT ceramics are
displayed in Fig. 3. At room temperature, there is no clear
trend for dielectric constan (&yom) With BNWT content,
where values of &.om Were in the range 7,400 - 5,400.
However, the loss tangent values at room temperature were
0.14, 0.09 and 0.07 for the x= 0.05, 0.10, and 0.20 samples,
respectively. The reason for the reduction in the loss tangent
value of the studied ceramics is uncertain but could be
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Fig. 2. (a-c) Microstructure of the (1-x)BZT07-xBNWT ceramics
and (d) the average grain size as a function of BNWT.
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related to a change in the microstructure since there were
microstructural changes after adding BNWT. Furthermore,
the reduction of the loss tangent could also be related to the
changes in the transport behavior that contributed to a higher
resistance.””’ This may be due to an increase in resistivity at
the grain boundaries.

The dielectric constants of a lower doped sample are
strongly frequency dependent. However, a higher doped
sample showed weaker frequency dependence. It should be
noted that a small amount of BNWT addition (x=0.05)
produced an obvious change in the dielectric-temperature
behavior, i.e. the dielectric-temperature curve looks close to
the pure BNWT rather than pure BZT07, whereas pure
BZT07 ceramics show a clearly two phase transition (as seen
in the inset of Fig. 3). However, the x = 0.05 sample had a
dielectric constant value greater than 60,000 (at 1 kHz) for
temperatures above 400°C, which is higher than that
observed in pure BNWT (&~ 18,000) and BZT (&~ 46,000
at dielectric peak)®® for the same temperature range. The
higher dielectric constants at the high temperatures may be
related with oxygen non-stoichiometry and/ or cation non-
stoichiometry in the samples. However, further investigation
is required to confirm the reasons for this behavior. For the
x =0.20 sample, the dielectric constants exhibited a higher
degree of temperature stability. The change in dielectric
constants (A&/ & room) Were <10%, where &..00m s the dielectric
constants at room temperature (&.room ~6,200), and Ag.=|g —
&room| @t TOOM temperature to 200°C.

The loss tangent as a function of temperature of the
ceramics is also shown in Fig. 3. The sample exhibited a
dielectric relaxor behavior where the loss peak shifted to
higher temperatures with increasing frequency."” The
frequency-dependent behavior of the loss tangent —
temperature curve may be related to the concentration of
charge carriers responsible for relaxation, which is not
constant. It should be noted that the peak loss tangent
increased as the temperature increased. This result indicates
that the concentration of conduction electrons increases with
increasing temperature, and could be caused by thermal
activation.""! In addition, the x=0.1 sample showed lower
loss tangent values less than 0.07 for temperatures 67 -
113°C.

The frequencies at which the loss tangent is maximum,
follow the Arrhenius law as given by:

=
W, = ®yeX (— = 1
0€XP T )]
where @, is the frequency at maximum loss tangent, oy is
the pre-exponential factor, £, is the activation energy for
relaxation and k; is the Boltzmann’s constant. The Arrhenius
plot of In(w,.,) versus 1/T gives the activation energy of the
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relaxation process. The activation energy increased with
BNWT concentration, where the values of E, were 1.15,
1.25 and 1.26 eV for the x=0.05, 0.1 and 0.2 ceramics,
respectively.

4. CONCLUSIONS

Properties of the solid solutions of the (1-x)BZT07-
xBNWT system, with 0.05 < x <0.2, were investigated for
the first time. A pure phase perovskite was observed for all
compositions. All samples showed very high dielectric
constants, whereas the x = 0.05 sample had relatively higher
dielectric constants and the x=0.20 samples exhibited
higher dielectric-temperature stability. The addition of BNWT
in the system also produced a reduction in the loss tangent.
All samples exhibited a dielectric relaxor behavior. The
obtained results indicate that the BZT07-BNWT solid
solutions had a better dielectric performance than either of
the pure BZT07 and BNWT ceramics alone.
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Inthe present work, SrFey sNby 503 (SFN) ceramics doped with calcium were synthesized
via a solid state reaction technique. X-ray diffraction reveals that both the powders and
ceramics have a pure-phase perovskite structure with orthorhombic symmetry. The
dielectric properties and related parameters of the ceramics were investigated. The
result revealed that the ceramics exhibit good dielectric behavior and have a significant
potential for dielectric applications.

Keywords SrFe;sNbysOs; high dielectric; impedance spectroscopy

1. Introduction

Complex perovskite materials with a general formula AB'B”O3 are particularly attrac-
tive for various applications, such as microwave frequency resonators, multilayer capaci-
tors, sensors, detectors, actuators, filters, etc. [1] Among these materials, A(FesBos)O3
(A=Ba, Sr, Ca; B=Nb, Ta, Sb) show high dielectric constants over a wide temperature
range [2, 3], which are similar to those in CaCu3Ti4O;;, [4-11]. Strontium iron niobate
(SrFe( sNby sO3; SFN) is one of the families of complex perovskite A(Fey5Bg 5)O3 materi-
als which shows high dielectric constants of 10°~10* over a wide measured frequency and
temperature range [12]. This material has an orthorhombic crystal symmetry with space
group Pbnm(62) at room temperature [12, 13]. The dielectric properties of the SFN ceram-
ics were reported by Raevski ez al. [3]. The high dielectric behavior has been interpreted in
terms of the Maxwell-Wagner mechanism [3, 12]. The magnetic properties of the SFN at
low temperatures (lower than 100 K) were reported by Tezuka ez al. [14]. The ferroelectric
properties of SFN could be improved by forming a solid-solution with PbTiO3; combined
with MnO, or Li,COj3 doping [15]. However, the properties of SFN ceramics doped by el-
ements of Ca etc have not been widely investigated. In the present work, strontium calcium
iron niobate (Sry9Cag 1)FeosNbysO3 was synthesized by solid stat reaction technique for
first time. The properties of the studied ceramics were investigated and reported.
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2. Experimental

Strontium calcium iron niobate (Stg9Cay )FegsNbg 503 was synthesized by the solid state
reaction technique from high purity powders of SrCO3 (98.0%, Aldrich), Fe;O3 (99.0%,
Aldrich), NbyOs (99.9%, Aldrich), and CaCO; (98.5%, Riedel-de Haén). The powders were
weighed with stoichiometric ratio, ball milled with zirconia media in alcohol for 24 h, and
then dried at 110°C for 12 h. The dried mixture was calcined at 1100°C for 3 h, then mixed
with 3% polyvinyl alcohol (PVA) and pressed into disc compact shapes with a diameter
of 1 cm. These green compacts were sintered at temperatures of 1450°C for 3 h with the
same rate as the calcination. The phase formation was identified using X-ray diffraction
(XRD). The microstructures were examined using a scanning electron microscope (SEM).
The dielectric properties were measured using a LCR meter.

3. Results and Discussion

The XRD patterns of the calcined powder and ceramic samples are shown in Fig. 1. The
XRD result indicates that the samples exhibited pure perovskite structures with orthorhom-
bic symmetry. This result agrees with the works done by Liu et al. [12] and Ke et al.
[13]. The appearance of three main peaks of (332), (240), and (116) reflection at 26 ~
75-77°, also confirmed the presence of orthorhombic phase for the studied samples. The
lattice parameters and unit-cell volume of the samples was calculated from the XRD data
of the ceramic samples, based on the orthorhombic symmetry. The unit-cell volume of was
248.11 A3 (a=5.60 A, b =7.94 A and b = 5.58 A) which is lower than that of the pure
SEN ceramic in the previous work (unit cell volume = 250.96 A3 [16]. The decrease in the
unit-cell volume with Ca doping suggests that there was an introduction of Ca ions into the
SEN lattices, due to the fact that the size of Ca®* is smaller than Sr>*. The SEM micrograph
of the SCFN surface is displayed in Fig. 2. The average grain size of SCFN ceramic, as
calculated by the linear intercept method is 39.41 £ 9.72 um.

The dielectric constant (&,) as a function of frequency at various temperatures is shown
in Fig. 3. The dielectric constant of SCFN ceramic exhibited a frequency dependence which
is similar to pure SFN [12]. The samples also showed high dielectric constants at lower
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Figure 1. XRD patterns of SCFN powder and ceramic.
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10 um
L

Figure 2. SEM micrograph of SCFN ceramic.

frequencies. This can be attributed to the presence of all different types of polarizations,
i.e. interfacial, dipolar, atomic, ionic, electronic contribution in the material. However,
the dielectric constant of the samples decreases with increasing frequency due to some
polarizations may have less contribution [17]. However, very high dielectric constant was
observed at high temperature (such as at 300°C and at 1 kHz, &, > 23,500). This value is
higher than pure SFN(e, ~ 10,000). The dielectric constant as a function of temperature
is shown in the inset of Fig. 3. The dielectric loss (tand) as a function of frequency and
temperature of the studied ceramic is illustrated in Fig. 4. The value of fand increased with
increasing temperature. The increase in tand value should be related to the change in the
transport behaviour that contributed to a lower resistance [18]. The dielectric loss result
also shows a frequency dependence. This may be due to the concentration of charge carriers
is not constant [17].

100000 —_0—21'C 40000
s0°c D. :0“::;1
80000 - e 100°C 2100 kHz
- 150°C . - 500 kHz
©20000{ - 1 MmHz
60000 -
"
400004
20000 %

0+

100 1000 10000 100000 1000000
Fregeuncy (Hz)

Figure 3. Frequency dependent of dielectric constant (&,) of SCEN ceramic. Inset shows dielectric
constant versus temperature. (Color figure available online.)
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Figure 4. Frequency dependent of dielectric loss (fand) of SCFN ceramic. Inset shows dielectric
loss versus temperature. (Color figure available online.)

Figure 5 shows the complex impedance plane of SCFN ceramic measured at vari-
ous temperatures. Generally, the complex impedance plane of many ceramics have two
semicircles where the low-frequency arc represents the electrical behavior due to the grain
boundary characteristic and the high-frequency arc associates with the electrical character-
istic of grain. The data from the complex impedance plane can be analyzed by an equivalent
circuit of one parallel resistance-capacitance (RC) element and/or other circuits. According
to the work done by Li ez al. [19], grain boundary (Rg,) and resistance of grain (R,) can be
modelled using the two equivalent parallel circuits, giving rise to two arcs in the complex
impedance plane. In the present study, the diameter of the arcs at lower-frequency is larger
than the diameters of the arcs at high-frequency. This characteristic suggests that the value

60000
o—T=27°C P
T=50"C - d
— T=100"C A o
45000 -
€ 30000-
N
15000 -
0 T T T T T T T
0 15000 30000 45000 60000
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Figure 5. Complex impedance spectra of SCFN ceramic at various temperatures. (Color figure
available online.)
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Table 1
Grain and grain boundary resistances of SCFN ceramic at various temperature

TCC) Ry (£2) Ry (£2)

27 5.87 x 10* >10%

50 3.06 x 10* >10'

100 5.41 x 10° 9.00 x 10°
150 1.47 x 10° 9.26 x 10°
200 5.40 x 10? 1.31 x 10°

of Ry, which associated with the big arc is much larger than that of the small arc. Thus, re-
sistance in the equivalent circuit is dominated by grain boundary. Furthermore, diameter of
the big arc decreases with increasing temperature, this behavior may be due to the presence
of space charges in the material at higher measurement temperature [20]. However at high
temperature (>200°C), there was observed only one arc in the complex impedance plane
due to the limit of the measurement system. The R, and Ry, values of SCEN ceramics
at various temperatures were determined (Table 1). It was found that values of R, and
Ry, decreases with increasing temperature. This result matches that trend of dielectric loss
where dielectric loss value increased with increasing temperature.

4. Conclusions

The properties of the SCFN ceramics synthesized via a solid state reaction method were
investigated for the first time. The XRD result indicates that the SCFN ceramics exhib-
ited pure perovskite structures with orthorhombic symmetry. Very high dielectric constant
was observed specially for high temperature region. The complex impedance plane re-
sult indicated that temperature has a strong effect on grain boundary resistance of SCFN
ceramics.

Acknowledgments

This work was supported by The Royal Golden Jubilee Ph.D. Program, The Thailand
Research Fund (TRF), Faculty of Science and Graduate School Chiang Mai University and
National Research University (NRU), Office of the Higher Education Commission (OCHE)
Thailand.

References

1. M. Reaney, J. Petzelt, V. V. Voitsekhovskii, F. Chu, and N. Setter, B-site order and infrared
reflectivity in A(B'B”)O5 complex perovskite ceramics. J. Appl. Phys. 76, 2086 (1994).

2. K.Prasad, K. P. Chandra, S. Bhagat, S. N. Choudhary, and A. R. Kulkarni, Structural and electrical
properties of lead-free perovskite Ba(Al; ,Nby,)O0;5. J. Am. Ceram. Soc. 93, 190 (2010).

3. 1. P.Raevski, S. A. Prosandeev, A. S. Bogatin, M. A. Malitskaya, and L. Jastrabik, High dielectric
permittivity in AFe,,B;,0; nonferroelectric perovskite ceramics (A=Ba, Sr, Ca; B=Nb, Ta,
Sb). J. Appl. Phys. 93, 4130 (2003).

4. S. Ke, H. Huang, and H. Fan, Relaxor behavior in CaCu3Ti4O,, ceramics. Appl. Phys. Lett. 89,
182904 (2006).



Downloaded by [Chiang Mai University] at 18:16 11 December 2013

28/[564] T. Phatungthane and G. Rujijanagul

5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

S. F. Shao, J. L. Zhang, P. Zheng, W. L. Zhong, and C. L. Wang, Microstructure and electrical
properties of CaCu;TisO;, ceramics. J. Appl. Phys. 99, 084106 (2006).

S. Krohns, P. Lunkenheimer, S. G. Ebbinghaus, and A. Loidl, Broadband dielectric spectroscopy
on single-crystalline and ceramic CaCu;TiyOyy. Appl. Phys. Lett. 91, 022910 (2007).

. J. L. Zhang, P. Zheng, S. F. Shao, W. B. Su, and C. L. Wang, Dielectric and electrical properties

of CaCu;3TisO,, ceramics at high temperatures. Ferroelectrics. 356, 85 (2007).

. H. Ohwa, A. Nakada, K. Naitou, N. Yasuda, M. Iwata, and Y. Ishibashi, Dielectric properties in

ACu;3TizO1, (A=Ca, Sr, Ba). Ferroelectrics. 301, 185 (2004).

. M. Sasaki, T. Tashiro, K. Abiko, Y. Kamimura, M. Takesada, and A. Onodera, Huge dielectric

properties of CdCu;Ti4O1, with CCTO structure. Ferroelectrics. 415, 94 (2011).

K. Kawatani, M. Takesada, M. Fukunaga, M. Oda, M. Ido, and A. Onodera, Dielectric properties
in CdCu;3TisO,, single crystal at high temperatures. Ferroelectrics. 402, 200 (2010).

A. Onodera and M. Takesada, Anomalous dielectric behavior in CaCu;Ti4O;, at high tempera-
tures. Ferroelectrics. 379, 15 (2009).

Y. Y. Liu, X. M. Chen, X. Q. Liu, and L. Li, Giant dielectric response and relaxor behaviors
induced by charge and defect ordering in Sr(Fe; ,Nby ;)O3 ceramics. Appl. Phys. Lett. 90, 192905
(2007).

S. Ke, H. Fan, and H. Haung, Dielectric relaxation in A,FeNbOg (A=Ba, Sr, and Ca) perovskite
ceramics. J Electroceram. 22, 252 (2009).

K. Tezuka, K. Henmi, Y. Hinatsu, and N. M. Masaki, Magnetic Susceptibilities and Mossbauer
Spectra of Perovskites A;FeNbOg (A=Sr, Ba). J. Solid State Chem. 154, 591 (2000).

B. Fang, Z. Cheng, R. Sun, and C. Ding, Preparation and electrical properties of
(1—x)Sr(Fe;,Nb2)O3—xPbTiO; ferroelectric ceramics. J. Alloys Comp. 471, 539 (2009).

N. Rama, J. B. Philipp, M. Opel, K. Chandrasekaran, V. Sankaranarayanan, R. Gross, and M.
S. Ramachandra Rao, Study of magnetic properties of A,B'NbOg (A=Ba, Sr, BaSr; and B'=Fe
and Mn) double perovskites. J. Appl. Phys. 95, 7528 (2004).

U. Intatha, S. Eitssayeam, J. Wang, and T. Tunkasiri, Impedance study of giant dielectric permit-
tivity in BaFey sNb 503 perovskite ceramic. Curr. App. Phys. 10, 21 (2010).

S. Kwon, C. C. Huang, E. A. Paterson, E. F. Alberta, S. Kwon, W. S. Hackenberger, and D. P.
Cann, The effects of Cr,03, Nb,Os, and ZrO, doping on the dielectric properties of CaCu; Ti;Oy5,.
Mater. Lett. 62, 633 (2008).

M. Li, A. Feteira, and D. C. Sinclair, Origin of the high permittivity in (LagsBag4Cay»)
(Mng4Tig )O3 ceramics. J. Appl. Phys. 98, 084101 (2005).

M. Pastor, Synthesis, structural, dielectric and electrical impedance study of Pb(Cu;/3Nb;/3)05.
J. Alloys Comp. 463, 323 (2008).



This article was downloaded by: [Chiang Mai University]

On: 11 December 2013, At: 18:15

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

- e Ferroelectrics
Publication details, including instructions for authors and
FEHH[IH_E{:IHHS subscription information:

http://www.tandfonline.com/loi/gfer20

Effects of Process Parameter and Excess
Bi,O3 on Phase Formation and Electrical

Properties of BiFeO3; Ceramics

Kachaporn Sanjoom 2 ¢ & Gobwute Rujijanagul ®° ©

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

® Materials Science Research Center, Faculty of Science, Chiang Mai
University , Chiang Mai , 50200 , Thailand
¢ Thailand Center of Excellence in Physics, Commission on Higher

Education, 328 Sri Ayutthaya Road , Bangkok , 10400 , Thailand
Published online: 10 Dec 2013.

To cite this article: Kachaporn Sanjoom & Gobwute Rujijanagul (2013) Effects of Process Parameter
and Excess Bi,O3; on Phase Formation and Electrical Properties of BiFeO5; Ceramics, Ferroelectrics,
454:1, 51-56, DOI: 10.1080/00150193.2013.842778

To link to this article: http://dx.doi.org/10.1080/00150193.2013.842778

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,

and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &



http://www.tandfonline.com/loi/gfer20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00150193.2013.842778
http://dx.doi.org/10.1080/00150193.2013.842778

Downloaded by [Chiang Mai University] at 18:15 11 December 2013

Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions



http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Chiang Mai University] at 18:15 11 December 2013

Ferroelectrics, 454:51-56, 2013 Taylor & Francis
Copyright © Taylor & Francis Group, LLC Taylor & Francis Group

ISSN: 0015-0193 print / 1563-5112 online
DOI: 10.1080/00150193.2013.842778

Effects of Process Parameter and Excess Bi, O3
on Phase Formation and Electrical Properties
of BiFeO3; Ceramics

KACHAPORN SANJOOM!3
AND GOBWUTE RUJTIJANAGUL! 23+

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

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

3Thailand Center of Excellence in Physics, Commission on Higher Education,
328 Sri Ayutthaya Road, Bangkok, 10400, Thailand

The BiFeOj; was prepared by a mixed oxide, solid-state reaction method. Excess Bi;O3
(1-7wt%) was introduced prior to powder calcination to compensate for any Bi,Oj; that
may have been lost from the samples due to volatilization during heat treatments. Various
heating rates (1-10°C/min) were performed at the calcination state. X-ray diffraction
analysis revealed that pure phase BFO was observed for the samples calcined at a
low heating rate (1°C/min) and contained lower amount of Bi,O3.The higher levels of
excess Bi; Oz produced an increased in dielectric constant and dielectric loss. Further,
ferroelectric behavior was improved for higher amount Bi,O; contented samples.

Keywords Bismuth iron oxide; excess bismuth oxide; electrical properties

1. Introduction

Multiferroics are materials that exhibit both ferromagnetic and ferroelectric properties.
The multiferroics are interesting due to their physical properties as well as possibility of
practical applications in new memory devices [1-4]. BiFeO3; (BFO) is one of the interesting
multiferroic materials. BFO has a rhombohedrally distorted simple perovskite structure. It
shows antiferromagnetic behavior with a relatively high Neel temperature (T ~370°C)
and ferroelectric behavior with a high Curie temperature (T¢ ~830°C) [5-6]. To fabricate
the BFO ceramics many techniques have been proposed such as sol-gel, hydrothermal, and
solid-state reaction techniques. However, it is known that the solid-state reaction technique
(or the conventional mixed oxide method) is a simple technique with low cost. Therefore,
many authors have applied this technique to fabricate the BFO ceramics [7-9]. However,
the solid-state reaction technique is a high temperature method. This can cause bismuth loss
during the processing. Further, the high temperature processing can producing porosity and
impurity phases such as BizgFe;Os7 and BiggFe, 07, [10]. Thus, controlling of temperature
and oxygen partial pressure has been performed to achieve the pure phase BFO [11].
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Additions of excess bismuth oxide in bismuth based ceramics are also often carried out
in the processing as a means of improving the ceramic properties [12—-13]. It is expected
that controlling of heating rate may affect to the Bi volatilization in the processing. To
our knowledge, a systematic study for the effects of excess bismuth oxide and heating
rate on the phase formation and properties BFO ceramics has not been investigated. In
the present work, we report for our results showing a dependence of BFO phase stability
on the bismuth oxide content and heating rate. Results are also reported for dielectric and
ferroelectric properties.

2. Experimental

In the present work, BiFeO3; (BFO) was synthesized via solid-state reaction of BiO;
(Aldrich, 99.9% purity), Fe,O3 (Aldrich, 99.0% purity). The raw materials were weighed
to give the desire composition, and then suspended in ethanol and intimately mixed in a ball
milling machine for 24 h using zirconia as a grinding media. An excess of Bi, O3, equivalent
tol, 3 or 7 wt% was added prior to ball milling. After drying for 24 h, the powder was ground,
sieved and then calcined in at 800°C for 2 h with different heating/cooling rate from 1 to
10°C/min. The calcined powders were dried and uniaxially pressed into a disc shape. The
green discs were sintered in air at 850°C with a dwell time of 2 h and a heating/cooling rate
of 1°C/min. The density of sintered the samples was determined by Archimedes’ principle.
Phase formation in the samples was determined by X-ray diffraction (XRD). For electrical
measurement, the sintered samples were polished to obtain parallel surfaces and silver
paste electrodes were applied to make an electrode. The dielectric properties of the pellet
ceramics were measured using a LCR meter. The ferroelectric properties were measured
with using a Sawyer Tower circuit. Microstructure of the samples was investigated by a
scanning electron microscope (SEM).

3. Results and Discussion

The XRD patterns of calcined powders made from starting mixtures containing different
levels of Bi,O3 and calcined with different heating rates are presented in Fig. 1. In case the
heating rate of 10°C/min, all powder samples showed a main phase of BFO. The analysis
was carried out based on the JCPDS file No.86-1518. However, peaks of a second phase
at 20 = 28, 33 and 52° were observed. This second phase was identified as BizsFe,Os;
according to the JCPDS file No. 42-0181. Further, a peak of Bi,O3 at 260 = 56° was also
observed. The formation of BijsFe,Os7 was also observed by Pradhan er al. [9] while
BiyFe4Og and BizgFe,Os7 second phases were observed by Kim et al. who synthesized the
BFO by sol-gel technique [7]. In the present work, it should be noted that intensity of the
BisgFe,0s7 peaks increased with increasing Bip O3 content for each heating rate. Plots of
value of intensity of the BizsFe, 057 second phase (selected from peak at 26~28°) versus
Bi, O3 content are displayed in insets of Fig. 1. Although the presence of free Bi,Os is
expected in the higher Bi; O3 content samples, the results indicate that additive produce a
three-phase mixture including BFO, BizsFe,Os;7 and Bi,Os. In case a lower heating rate,
the second phase disappeared especially for a smaller Bi;O3 contented samples, as seen
in Fig. 1(b) and (c). In case the heating rate of 1°C/min, the pure phase of BFO was
observed for the sample contained Bi,O3 < 3 wt%. These results indicate that heating rate
is an important process parameter to obtain the pure phase of BFO calcined powder. The
1°C/min powder was selected for the ceramic processing.
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Figure 1. XRD patterns of BFO calcined powders and sintered ceramics made from starting powders
with different Bi, O; contents: (a—c) powders calcined with heating/cooling rate of 10, 5 and 1°C/min,
respectively and (d) BFO ceramics. Insets show intensity of BizcFe,Os; peak at 20~28° versus Bi,O3
content.

XRD patterns of the studied ceramics are illustrated in Fig. 1(d). The main XRD peaks
of the ceramics were corresponded to pure BFO phase. The samples presented a rhombo-
hedral symmetry according to JCPDS file No. 86-1518. The second phase (BizsFe,Os57) as
occurred in the calcined powders still presented for the 7 wt% sample. No peak of Bi,O3 was
observed in the XRD patterns of the ceramics. Further, the intensity of impurity peaks of the
7 wt% ceramic is lower than that observed for the 7 wt% calcined powders (Fig. 1(a—c)). In
the present work, higher sintering temperatures have been performed (900°C) but it caused
ceramics melting. This indicates that forming BFO needs a suitable sintering temperature.
It should be noted that intensities of the main XRD peaks of the 3 wt% sample were higher
than other samples. The higher XRD intensity for the 3 wt% sample indicates a higher the
degree of crystallinity of the sample.

The dielectric constant and dielectric loss as a function of frequency at room temper-
atures is shown in Fig. 2. The dielectric constant data of the studied BFO ceramics is good
agreed with to the data obtained in previous work [14]. All ceramics exhibited higher dielec-
tric constant at lower frequencies. The dielectric constant gradual decreased with increasing
frequency. This behavior is similar to dielectric result for the previous work [7]. Further, the
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Figure 4. (a) Room temperature polarization versus electric field (hysteresis loop) for BFO ceramics
containing different levels of Bi, O3 and (b, c) as sintered surfaces of unmodified and 7 wt% samples.

dielectric constant (at 1 kHz) increased with increasing the Bi; O3 content. The dielectric
loss of the ceramic samples trends to increase with Bi,O; where the dielectric loss values
were in a range of 0.09-0.18. Fig. 3 shows plots of the dielectric constant and loss tangent (at
1 kHz) as a function of temperature of the BFO ceramics containing different Bi,Oslevels.
All samples presented an increase in dielectric constant with the temperature. This behavior
is similar to the work done by Kumar et al. [15]. The dielectric loss also increased with
increasing temperature. Generally, excess Bi can compensate the Bi loss in the processing
of the Bi based materials as a result in better electrical performance. However, over supply
Bi can produce second phases such as Bi;O3 (in this work). It is possible that Bi can
volatile from the second phases at the high temperature and cause some defects. Therefore,
the higher dielectric loss values in the higher Bi contented samples were observed.

Figure 4 shows selected P-E hysteresis loops at room temperature for BFO ceramics
containing different levels of BiyO3. Lossy capacitor hysteresis loop was observed for
the 0-5 wt% samples. This behavior has been observed in many previous works [9, 14].
An increment in remanent polarization (P;) with Bi;Os content was also noted for the
present work. It seems that the 7 wt% sample exhibits a better in ferroelectric behavior.
However, the slant and non-square hysteresis loop for the 7 wt% sample indicates that this
sample exhibited high conductivity. This may be link with the higher dielectric loss in the
sample. Generally, bismuth loss during high temperature processing can be observed in
many Bi-based ceramics due to Bi;O3 has a low melting point (~850°C). To compensate
the bismuth loss in the samples, some excess Bi,Oj is usually added during the batch
preparation [16—17]. The excess of Bi;O3 may also promote a liquid phase during sintering.
In case large amount of Bi,O3 samples, however, the additive can compensate the bismuth
loss but leave void formation which cannot remove after sintering. This may produces a
porous structure as a result of high conductivity samples [18]. SEM micrographs of selected
samples, as shown in Fig. 4(b,c), confirms this reason.

4. Conclusion

The effects of excess Bi;O3 and heating rate in stabilizing the BFO phase in calcined
powders were investigated. Heating rate was found to be an important processing parameter
for forming the pure phase BFO. The ceramic samples containing different Bi,O; were
fabricated by a solid-state reaction technique. Pure phase BFO was observed for the 0-3 wt%
ceramic samples. Excess Bi;O3 produced an improvement in dielectric constant. Further,
the ferroelectric behavior was also improved by excess Bi,Os.
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High Dielectric and Piezoelectric Properties
Observed in Annealed Pbo.sgSP0,12ZP0.54Ti0.44Sb0_0203
Ceramics

S. EITSSAYEAM,! P. JARUPOOM,?> AND G. RUJIJANAGUL'*

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

’Department of Industrial Engineering, Faculty of Engineering, Rajamangala
University of Technology Lanna (RMUTL), Chiang Mai 50300, Thailand

The dielectric, ferroelectric, and piezoelectric properties of ceramics from the
PbyssSro.12 ZrosqTip44Sbo 203 system were investigated as a function of annealing
time after being prepared via the solid-state method. Following the annealing process,
a shift in the ferroelectric to paraelectric transition temperature (T,,) was observed. In
addition, a high relative permittivity >24300 at T,, was recorded for the 64 h annealed
sample which was 52% higher than that of the as-sintered samples. The increased
annealing time produced an enhancement in the ferroelectric properties and a high
piezoelectric coefficient (dsz) of 670 pCIN was also observed for the 64 h annealed
sample.

Keywords Dielectric properties; lead zirconate titanate, post sinter annealing

Introduction

Lead Zirconate titanate (Pb(ZryTiO;_x)O3 or PZT) ceramics are a family of well-known
piezoelectric materials which have been extensively studied since their discovery in the
1950’s [1, 2]. Due to the fact that these ceramics have exceptionally good dielectric and
piezoelectric properties as well as a high Curie temperature (>350°C), PZT and modified
PZT with acceptors and donors have important technological applications as transducers,
detectors, electro-optic devices, and for induced charge release devices. It has been reported
that the high piezoelectric properties of PZT have been observed for compositions near the
morphtropic phase boundary (MPB) where the Zr/Ti ratio is 52:48 at room temperature.
Most commercial ferroelectric ceramics have thus been designed in the vicinity of the
MPB with various forms of doping in order to achieve improved properties [2, 3]. For
example, ions of alkaline-earth metals, e.g. Sr2*, Ca?t, and Ba2* have frequently been used
to substitute for Pb?>*. Zheng et al. [4] reported that Sr-modified PZT ceramics generally
have higher dielectric and piezoelectric properties than pure PZT. Such Sr substitutions on
the A-site in PZT ceramics tend to shift the MPB composition towards the tetragonal phase.
The piezoelectric coefficient can then be optimized for the tetragonal phase field close to
but not exactly at the MPB.
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Although strong electrical properties are generally observed in modified PZT ceramics,
it is also known that the properties of such materials can also be strongly influenced by the
method of preparation. To improve the ceramics properties many different sintering tech-
niques have been proposed. Among these techniques, the post-sintering annealing method
has been effectively used to improve the electrical properties of some complex piezoelectric
ceramics [3, 6]. The improved electrical properties after annealing of such systems are due
to changes in microstructure and composition homogeneity [6]. In the present work, the
method of post-sintering annealing was applied to Pbg ggSrg 12 Zro 54Tio 44Sbg.02O3 for the
first time. Many techniques were then used to characterize the properties of these annealed
ceramics. The results discussed below include characterizations of densification, the phase
composition change, microstructure, and composition homogeneity.

Experimental Procedure

The Pby 83 St¢.12Z10.54 Tig 44Sbg.02 03 (PZTs;sp) ceramics were prepared using a mixed-oxide
method as previously developed by Zheng et al. [4,12]. The starting powders of PbO,
Zr0,, SrCO3, Sb205 and TiO, were mixed and calcined at 925°C for 4 h. Ceramic discs
of about 10 mm in diameter and 2 mm in thickness were obtained by pressing and then
sintering at 1100—1275°C for 2h at a heating rate of 5°C/min. In order to minimize the loss
of lead due to vaporization, a PbO atmosphere for the sintering process was maintained
using PbZrO3 (PZ) as the spacer powder. The density of the sintered samples was measured
using the Archimedes method with distilled water as the fluid medium. To determine the
effect of the heat treatment on densification, the PZTs,s, ceramics were then sintered at
various temperatures as described above. The densest ceramics were then chosen to be
thermally annealed at 900°C in the same PbO atmosphere for 8-164 h. X-ray diffraction
(XRD) with CuK,, radiation was employed to identify the phase of the PZTg,sp, ceramics.
The relative permittivity and dielectric loss (tand) were measured using an LCZ meter. The
piezoelectric measurements for the ceramics were taken in silicone oil at 80°C for 30min
at field strengths of 3 kV/mm. The di3 coefficient was then measured using a d33 meter
piezometer 24 h after poling.

Results and Discussions

In this work, the ceramics were sintered at various temperatures ranging from 1150-1300°C
for 2 h. The densest ceramics with a maximum density value of 7.07 g/cm?® were obtained
from the ceramics sintered at 1250°C. Therefore, ceramics sintered at this temperature were
then used for the annealing process. Fig. 1(a) shows the values of density as a function of
annealing time. The density value increases sharply from 7.07 g/cm? for the as-sintered
sample to 7.38 g/cm?, but is followed by a slight increase to 7.44 g/cm? for the 168 h
sample. Fig. 1(a) also shows the shrinkage value as a function annealing time. The trend
for the shrinkage value nicely matches that of the measured density. The shrinkage slightly
increases from 9.25% for the as-sintered sample to 12.25% for the 168 h sample. These
results suggest that the sintering was nearly complete when the sample was sintered at
1250°C for 2h. However, the annealing helped to complete the sintering [4, 7]. Fig. 1(b)
shows the XRD patterns of the ceramics annealed at various annealing times. These results
reveal that all of the samples exhibited a perovskite structure. A peak of the second phase
was observed for 26~28.63° in the 168 annealed samples. However, the low intensity of
the impurity peak indicates there was only a small of amount of this phase. A second phase
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Figure 1. (a) Density and shrinkage vs. annealing time, (b) XRD patterns of the as-sintered and
annealed ceramics, and (c) c/a vs. annealing time of the samples. The inset shows selected XRD
peaks at 260~43.0-445.5°.

was identified as ZrO,, according to the JCPDS file n0.005-0543. The occurrence of this
phase seems to be associated with the decomposition of the perovskite phase to the second
phase probably caused by the volatilization of PbO [8].

The tetragonality value (c/a) was calculated from the position of the (200) peaks. A
plot of c/a as a function annealing temperature is shown in Fig.1(c). It was found that longer
annealing times produced a decrease in the c/a value. The XRD peaks at 20 ~ 43.5-45.5°
for the as-sintered and the 16 h annealed sample are shown in the inset of Fig. 1(c). In
general, PZT with compositions near MPB at room temperature consisted of two phases, i.e.
arhombohedral and tetragonal phase. The single peak of (200) reflection in the XRD pattern
shows the rhombohedral phase, whereas when it splits into two peaks is characteristic of
the tetragonal phase. In this work, the as-sintered sample exhibited a strong (200) peak
splitting, which indicates the ceramic was tetragonal rich. For the annealed samples such
as the 168 h, a weak splitting of the (200) peak implies an increase in the rhombohedral
phase. In order to identify the phase composition between the rhombohedral and tetragonal
phases, the (200) peaks can be fitted with Gaussian peaks, as seen in the inset of Fig. 1(c).
The area and intensity of the fitted rhombohedral peaks increased with annealing time. This
indicates that the amount of thombohedral phase increased with annealing time.

SEM micrographs of the annealed samples were compared to the as sintered sample, as
seen in Fig. 2(a, b). The result revealed that longer annealing times produces an increase in
grain size. The average values of grain size, as measured using the linear intercept method,
increased from ~8.5 um for the as sintered samples to ~16.1 um for the 168 h annealed
samples as shown in the inset of Fig. 2(c). The grain growth of the annealed ceramics was
well fit using the empirical equation [9]:

G"—G" =kt (1)

where G is grain size for annealing time ¢, G, is an initial grain size, k is a constant, and
n is the grain growth exponent. To compare the experimental results with the equation (1),
log(G) versus log(t) was plotted in Fig. 2(c). A reasonably good linear relationship between
n log(G) and log(#) was found to be consistent with Eq. (1). Generally, a small grain growth
exponent indicates a large grain growth rate which can be shown by differentiating equation
(1). The fit procedure yielded a large grain growth exponent of n = 8.6. Although, there
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Figure 2. (a, b) SEM micrographs of the selected ceramics and (c) grain and ;,, grain size vs.
annealing time.

08

was a significant change in grain size after annealing, the calculation indicates that the
annealing produced a small grain growth rate.

Figure 3(a) shows the relative permittivity versus temperature of the as-sintered and
annealed samples. For as sintered sample, the relative permittivity curve was quite broad
and showed a maximum relative permittivity (&, max) 0f 16,000 at the transition temperature
(T1)- The values of relative permittivity for the as sintered sample were consistent with
the values previously reported [4]. After annealing, a higher maximum relative permittivity
and sharp permittivity curve were observed. The values of €, . as a function of annealing
time are shown in Fig. 3(b). The &, n.x increases up to 24,300 for the 68 h sample then
decreased to 22,300 for the 168 h sample. The improvement in the relative permittivity
can be related to an enhancement in the density after annealing. Furthermore, a decrease
in the heterogeneity of the chemical compositions and microstructure after annealing may
be another reason for the enhancement of the dielectric constant. The loss tangent (tand)
of the samples was found to be in a range of 0.01-0.05 (Fig. 3(a)). The high relative
permittivity values with low tané in the samples indicates that the ceramics have a potential
for capacitor applications. Fig. 3(b) also shows a plot of T, as a function of annealing time.
The T, slightly increased from 193.5°C for the as sintered samples to 197.8°C for the 168 h
annealed sample. This may be due to the change in phase composition after annealing [4].

30000 0.5 200
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20000 - 22000 198
i &)
Xy £ 20000+ L 196 =
10000 = E_“E
18000 4
- 194
07 16000 -
T T T T T T T T T T T —-192
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Temperature( C) Annealing time (h)
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Figure 3. (a) Relative permittivity and loss tangent as a function of temperature and (b) maximum
relative permittivity (&, max) and T, as a function of annealing time at 1 KHz.
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Figure 4. (a) Ferroelectric hysteresis loops and (b) values of ds; and Ry, versus annealing time of
the samples.

The ferroelectric hysteresis loops at room temperature of the as-sintered and annealed
samples are shown in Fig. 4(a). All samples show a square ferroelectric behavior. It seems
thatlonger annealing times result in an increase in remanent polarization (P,) with a decrease
in coercive field (E.). The value of P, increased from 29 pC/cm? for the as sintered samples
to 34 /LC/CIIIZ for the 168 h sintered samples, while the value of E decrease from 9.8 kV/cm
for the as sintered sample to 8.0 kV/cm for the 168 h sample. Previous studies have proposed
that domains in larger grains are moved more easily, as compared to smaller grains which
result in higher P, values with lower E. [10]. Therefore, the higher P, values found with
the lower E. value that was observed in the annealed samples may be due to the increase
in the grain size. Furthermore, the improvement in ferroelectric properties for the annealed
samples may be also be due to the higher amount of rhombohedral phase which made the
composition close to the MPB. To check the quantification of changes in the hysteresis
behavior, the squareness of the hysteresis loop (R,,) was calculated via the equation [11]:

Ry = % + —P‘;fc @)
where, P; is the saturation polarization and P g, is the polarization at an electric field equal
to 1.1 times of the coercive field. This parameter can be used to check the quantification of
changes in the hysteresis behavior. The calculation of these results is shown in Fig. 4(b).
The Ry, value increases from 0.88 for the as-sintered sample to 0.99 for the 168 h sample.
This indicates an improvement in the quantification of the hysteresis loop for the ceramics
after annealing.

The piezoelectric properties of the as-sintered and annealed ceramics were then in-
vestigated as a function of annealing time. Plots of the piezoelectric coefficient d3; as a
function of annealing time are shown in Fig. 4(b). The value of d3; increased from 527
pC/N for the as-sintered samples to 674 pC/N for the 68 h annealed. It should be noted
that the d3; value obtained from the as sintered samples is close to the value reported in the
literature [12]. The improvement in the d3; value may be due to the relative composition
between the rhombohedral and tetragonal phases in the annealed samples near the MPB
composition. Furthermore, the lower E, values observed from the annealed samples might
enable easier poling [13]. Based on the dielectric and piezoelectric results, the optimum
annealing time for improvement of the electrical properties in this work was found to be
68 h.
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Conclusions

The post sinter annealing method was applied to PZTs;sp, ceramics to improve the electrical
properties. The results found here indicate that 68 h was the optimum annealing time to
obtain optimal dielectric and piezoelectric properties in these ceramics. The improvement
in electrical properties was related to densification, phase composition change and chemical
homogeneity of the studied samples.
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Ga-doped BaFe( sNby 505 (Ba(Fe;_,Ga,)y sNbg s03) ceramics
were fabricated and their properties were investigated. All
ceramics showed perovskite structure with cubic symmetry and
the solubility of Ga in BFN ceramics had a limit at x=0.2.
Examination of the dielectric spectra indicated that all ceramic
samples presented high dielectric constants that were frequency
dependent. The x = 0.2 ceramic showed a very high dielectric
constant (& >240000 at 1kHz) while the x=0.4 sample

1 Introduction Recently, much attention has been
paid to high dielectric materials as they play an important role
in microelectronic applications. For capacitor applications,
many investigators have tried to synthesize and study
materials that exhibit very high dielectric constants [1-4]
with the aims of enhancement of the dielectric performance
and a reduction of size for electronic devices. BaFeq sNbg 505
(BFN) is one of the important high dielectric materials that
was first synthesized via solid-state reaction by Saha and
Sinha [4] in 2002. BFN ceramics exhibit high dielectric
constants (g, ~ 103—105) covering a wide range of temper-
atures with a dielectric relaxor-like behavior [5]. The dielectric
relaxor-like behavior of BFN ceramics has been explained by
using the Maxwell-Wagner polarization mechanism [3, 6].
This mechanism has also been employed to explain the
dielectric behavior of many high dielectric ceramics [7—11]. In
many cases, Schottky barriers can form in ceramics that have
heterogeneous conduction. This causes Maxwell-Wagner
polarization which is due to a difference in the Fermi level
between different conduction regions. For example, a
Schottky barrier can form at insulating grain boundaries
between semiconductive grains of many high dielectric
ceramics [10]. Furthermore, the Schotty barrier can also form
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exhibited high thermal stability of dielectric constant with low
loss tangent from room temperature (RT) to 100°C with
& >28000 (at 1kHz) when compared to other samples. By
using a complex impedance analysis technique, bulk grain,
grain boundary, and electrode response were found to affect the
dielectric behavior that could be related to the Maxwell-
Wagner polarization mechanism

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

at sample/electrode interfaces. In the case of metal-ceramic
contacts, the Schottky barrier depends on many factors such as
the type of metal electrodes and the sample treatment [11, 12].
In some case barriers can be related to interfacial bonding,
surface defects, oxygen adsorption, and contamination [11].
Since BFN ceramics show many interesting electrical
properties, many processing methods for production of BFN
powders and ceramics have been proposed such as modified
solid-state reaction [13], sol-gel [14], and microwave
techniques [15]. To improve the dielectric properties,
solid-solutions between BFN and other materials, such as
(1-x)BFN=-xSrTiO5 and (1-x)BFN-xBaTiOs, have been formed
and reported [16, 17]. The effects of doping, such as A-site
doping using La and Na as dopants, on the dielectric properties
of BFN have also been investgated [18, 19]. However, the
dielectric response of B-site-doped BFN has not been widely
studied. In the present work, we report on dielectric properties
of B-site doped BFN ceramics. Ba(Fe,_,Ga,)ysNbgsO3
(BFGN) ceramics of composition 0.0<x<0.4 were
fabricated for the first time, to our knowledge. Very high
dielectric constants were observed for some concentrations
of doping. The high dielectric results were related to the
Maxwell-Wagner polarization mechanism.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Experimental procedure Ba(Fe,_Ga,)ysNbg 503
(BFGN) ceramics, where x =0, 0.2, and 0.4, were prepared
by a solid-state reaction process using starting materials of
BaCO; (98.5%), Fe,03 (99%), Gay05(99.99%), and Nb,Os
(99.9%). Material powders with the right mole ratio were
mixed by ball milling with zirconia media in ethanol for
24h. The mixed slurries were dried and then calcined at
1250 °C for 4h with a heating/cooling rate of 5°Cmin~".
The calcined powder was pressed into discs using polyvinyl
alcohol as binder (3 wt%). The compacts were sintered
at 1400°C for 4h with a heating and cooling rate of
5°Cmin"'. The phase formation was determined by XRD
analysis. The density of the sintered discs was determined
by using Archimedes’ principle. The microstructure was
examined by a scanning electron microscope (SEM). The
sintered samples were polished to obtain parallel surfaces
and coated with silver paste for electrical measurements.
Electrical measurements were performed by using a LCR
meter (Agilent E4980A).

3 Results and discussion Phase formation of the
ceramic samples was analyzed by the XRD technique
(Fig. 1). The XRD analysis revealed that all samples
exhibited a perovskite phase. For the unmodified sample, the
XRD data is consistent with the data of BEN [6]. Although
there are conflicting reports [20, 21] for the crystal data of
BFN ceramics, our XRD data (collected on a Rigaku MiNi
Flex II with Cu Ko radiation) matches with the International
Centre for Diffraction Data (ICSD) file no. 01-089-2967.
The symmetry of the samples was identified as cubic. The
present result also agrees with the previous work for BFN
prepared by the microwave technique [15]. However, pure
perovskite phase was observed only for x < 0.4 samples.
An extra XRD impurity peak was observed in the x=0.4
sample and indexed by “*”, in Fig. 1. This second phase
was identified as BaGa;04, according to ICSD file
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Figure 1 X-ray diffraction patterns of BFGN ceramics. Inset
shows lattice parameter and unit-cell volume as a function of Ga
concentration.
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no. 01-073-0276. The appearance of the second phase
indicated that the solubility of Ga in BFN had a limit and
composition fluctuations may occur in the x > (0.2 sample.
The lattice parameter and unit-cell volume of the samples
were calculated based on cubic symmetry (inset of Fig. 1).
The lattice parameter and unit-cell volume decreased with
increasing Ga concentration. Although there was an impurity
phase observed for the x = 0.4 sample, the change in unit-cell
volume indicated that Ga ions were introduced in the BFN
lattices.

The microstructure of the samples was investigated by a
scanning electron microscope (SEM). SEM micrographs of
selected samples are displayed in Fig. 2. The average grain
size values of the samples, as calculated using an intercept
method, tended to decrease with Ga concentration (Fig. 2d).
This indicated that the Ga doping inhibits grain growth.
The plot of density as a function of Ga concentration is
also shown in Fig. 2d. The x=0.4 sample had a lower
density value when compared with unmodified and x =0.2
samples. It is clearly seen that the porosity levels evident in
SEM micrographs of the pellet surfaces confirmed the results
of measured density values, i.e. some pores occurred on the
surface of the x = 0.4 sample (especially at grain boundaries)
while unmodified and x=0.2 samples are quite dense.

Chemical analysis was performed by energy-dispersive
X-ray spectroscopy analysis (EDS) on some selected grains.
The SEM micrographs and their corresponding EDS
mapping for the x=0.2 and 0.4 samples are shown in
Fig. 3 where the white spots in the EDS mapping indicate
Ga. For the x = 0.2 sample, many white spots were located at
the grain boundaries. This indicated that grain boundaries
contained a higher concentration of Ga than that of the bulk
grain. Similar evidence was observed for the x = 0.4 sample
(Fig. 3c and d), but the bulk grains presented a higher
number of white spots compared with the x=0.2 sample.
The structure and composition at grain boundaries for
the doped samples are uncertain for this state, but grain
boundaries should contain Ga compounds that may or may
not be detected by XRD technique [22]. The formation of Ga
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Figure 2 (a—c) Microstructure of the studied ceramics and (d)
average grain size and density as a function of Ga concentration.
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Figure 3 SEM micrographs and their corresponding EDS
mappings for (a and b) x=0.2 and (c and d) x=0.4 ceramics.

compounds may produce more heterogeneous compositions
and structures, especially for the x=0.4 samples.

Plots of dielectric constant as a function of temperature
at various frequencies of the studied ceramics containing
different Ga concentrations are shown in Fig. 4. All samples
exhibited high dielectric constants that were frequency
dependent. The dielectric curves of the unmodified and
x=0.2 samples show peaks at high temperatures (>230 °C).
For the x=0.4 sample, however, the dielectric constant—
temperature curve could not reach its peak due to the limit
of measurement. For the unmodified sample, the observed
dielectric data agreed well with the data reported in previous
works [5, 23]. For the x=0.2 sample, the dielectric
constant—temperature curves exhibited very high dielectric
constants with a dielectric peak of >240 000 (at 330 °C and
at 1 kHz). This sample also showed a very strong dielectric—
frequency dependence. For the composition x=0.4,
however, the dielectric constant values are close to the
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Figure 4 (a—c) Dielectric constant as a function of temperature for
Ba(Fe,_,Ga,)g sNbg 503 ceramics and (d) tan § versus temperature
at 1 kHz.
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unmodified sample from RT to 350 °C, and it shows a higher
degree of thermal stability (from RT to 100 °C). It should be
noted that the dielectric constants for the x = 0.4 sample were
still high, i.e. ¢, values at 1 kHz were in the range of 28 000—
34000 from RT to 100°C, which is considered as high
values for high dielectric materials [5]. Plots of tané as a
function of temperature at 1kHz are also displayed in
Fig. 4d. The plot of tan § for the x=0.4 sample exhibits a
higher thermal stability as compared to the other samples
(from RT to 100 °C). The loss tangent values at 1 kHz for
the x = 0.4 sample were in the range 0.17-0.27 from RT to
100 °C, while the previous work had values 0.96-4.29 over
the same temperature range [24].

The dielectric constant versus frequency curves at RT
for the studied samples are displayed in Fig. 5a. All curves
present dielectric constant steps down from the high
dielectric constants at lower frequency. It should be noted
that dielectric curve for the x = 0.2 sample shows the highest
dielectric constants at frequencies <1 kHz. This may be due
to an electrode effect in this sample after doping [14]. To
check this possibility, a complex impedance spectroscopy
technique was employed. Normally, complex impedance
spectroscopy can be used to analyze many electrical
properties such conductivity, dielectric properties, relaxation
like behavior, etc. This technique is often used to identify
bulk grains, grain boundary, and electrode responses that can
be related to the Maxwell-Wagner polarization mechanism.
Based on the work done by Li et al. [10, 11], the dielectric
behavior of ceramics due to bulk grain, grain boundary
and electrode responses can be determined by using three
equivalent parallel resistance—capacitance circuits connect-
ing in series, giving rise to three arcs in a Z' versus Z" plot
(Z" plot). Figure 5b—d shows Z* plots of the studied samples
measured at different temperatures. For the unmodified
sample, two arcs are noted for the —30 and 30 °C curves
(Fig. 5b). The small arc at high frequency could be
associated with bulk grain response and the big arc at low
frequency (with no intercept) could be associated with
grain-boundary response [11]. The diameter of each high-
frequency arc is quite small when compared to the arc at
low frequency, suggesting that the resistance (bulk grain
resistance, Ry) associated with the small arc is lower than
that of the big arc (grain-boundary resistance, R,). With
increasing measurement temperature, the diameter of both
arcs decrease. This indicates that R, and R, decrease
with temperature. However, the high-frequency arc is not
clearly seen at 200 °C due to the limit of the frequency
measurement. For the x = 0.2 sample, the high-frequency arc
is noted for the —30 and 30 °C curves (Fig. 5c). This arc is
asigned to be due to the bulk grain response. However, the
high-frequency arc is not clearly seen for the 200 °C curve.
At intermediate frequencies, all curves show an arc that
overlaps with the low-frequency arc (the bigger arc) in the Z*
plot. This intermediate-frequency arc should be associated
with the grain-boundary response. Furthermore, each curve
in the Z* plot for the x = 0.2 sample shows a bigger arc at low
frequency. The bigger arc at low frequency for each curve

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (a) Frequency dependence of ¢, of Ba(Fe;_Ga,)o sNbg 503
ceramics measured at room temperature and (b—d) Z* plots of
the ceramics measured at diffeent temperatures. “*” indicates the
intermediate-frequency arc. The insets magnify the Z* plot for
some temperatures.
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therefore should be associated with the electrode response.
For the x=0.4 sample (Fig. 5d), low- and high-frequency
arcs for —30 and 30 °C curves are clearly noted except for the
200 °C curve (it shows only one arc).

To have more information, data for the imaginary part of
the impedance (Z") and electric impedance modulus (M")
were analyzed following previous works [11, 25]. Plots of Z”
and M" as a function of frequency at —30, 30, and 200 °C are
shown in Fig. 6. For the unmodified sample (Fig. 6a and b), it
seems that each curve in Z” and M” plots shows two peaks
(i-e. at high and low frequencies) except for the 200 °C curve
(it shows only one peak). It should be noted that each peak
shifts to a higher frequency when the temperature increases.
Considering the data of the equivalent Z* plot (Fig. 5b), the
peaks at low and high frequencies can be associated with
grain-boundary and bulk grain responses, respectively. For
the x=0.2 sample, a bulk grain response peak is noted at
high frequency (for the —30 and 30 °C curves). However, the
30 and 200 °C curves also show a shoulder at an intermediate
frequency (Fig. 6¢). This shoulder can be related to a grain-
boundary response (see also Fig. 5c). Therefore, the low-
frequency peak (such as observed in the 200 °C curve) can be
associated with the electrode response. For the M” plot, it
should be noted that the grain-boundary response peak is not
clearly seen (Fig. 6d). For the x = 0.4 sample, the Z" and M"
plots show only grain-boundary and bulk grain responses.
No shoulder is clearly seen.

The activation energies for bulk grain, grain-boundary,
and electrode conductions were calculated by using the
relation o = ogexp(—E,/kT) (where o is conductivity and
o=R"") [26]. The Arrhenius plot of In (1/R) versus 1/T
gives the activation energy of each case using R values
extracted from Z” plots. Values of activation energy for bulk
grain, grain-boundary, and electrode conductions are listed
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Figure 6 Z’ and M" spectroscopic plots for Ba(Fe,_,Ga,)y sNbg 5053
ceramics at —30, 30, and 200 °C.
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Table 1 Activation energy of bulk grain, grain boundary, and
electrode conductions.

X activation energy (eV)

bulk grain grain boundary electrode

0.0 0.19 0.73 -
0.2 0.18 - 0.91
0.4 0.16 0.66 -

*Unable to determine.

in Table 1. The activation energy for the bulk grain is in the
range of 0.16-0.19 eV. These values are close to the values
reported in previous works for bulk grain conduction [27,
28], which relates to the polaron hopping mechanism
due to the presence of Fe?"/Fe’" in the samples [29]. The
activation energy for the grain boundary is in the range of
0.66-0.73 eV and these values agree with those obtained
in previous works for the grain-boundary response [27].
The activation energy of electrode conduction is 0.91¢eV.
However, it could be calculated only for the x =0.2 sample.
Previous work reported that the activation energy of electron
conduction for an oxygen vacancy is in a range 0.8-
1.0eV [5, 30, 31]. Many authors have proposed that an
oxygen vacancy has an effect on the diectric constant at low
frequency [5, 31]. In the present work, it is believed that
the oxygen vacancy may also have a contribution for the
electrode response in the x = 0.2 sample. However, detail on
the oxygen vacancy that affects electrode response is outside
the scope of the current study.

Based on the obtained data, the dielectric behavior in
the samples can be explained by the Maxwell-Wagner
polarization mechanism due to the presence of heteroge-
neous conduction in the samples that can be associated with
bulk grain, grain-boundary and electrode responses. The
complex impedance spectroscopy technique was used to
identify the three different responses. For the unmodified
sample, bulk grain and grain-boundary responses were
observed. Therefore, the high dielectric constant observed in
this sample can be linked with bulk grain and grain-boundary
responses. For the x=0.2 sample, however, the analysis
indicated that three responses had contributed to the
dielectric constant behavior where the electrode response
showed a strong effect at low frequency. For the x=0.4
sample, bulk grain and grain-boundary responses were found
to affect its dielectric behavior. In addition, the lower
measured dielectric constants and the higher thermal stability
observed in this case may be related to many factors such as
impurity phase, composition fluctuation, and porosity (the
x=0.4 sample exhibited lower density). Grain size is
another factor that may affect the dielectric behavior in the
studied samples. Many authors have proposed that the
dielectric constant of BFN ceramics is proportional to their
grain size [32, 33]. However, in the present work, the grain
size was found to decrease for the doped samples but the
dielectric constants for the doped samples were still high.

WWW.pss-a.com

This suggested that grain size may have less contribution to
the dielectric behavior in the present work. There are some
other aspects that can contribute to electrical behavior in the
samples, for example, the grains of the samples may consist
of a grain core and a grain shell. Also, sample pellets may
have a compositional gradiant. Further work is required to
check and understand the effect of these contributions in
more detail.

4 Conclusions The effects of Ga doping on the
properties of BFN were investigated. The solubility limit
of Gain BFN was observed at x = 0.2. Ga doping suppressed
grain growth and the x=0.4 sample exhibited a lower
density. All ceramics showed high dielectric constants while
the x=0.2 sample showed a very high dielectric constant.
The x = 0.4 sample exhibited better thermal stability of the
dielectric constant (from RT to 100 °C) than that of other
samples. By using an impedance spectroscopy analysis
technique, the dielectric constant behavior could be
explained by the Maxwell-Wagner polarization mechanism
associated with bulk grain, grain-boundary and electrode
responses. The results indicated that the high dielectric
constants in unmodified and x = 0.4 samples were related to
bulk grains and grain-boundary responses. For the x=0.2
sample, however, the very high dielectric constants were
related to bulk grain, grain-boundary, and electrode
responses where the electrode response showed a strong
effect at low frequency.
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In this work, ((1—-x)Ba(Fe1j2Ta1/2)03-xBa(Zny3Taz/3)03), ((1-x)BFT-XBZT) ceramics with x = 0.00—-0.12
were synthesized by the solid—state reaction method. X-ray diffraction data revealed that both the
powders and ceramics were of a pure-phase cubic perovskite structure. All ceramics showed large
dielectric constants. For the x = 0.12 sample, a very high dielectric constant (>20,600) was observed. A
lowering in the dielectric loss compared to pure BFT ceramics was observed with the BZT addition. The

impedance measurements indicated that BZT has a strong effect on the bulk grain and grain boundary

Keywords:

BaFE”zTA] /203

Ceramics

Perovskite

Giant dielectric constant
Impedance spectroscopy

resistance of BFT ceramics. These results are in agreement with the measured dielectric properties. Based
on dielectric and impedance results, (1—x)BFT-xBZT ceramics could be of great interest for high per-
formance dielectric materials applications due their giant dielectric constant behavior.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

High dielectric constant materials with complex perovskites
structure of A(B'B”)03 have been extensively developed due to their
potential for capacitor applications [1,2]. The Fe-containing com-
plex perovskites A(Feg 5Bg 5)03 with A = Sr, Ca, Ba; B= Nb, Ta, and Sb
are interesting materials which have been shown to exhibit
anomalously large dielectric behavior [3—8]. In particular, one
interesting high dielectric constant ceramic is Ba(FeqTa12)03
(BFT). BFT was first synthesized by Galasso et al. [9,10]. Jung et al.
[11] have confirmed that BFT has cubic perovskite structure at room
temperature. The dielectric properties of BFT ceramics were re-
ported by Wang et al. [12]. BFT ceramics have high dielectric con-
stants on the order of 10°-10° over wide temperature and
frequency range. The high dielectric behavior has been interpreted
in terms of the Maxwell-Wagner mechanism [5,12]. BFT also
exhibits a dielectric relaxation behavior, similar to other
high dielectric constant materials such as Ba(Fei;Nby;)0s,
Ca(Fe1/2Nb1/2)03, and Sr(Feq)2Nbq/2)03 [13—15]. Wang et al. [16]
have reported that the dielectric properties of BFT could be

* Corresponding author.
E-mail address: rujijanagul@yahoo.com (T. Phatungthane).

http://dx.doi.org/10.1016/j.cap.2014.09.026
1567-1739/© 2014 Elsevier B.V. All rights reserved.

improved by doping with Al,03. However, solid solutions between
BFT and other materials have not been widely investigated.
Recently, a family of microwave ceramics materials has been
extensively developed due to their potential for resonator appli-
cations. Ba(Zny3Tay3)03 (BZT) is one such interesting microwave
material due to its very low dielectric loss and good temperature
stability. To our knowledge, the solid solution of BFT and BZT has
not yet been fabricated. In this work, we studied the effects of BZT
addition on the dielectric properties of BFT ceramics. In this way,
(1—x)BFT-xBZT powders were synthesized via solid—state reaction
method and temperature and frequency dependent dielectric and
impedance measurements were conducted to investigate the
improvement of dielectric properties with BZT addition.

2. Experimental procedures

In the present work, (1-x)Ba(Fej;;Taqj2)03-xBa(Zny3Tay3)03,
(x = 0.00, 0.04, 0.08 and 0.12) ceramics were prepared using a
solid—state reaction technique. High purity raw powders of BaCO3
(>98.5%, Aldrich), Fe»;03 (99.0%, Aldrich), Ta;05 (99.0%, Aldrich) and
ZnO (99.9%, Aldrich) were mixed together according to the stoi-
chiometric chemical (1-x)Ba(Feq/;Taqj2)03-xBa(Znyj3Taz/3)03. The
raw powders were mixed in an ethanol medium with yttria stabi-
lized zirconia grinding balls for 24 h. The obtained product was


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:rujijanagul@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cap.2014.09.026&domain=pdf
www.sciencedirect.com/science/journal/15671739
http://www.elsevier.com/locate/cap
http://dx.doi.org/10.1016/j.cap.2014.09.026
http://dx.doi.org/10.1016/j.cap.2014.09.026
http://dx.doi.org/10.1016/j.cap.2014.09.026

1820 T. Phatungthane et al. / Current Applied Physics 14 (2014) 1819—1824

then dried at 383 K for 12 h. The dried powders were then calcined
at a temperature of 1523 K, for 6 h with a heating rate of 373 K/h
and cooling rate of 573 K/h. The calcined powders were then mixed
with 3wt% polyvinyl alcohol (PVA) and pressed into disc compact
shapes with a diameter of 1.00 cm. The green pellets were sintered
at a temperature of 1723 K for 4 h with the same calcinations rates.
The phase formation was then verified by the X-ray diffraction
technique (XRD). Microstructures were examined using a scanning
electron microscope (SEM). To investigate the electrical properties,
the sintered ceramic pellets were painted with silver paste on both
sides and fired at 923 K for 15 min. The dielectric and impedance

(a) (1 - x)BFT-xBZT calcined powders
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Fig. 1. XRD patterns of (1-x)BFT-xBZT (a) powders and (b) ceramics. (c) Lattice
parameter and unit cell volume vs. x calculated from the ceramics XRD patterns.

characteristics were evaluated using an HP 4284A LCR meter. The
measurements were carried out in a constant heating/cooling rate
of 2 K/min by using a cryostat (Sumitomo cryogenics) and a Lake
Shore 331 temperature controller.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the (1—x)BFT-XxBZT powders.
XRD analysis revealed that single perovskite phase was obtained in
all powder samples. The XRD patterns of the ceramic samples are
illustrated in Fig. 1(b). The XRD result indicates that the samples
exhibited pure perovskite structures with cubic symmetry. This
result agrees with the works done by Galasso et al. [9,10], Jung et al.
[11], Wang et al. [12] and also corresponding to ICSD file no. 01-
089-2966. Unit-cell volume of the samples calculated based on
cubic symmetry was found to be slightly increased from 66.84 A3
(a = 4.058 A) for the x = 0.00 sample to 67.47 A* (a = 4.066 A) for
the x = 0.12 sample (Fig. 1(c)). The unit-cell volume value of the BFT
sample corresponds to the work done by Dutta et al. [17], where
BFT ceramics in their work had been reported with unit-cell volume
of 66.78 A3 (a = 4.057 A). The change in unit-cell volume indicated
that crystal structure of the solid solution was distorted from the
pure BFT crystal.

Fig. 2 displays SEM micrographs of two selected ceramic sur-
faces. All ceramic samples exhibited a quite dense microstructure.
The microstructural investigation showed that BZT addition pro-
duced a decrease in grain size. Fig. 3 shows the average grain size of
the ceramics as a function of BZT concentration. Average values of

Fig. 2. SEM micrographs of (a) x = 0.00 and (b) x = 0.12 of (1—x)BFT-XxBZT ceramics.
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Fig. 3. Average grain size and bulk density of (1—x)BFT-xBZT as a function of BZT
concentration.

grain size, as determined from the linear intercept method, sharply
decreased from ~23.29 um for the x = 0.00 ceramics to ~4.70 pm for
the x = 0.04 ceramics, but subsequent slightly decreased reaching
3.21 pm for the x = 0.12 ceramics. The reduction in grain size in-
dicates that BZT adding inhibited grain growth for the studied ce-
ramics. Similar behavior has been observed in other solid-solutions
such as Ba(Feq2Nby/2)03—SrTiOs [ 18] and Ba(Fe2Nby/)03—BaTiO3
[19]. This may be due to the formation of a solid-solution which
produces some stress. This generated stress can prevent grain
boundary movement during the sintering and so result in the
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reduction of grain size [20]. The density as a function of BZT con-
centration is also shown in Fig. 3. The density slightly changed with
BZT concentration. However, highest density was observed for the
x = 0.08 sample.

The dielectric constant (&) and dielectric loss (tand) as a function
of temperature at various frequencies are shown in Fig. 4. The &-T
curves for all samples presented a dielectric constant step with high
values of dielectric constant over a wide range of temperatures,
especially at low frequency. This behavior is similar to those re-
ported in previous works in BFT and Sr(Fej;Nbq2)O3 ceramics
[12,15]. In our work, the samples exhibited strong dielectric-
frequency dependence. However, at high frequencies the samples
showed an increase in dielectric-temperature stability. Moreover,
the & values tended to increase with increasing BZT concentrations.
It should be noted that the x = 0.12 sample showed the highest
dielectric constant compared with the other samples (e > 20,600
for temperature > 200 K at 1 kHz).

Fig. 4 also shows the tand values as a function of temperature at
various BZT concentrations. The tané presents a frequency-
dependent characteristic. At low frequency, the peak of the tand
curve tended to decrease with BZT concentration. A shift of the tand
peak to a lower temperature was noted, especially for the 0.12 ce-
ramics. This may be due to the Zn?>* from BZT produced more
mixed valance state ions and defects such as oxygen vacancies in
the samples which resulted in an easier transport of charge carriers
under electric field and thermal activation processes. The shift of
the tand peak (especially for low frequencies) to a lower tempera-
ture consequently resulted in lower values of tand at the higher
temperature range. For example, the x = 0.12 sample showed a
lower tané value (at 1 kHz) than for the other studied ceramics
(tand < 0.09 in the temperature range 287—361 K).
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Fig. 5 illustrates the dielectric constant (¢;) and dielectric loss
(tang) as a function of frequency at 295 K (near room temperature).
The dielectric constant of all samples decreased with increasing
frequency. A similar behavior was found by Wang et al. who studied
the properties of BFT ceramics [12]. The ¢ at 1 kHz, increased from
~15,700 for the x = 0.00 ceramics to ~20,600 for the x = 0.12 ce-
ramics (Inset of Fig. 5). The tané peak shifts to higher frequencies
when BZT concentration is increased with no significant changes in
its amplitude. Also, at 1 kHz, the tand value of all samples tended to
decrease with increasing BZT concentrations (Inset of Fig. 5). At
x = 0.12 a very low dielectric loss was obtained (tané ~ 0.07) when
compared with a previous work where the BFT ceramics presented
a tand value higher than 0.6 at 1 kHz and near 295 K [12].

Additionally, it is noted from Fig. 5 that all the dielectric con-
stants a function of frequency curves present a step type curve. This
may be due to bulk grain and grain boundary effects in the studied
samples [21]. To investigate this behavior, a complex impedance
spectroscopy technique was employed. Selected complex imped-
ance planes (Z* plots) measured at different temperatures are
illustrated in Fig. 6. Complex impedance spectroscopy is often used
to analyze bulk grain and grain boundary responses in many ce-
ramics which can be related to the Maxwell-Wagner mechanism.
In many cases, Schottky barriers can form in ceramics which have
heterogeneous conduction and causes Maxwell-Wagner polari-
zation due to a difference in the Fermi level between different
conduction regions [22—24]. Many previous works [24,25] have
suggested that dielectric behavior of ceramics due to bulk grain,
grain boundary, and electrode responses can be determined by
using three equivalent parallel resistance-capacitance circuits
connecting in series, giving rise to three arcs in the Z* plot. In the
present work, however, only two arcs were observed in the Z* plot
for all samples. At low and intermediate temperatures (such as at
275 and 295 K, respectively), the Z* plots present a smaller arc in
the high frequency region and bigger arc in the low frequency re-
gion. The high-frequency arc (small arc) can be associated with the
electrical characteristic of the bulk grain. Meanwhile, the low-
frequency arc can be attributed to the contributions from the
grain boundary characteristic [25]. It should be noted that diameter
of each high frequency arc is quite small when compared to the arc
at low frequency, indicating that the resistance (bulk grain
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Fig. 5. Dielectric constant (e,) and dielectric loss (tand) as a function of frequency for
(1—x)BFT-xBZT ceramics. (Inset: e and tand vs.x at 1 kHz).

resistance, Rp) associated with the small arc is lower than that of the
big arc (grain boundary resistance, Rgp). The diameter of bulk grain
arc decreased with increasing amount of BZT, indicating that Rp
decreased with BZT. Furthermore, the diameter of both arcs
decreased with increasing temperature. This implies that R and Rgp
decrease with the temperature. At high temperatures (such as at
495 K), only the grain boundary semi-arc is presented in each curve
for the Z* plots due to the limit of the measured impedance spec-
troscopy frequency range [26]. In addition, the diameter of the
grain boundary semi-arc increased with increasing x, indicating
that Rgp increased with BZT concentration (Z* plots for other tem-
peratures are not shown here).

To further clarify the impedance processes taking place in (1—x)
BFT-XBZT ceramics the imaginary part of the impedance (Z’) and
electric impedance modulus (M"”) were analyzed based on previous
works [27]. Fig. 7 displays selected plots of Z” and M"versus fre-
quency at different temperatures. The peaks in Z” and M” plots can
be correlated to the Z* plots in Fig. 6, where the peak at low and
high frequencies can be associated with grain boundary and bulk
grain responses, respectively. The activation energies for bulk grain
and grain boundary conductions were determined by using the
equations [28]

o = g exp( — Eq/KT) (1)
and
og=R"1 (2)

where ¢ is conductivity and R values were extracted from Z” plots
(R = Zmax/2 and Zpax is value of Z” at peak of Z’plot) [29]. The
Arrhenius plot of In(1/R) versus 1/T, gives the activation energies of
bulk grain and grain boundary conduction. Values of activation
energy for bulk grain and grain boundary conduction are listed in
Table 1. The activation energies for the bulk grain were in
0.21-0.23 eV range. These values agree with the values reported in
previous works for bulk grain conduction [25,30], which can be
associated with the polaron hopping conduction mechanism [21].
The values of activation energy for the grain boundary were in
0.62—0.69 eV range. These values are close to the value obtained in
the previous works for the grain boundary response [12,25].
Based on the impedance spectroscopy results, the strong
dielectric constant-frequency dependence observed in the present
work can be explained by the Maxwell-Wagner mechanism due to
the samples being electrically heterogeneous which can be related
to bulk grain and grain boundary characteristics. Furthermore, the
higher dielectric constants for the higher BZT concentration sam-
ples may be due to the changes in the transport behavior after
forming the solid solution that contributed to the decrease in Ry
(increase in bulk grain conductivity). An alternative explanation for
the higher dielectric constants may be related to the distortion of
crystal structure after the incorporation of BZT in to the solid so-
lution which gives rise to an enhancement of polarization. Density
is a factor that often relates to the dielectric constant. However in
the present work, the density slightly changed with x concentration
and the highest density was found for the x = 0.08 ceramics while
dielectric constant trended to increase with composition x. There-
fore, density may have less contribution for the dielectric constant
behavior in the present work. Grain size is also known to affect the
dielectric constant for many high dielectric constant materials such
as BFN. Many authors have reported that the dielectric constant of
BFN ceramics is related to their grain size [31,32]. In the case of BFT,
Dutta and Sinha [17] reported that BFT ceramics showed an average
grain of 4.6 pm while Wang et al. reported that Al doped BFT ce-
ramics had an average grain size less than 2.0 pm and also exhibited
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lower dielectric constant than pure BFT [16]. However, there is no
systematic works to study the grain size effect on the dielectric
behavior of BFT and it should be investigated in a further work.

4. Conclusions

The ((1—x)BaFeq2Ta1;203-xBaZny3Tay303), ((1—x)BFI-xBZT)
ceramics have been successfully prepared by a solid state reaction
method. The microstructure and phase formation of the prepared

((1—x)BFT-xBZT) powders and ceramics were characterized by XRD
and SEM. XRD analysis revealed that single perovskite phase was
obtained in all ceramic samples. The average grain size decreased
with increasing BZT concentrations. The dielectric and impedance
properties of ceramics were investigated. The (1—x)BFT-xBZT ce-
ramics exhibited a strong dielectric-frequency dispersion.
Furthermore, addition of BZT was found to enhance the dielectric
constant as well as reduce the dielectric loss value. Finally, the
complex impedance plane results indicated that the dielectric-
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Table 1
Activation energies of bulk grain and grain boundary conduction of (1—x)BFT-xBZT
ceramics.

X Activation energy (eV)
Bulk grain Grain boundary
0.00 0.23 0.69
0.04 0.23 0.69
0.08 0.23 0.68
0.12 0.21 0.62

frequency dependence was due to the electrically heterogeneous
behavior of (1—x)BFT-xBZT ceramics and the strong effect of BZT on
grain and grain boundary resistance of the ceramics. Based on these
results, this system is interesting for high performance dielectric
materials applications. Also, it would be interesting to form solid
solutions between BZT and other high dielectric constant materials
to develop new high performance dielectric materials
compositions.
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Abstract

(1 —x)SrFe( sNbg 503-xBaTiO3 ((1-x)SFN-xBT) powders with x=0.00-0.50 were synthesized via a molten-salt synthesis process. All x < 0.50
calcined powders exhibited pure phase perovskite after a relatively low calcination temperature of 800 °C. Ceramics of (1-x)SFN-xBT were then
fabricated from the calcined powders. Increasing BT inhibited grain growth, but produced an improvement in dielectric constant. Very high
dielectric constants (g,~2.96 x 10> at 1 kHz and 351 °C) were recorded for the x=0.25 ceramics. All ceramics displayed a strong frequency
dependent dielectric, especially for the x=0.25 ceramics. The dielectric constant behaviour of the studied ceramics was related to the Maxwell-
Wagner polarization mechanism. In addition, the x=0.25 ceramics exhibited a very high relative dielectric tunability (n, ~76%) at room

temperature.
© 2014 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: SrFe( sNbgsO3; Molten salt; Ceramics; Dielectric properties; Impedance spectrocscopy

1. Introduction

Giant dielectric constant materials with perovskite structure of
A(B'B”)O; have been extensively investigated due to their
potential for electronic applications such as sensors and
multilayer-capacitors [1-3]. Furthermore, the materials may be
of use as a component of some composites for some electro-
magnetic wave shielding or absorbing applications [4,5].
Among these materials, A(FeysBos)Os (A=Ba, Sr, Ca;
B=Nb, Ta, Sb) shows high or very high dielectric constants
over a wide temperature range [2,3]. Sr(Feq sNbg 5)O3 (SFN) is
one of such interesting dielectric materials due to its high
dielectric constant. The dielectric properties of SFN ceramics
have been reported by many authors [3,6,7]. High dielectric
constants of the order of ~10°-10* over a wide temperature
range have been reported [3,6]. SFN also exhibits a strong
frequency dispersion of dielectric constant, similar to other giant

*Corresponding author. Tel.: +665394 3376; fax: +66 5335 7512.
E-mail address: rujijanagul @yahoo.com (G. Rujijanagul).

http://dx.doi.org/10.1016/j.ceramint.2014.10.132
0272-8842/© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

dielectric materials such as Ba(Feq sNbg 5)O5 and Ca(Fep sNby 5)
O [8,9]. The magnetic properties of SEN at low temperatures
(lower than 100 K) were reported by Tezuka et al. [10]. The
high dielectric constant and frequency dispersion in SFN
ceramics and other high dielectric materials can be explained
in term of Maxwell-Wagner polarization [6,11-14]. Since SFN
ceramics show many interesting properties, research on improv-
ing the properties for this material is still interesting.

BaTiO; (BT) is a well known ferroelectric and dielectric
material which is frequently used in several types of electrical
devices, such as sensors and multilayer capacitors [15-19]. BT
crystal has tetragonal symmetry at room temperature. The phase
transition temperature from ferroelectric (tetragonal) to paraelectric
(cubic) phase of this material is around 120-130 °C. Many reports
have focused on modified BT or solid solutions consisting of BT
and other materials, due to their good piezoelectric and dielectric
properties. For example, Ba(Zr(;Tig93)O; doped with B,O;
exhibited large strain with a high piezoelectric coefficient [20],
BaTiy gZr,05-(Bag7Cap3)TiO; [21] presented a very high
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piezoelectric  coefficient, and Bi(ZngsTiy 5)03-BiScO5-BaTiO;
showed low loss tangent over a wide temperature range [22].

In the case of SFN and BT based ceramics, many
researchers have fabricated them by the conventional techni-
que (solid-state reaction technique) which often requires high
temperatures for processing. This may cause poorer proper-
ties of the ceramics due to particle coarsening and aggrega-
tion of the calcined powders. Furthermore, high temperature
processing can result in high cost of production, especially
for mass production. Therefore, other chemical routes such as
sol-gel [23], hydrothermal [24], and microwave techniques
[25] have been proposed for synthesis of many electrocera-
mics powders. Unfortunately, costs of raw materials for many
chemical processes are quite high. In addition, yield product
from the chemical methods is small, so it is difficult to
upscale for mass production. However, many recent reports
suggest that the molten salt technique is a low cost, practical
and simple technique for preparing fine powder for electro-
ceramic production [26,27]. It has been reported that many
properties of electroceramics whose calcined powders were
synthesized by this technique, were found to be excellent
[28,29].

Since SFN shows high dielectric constants over a wide
temperature range and BT is a dielectric and ferroelectric
material which exhibits low loss tangent compared with many
other dielectric materials, it is interesting to form a new solid-
solution between SFN and BT with the aim of improving the
dielectric behaviour of SFN and also achieving a better
understanding of their properties. In the present work, proper-
ties of SFN-BT ceramics were investigated. The ceramics were
fabricated by a molten-salt technique as this can lower the
processing temperature.

2. Experimental procedures

In the present work, (1-x)SrFey sNbysOz-xBaTiO3; (x=0.00-0.50)
were synthesized via the molten-salt technique. NaCl (99.5%, Fluka)
and KCl (99.5%, Riedel de Haen) were mixed in equal molar
quantities. Raw powders of SrCOj3 (98.0%, Aldrich), Fe,O3 (99.0%,
Aldrich), NbyOs (99.9%, Aldrich), BaCO5 (99.0%, Aldrich) and
TiO, (99.0%, Fluka) were mixed in an ethanol medium with yttria
stabilized zirconia grinding balls for 24 h, and then dried at 110 °C
for 12 h. The resulting precursor and mixed salts were mixed in a
weight ratio of 1:1 and combined by hand-grinding for 30 min. The
obtained powders were then calcined at 700-900 °C for 3 h with a
heating rate of 100 °C/h and cooling rate of 300 °C/h. The calcined
powders were washed with hot deionized water several times until
there was no trace of anion. AgNO; aqueous solution was used to
detect the anion. The calcined powders were then mixed with 3 wt%
polyvinyl alcohol (PVA) and pressed into discs with a diameter of
1.00 cm. These green compacts were sintered at 1350 °C for 3 h
with the same heating and cooling rates as for calcination. Phase
formation analysis was carried out by X-ray diffraction technique
(XRD). The microstructure was examined by scanning electron
microscopy (SEM). The dielectric characteristics were then mea-
sured using an LCR meter.

3. Results and discussion
3.1. Phase formation and microstructure

Fig. 1(a) displays XRD patterns of the (1-x)SFN-xBT calcined
powders for 0.00 <x<0.50. All calcined powders showed a
perovskite phase which agrees with the results in previous work
for pure SFN [6]. It should be noted that pure perovskite phase was
obtained at a relative low temperature (800 °C) compared with the
conventional technique (~ 1200 °C) [6]. However, a small peak of
second phase was observed for the x=0.50 calcined powder (as
indicated by “*” at 20~ 22.26°). This second phase was character-
ized as BT according to ICSD file no. 00-005-0626. After
sintering, all ceramics also showed the perovskite structure.
However, small peaks of BT occurred at 260~22.26° and 51.42°
in the XRD pattern of the x=0.50 ceramics (Fig. 1(b)). The peaks of
BT observed in the x=0.50 ceramics confirmed the formation of
BT phase in the calcination state. These results indicated that the
solubility of BT in SFN has a limit. Furthermore, the XRD patterns
showed three main peaks of (332), (240) and (116) plane reflections
(at 20~75-77°), indicating that the symmetry of the studied
samples was orthorthombic. However, three main peaks were
shifted and merged together for the highest BT concentration (inset
of Fig. 2). This indicates a change in lattice parameters as well as
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Fig. 1. XRD patterns of (1 —x)SFN-xBT: (a) calcined powders and (b) ceramic
samples.
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Fig. 2. Unit cell volumes of the ceramics versus BaTiO3 concentration. Inset
shows XRD patterns of the studied ceramics at 26 ~74-77°.

unit-cell volume. The unit-cell volume of the ceramic samples, as
calculated based on orthorhombic symmetry, was found to increase
from 251.27 A’ for the x=0.00 ceramics to 252.29 A> for the
x=0.50 ceramics (Fig. 2).

Fig. 3(a, b) presents SEM micrographs of selected ceramic
surfaces. All ceramics exhibited quite dense surfaces with
uniformity in grain size especially for higher BT samples. The
microstructural analysis revealed that BT addition produced a
significant reduction in grain size. Average values of grain
size, as calculated by a linear intercept method, decreased from
11.29 pm for the pure SFN ceramic to 3.30 pm for the x=0.50
ceramics (Fig. 3(c)). This indicates that BT addition inhibited
grain growth for the studied ceramics. The suppression of grain
growth may be due to solid-solution formation which can
produce some stress. This generated stress can prevent grain
boundary movement during the sintering and so result in the
reduction of grain size [30]. Furthermore, the formation of the
secondary phase (for the x=0.50 ceramics) which may form at
the grain boundaries, can also prevent grain boundary move-
ment during the sintering process [31].

3.2. Dielectric behaviour studies

3.2.1. Dielectric properties

Fig. 4 displays plots of the dielectric constant as a function
of temperature for various BT concentrations. For the unmo-
dified ceramics, the dielectric constant-temperature curve at
1 kHz showed a peak at a temperature of ~265 °C with a high
dielectric constant (¢,~1.85 x 10°). For x=0.25 ceramics, the
dielectric constant at the dielectric peak was relatively very
high (e,~2.96 x 10 at 1kHz and &,~1.30 x 10° at 10 kHz for
temperatures 351 °C and 360 °C, respectively) compared to
other ceramics. In the case of x=0.50 ceramics, near-flat
dielectric constant-temperature curves were noted, especially at
high frequency. This indicated that the x=0.50 ceramics had a
higher dielectric constant-temperature stability. However, the
dielectric curves for this composition presented lower dielec-
tric constants as compared to other ceramics. The dielectric
constants for the x=0.50 ceramics were still high
(,>4.12x 10* at 1kHz and temperatures > 340 °C) for
dielectric materials [9,10,32]. Dielectric properties of some
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Fig. 3. (a, b) SEM micrographs of x=0.00 and x=0.50 ceramics, respectively,
and (c) grain size versus BaTiO3 concentration.

high dielectric materials of interest are listed in Table 1. It
should be noted that all measured ceramics presented fre-
quency dispersion and that the x=0.25 ceramics showed the
largest dispersion. This behaviour seems similar to the relaxor
behaviour as observed in some relaxor materials [33]. To
check this evidence, ferroelectric measurement was performed.
A selected P-E hysteresis loop at RT (for the x=0.50 ceramics) is
illustrated in the inset of Fig. 4(c). The P-E hysteresis loop
obtained from the ferroelectric measurement for each ceramic
showed a type of lossy capacitor hysteresis loop. Therefore, the
dielectric behaviour of these ceramics is not the same as the
canonical relaxor behaviour [34,35].

The loss tangent (tand) value as a function of temperature at
various BT concentrations is presented in Fig. 4. The tand
curves exhibited frequency-dependent characteristics. The tand
value tended to decrease with BT concentration. The change in
microstructure characteristics after doping may be a reason for
this behaviour. Furthermore, the segregation of BT phase in
the x=0.50 ceramics may also result in lower tand values
because BT alone exhibits a low tand value. These results can
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Table 1
Dielectric properties for (1 —x)SFN-xBT ceramics and comparisons with other high dielectric ceramics.
Materials Sample RT (10 kHz) 100 °C (10 kHz) T (10 kHz)
& tand & tand & tand
SrFe(, sNby sOs-Based SEN [ ‘ 520 x 10° 0.7 12x10* 0.6 1.2 x10° 22
0.75SEN - 0.25BT [] 8.80 x 10° 0.6 23 % 10* 0.6 1.3x10° 1.4
SEN [4] 3.0 x 10 0.9 2.0 x 10° 2 8.0x 10° 10
SEN [7] 2.0x10° - 25x%10° - 5.0x10° -
CaFe, sNby sO5-Based CFN [7] 1.0 x 10? - 1.5x 10° - 2.0x 10° -
BaFe, sNby sO5-Based BEN [7] 4.0 % 10° 0.2 5.0 x 10° 0.3 1.0x 10* 4
BEN [10] 2.0x 10° 25 1.0 x 10* 1.0 3.0 x 10* 15
BFN [34] 7.0 % 10° 0.4 1.0 x 10* 0.6 1.5 x 10* -
BEN [49] 5.0 x 10° - 7.0 x 10° - 23 x 10* -
BaFe, sTag sO5-Based BFT [41] 1.0 x 10* 0.5 2.5 % 10* 1.1 1.0 x 10° 25
BFT-AI [48] 9.0 x 10° 0.2 2.0 x 10* 0.7 40x 10° 5

*data for this work, T,,: temperature at peak of dielectric constant-temperature curve.

be related to the changes in the electron transport behaviour
after adding the BT that contributed to lower electrical conduction.

It is suggested that the high dielectric constants observed in
the present work may be related to bulk grain, grain boundary
and electrode (interface) responses [36]. To check this possibi-
lity, the dielectric constant as a function of frequency at room
temperature (RT) was plotted, as seen in Fig. 5. The dielectric
constant of all ceramics exhibited a frequency dependence with
the dielectric constant decreasing with increasing frequency. A
similar behaviour was found by Liu et al. who investigated the

properties of SFN ceramics [6]. Here, dielectric constant at
1 kHz and RT increased from 1.08 x 10* for the unmodified
ceramics to 2.43 x 10* for the x=0.25 ceramics and then
decreased to 9.8 x 10> for the x=0.50 ceramics. Furthermore,
all ceramics showed dielectric constant step curves, where
unmodified and x=0.50 ceramics presented two steps while
the x=10.25 ceramics showed three steps in the dielectric curves.
The obtained data indicates that the ceramics had heterogeneous
conduction and that the dielectric behaviour should be related to
bulk grain, grain boundary and electrode responses [36].
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3.2.2. Impedance spectroscopy

For a further analysis of the dielectric behaviour, the
technique of complex impedance spectroscopy was employed.
Complex impedance planes (Z* plots, Z’-Z” plots) measured at
different temperatures are shown in Fig. 6. Complex impedance
spectroscopy is often used to analyse bulk grain and grain
boundary responses in many ceramics which can be associated
with the Maxwell-Wagner mechanism. This mechanism is often
related with heterogeneous conduction caused by differences in
Fermi level between different conduction regions [37]. It has
been proposed by many previous works [37,38] that dielectric
behaviour of ceramics due to bulk grain, grain boundary, and
electrode responses can be investigated by using a simple
equivalent circuit, i.e. three parallel resistance-capacitance

5
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3x10*
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Fig. 5. Frequency dependence of ¢, of (1 - x)SFN-xBT ceramics at RT. Inset:
& vs. x at 1 kHz and RT.
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circuits connecting in series. This can give rise to three arcs
in the Z* plot.

Z* plots for all ceramics are presented in Fig. 6. For
unmodified and x=0.50 ceramics, each Z* plot showed two
arcs at low and high frequencies. However, only one arc
presented at high temperatures (such as at 200 °C) which was
caused by the limit of the measurement. The small arc at high
frequency should be related to bulk grain response and the big
arc at low frequency (with no intercept) should be related with
grain boundary response [39]. It should be noted that the
diameter of each high frequency arc was smaller than each low
frequency arc, indicating that bulk grain resistance (R,) was
lower than that of grain boundary resistance (Rg). Further-
more, the diameter of both arcs decreased with increasing
temperature. This implies that R, and R, decreased with the
temperature. For the x=0.25 ceramics, the two arcs were also
observed but there was another arc at intermediate frequency
(indicated by “*” in the inset of Fig. 6(b)). This arc also
overlapped with the low frequency arc (such as for the 30 °C
curve). For this case, high and low frequency arcs could be
related to bulk grain and electrode responses, respectively,
while the intermediate frequency arc could be related to grain
boundary response.

To characterize the conduction behaviours for each
response, the imaginary part of the impedance (Z”) and electric
impedance modulus (M”) were plotted, as seen in Fig. 7. For
the unmodified and x=0.50 ceramics, high and low frequency
peaks were clearly noted at low and high temperatures,
respectively. It should be noted that each peak shifted to a
higher frequency when the temperature increased. Considered
together with the data from Z* plot (Fig. 6(a,c)), the peaks at
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Fig. 6. (a-c) Z* plots of (1-x)SFN-xBT ceramics measured at different temperatures (‘“*”indicates the intermediate frequency arc) and (d) a comparison Z* plot for

different compositions at —40 °C.
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Table 2
Activation energies of bulk grain, grain boundary and electrode conduction of
(1-x)SFN-xBT ceramics.

X Activation Energy (eV)

Bulk grain Grain boundary Electrode
0.00 0.22 0.70 -
0.25 0.19 0.66 0.85
0.50 0.18 0.64 -

low and high frequencies could be associated with grain
boundary and bulk grain responses, respectively. For the
x=0.25 ceramics, each Z” and M" plot presented peaks at
high and low frequency regions. However, each Z” and M"
plot also presents a shoulder at an intermediate frequency. The
high, intermediate (shoulder), and low frequency peaks can be
related to bulk grain, grain boundary and electrode responses,
respectively. These results confirm that the studied ceramics
had heterogeneous conduction.

Activation energies for each conduction, i.e. bulk grain,
grain boundary and electrode responses, were determined by
the following equations [40].

c=R"! (1)
and
E,
6 = 06,eXp (— k_T> )

where ¢ is conductivity and R values were extracted from Z”
plots [41]. The Arrhenius plot of In(1/R) versus I/T from Eq.(2)

can give the slope which relates to the activation energies of each
conduction. Values of activation energy of each conduction for
the studied ceramics are summarized in Table 2. The activation
energies for the bulk grain conduction were in the range of 0.18-
0.22 eV. These values are close to the values obtained in previous
works for bulk grain conduction [38,42], which were related to
the polaron hopping conduction mechanism [12]. The values of
activation energy for the grain boundary conduction were 0.64—
0.70 eV which are close to the values obtained in the previous
works for the grain boundary response [38,43].The activation
energy of electrode conduction was 0.85eV (for the x=0.25
ceramics). This value is close to the activation energy of electrode
response (0.8-1.0 eV) [6,9,44].

From the obtained data, the dielectric behaviour of the ceramics
can be explained in terms of the Maxwell-Wagner polarization
mechanism since the studied ceramics exhibited heterogeneous
conduction. For the unmodified and x=0.50 ceramics, the
dielectric behaviour could be linked with two responses, i.e. bulk
grain and grain boundary responses. For x=0.25 ceramics, three
responses were found to affect the dielectric behaviour with the
electrode response being a strong effect especially for low
frequency. Therefore, the x=0.25 ceramics showed a very high
dielectric constant. For x=0.50 ceramics, the presence of a
segregated phase of BaTiO;, as observed in the XRD results,
may cause a deterioration of the dielectric constant. Furthermore,
composition heterogeneity may occur in the x=0.50 ceramics.
This can affect the dielectric behaviour.

3.2.3. Dielectric tunability
To study the dielectric tunability characteristic, the dielectric
constant under applied electric field was measured. Fig. 8
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Fig. 8. Dielectric constant-electric field curves of (1 - x)SFN-xBT ceramics at
room temperature (RT). Inset: n, vs. BaTiO3 concentration.

shows the dielectric constant versus electric field character-
istics as a function of BT concentration. Generally, the relative
tunability can be calculated via Eq. (3) [45].

n(%0) = ((e-(0) — &,(E))/£,(0)) x 100 (©)

where £,0) is the dielectric constant at zero electric field and
e(E) is the dielectric constant at high electric field. In the
present work, the dielectric tunability was measured over a
range of the electric field of 0-26 kV/cm. The inset of Fig. 8
presents the n, values of the studied ceramics at RT. The value
of n, increased from 31.76% for unmodified ceramics to
76.32% for x=0.25 ceramics, but then decreased to 43.90%
for the x=0.50 ceramics. It has been reported that change in
dielectric constant can be caused by Schottky barriers at the
electrode interfaces [40,47]. Therefore, the highest dielectric
tunability for the x=0.25 ceramics should be related with the
interface effect due to the samples prior presented electrode
effect. The studied ceramics may be used for potential
dielectric tuneable applications.

4. Conclusions

By using the molten-salts synthesis process, pure perovskite
phase of (1 —x)SEN-xBT powders were obtained at low calcina-
tion temperatures for x < 0.50 powders. (1 —x)SFN-xBT ceramics
were fabricated from the 800 °C calcined powders. Average grain
size of the studied ceramics decreased with the addition of BT.
Dielectric measurements revealed that all ceramics exhibited high
dielectric constants with the x=0.25 ceramics exhibiting very high
dielectric constants. The ceramics also showed frequency disper-
sion especially for the x < 0.50 ceramics. The dielectric behaviour
of the ceramics was explained in terms of the Maxwell-Wagner
polarization mechanism. Finally, the the x=0.25 ceramics pre-
sented very high relative dielectric tunability.
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Abstract

Sr(Fe; _ (Aly)p.sNbg 503 (x < 0.20) powders were synthesized via the molten-sals process. Pure phase perovskite was obtained at a relatively
low calcination temperature of 800 °C. The Sr(Fe; _,Al,)osNbgsO5 ceramics exhibited pure phase perovskite for x < 0.20 ceramics. Dielectric
measurements indicated that all ceramics showed a strong dielectric frequency dispersion, especially for the x=0.05 ceramic. Very high dielectric
constants (g, > 199,000 for temperatures > 200 °C) were observed for the x=0.05 ceramics. Al doping enhanced the dielectric temperature
stability and reduced the loss tangent. Impedance spectroscopic analysis indicated that the dielectric behaviour of the ceramics could be related to
the Maxwell-Wagner polarization mechanism, since the ceramics exhibited heterogeneous conduction.

© 2015 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, much attention has been paid to giant dielectric
materials due to the potential applications in microelectronic
devices [1—4]. Properties of many giant and high dielectric
materials have been investigated [5,6]. One of these high dielectric
constant materials is Sr(Fey sNbg 5)O3 (SEN). SEN exhibits orthor-
hombic crystal symmetry with space group Pbnm(62) at room
temperature (RT) [6-9]. The dielectric constant of this material
varies from 10° to 10* over a wide temperature range [6-9]. SEN
ceramics also show a strong dielectric-frequency dispersion which
can be explained by Maxwell-Wagner polarization [6,8,9] due to
the ceramic’s heterogeneous conduction. SFN and other giant
dielectric ceramics are often prepared by the solid-state reaction
technique. However, this technique needs high temperature
processing, for example high calcination temperatures [8,9].
Generally, high temperature processing can cause particle coarsen-
ing and aggregation of the powders and consequently make the
ceramics exhibit lower performance. Recently, it has been reported

*Corresponding author. Tel.: +665 3943376; fax: +665 3357512.
E-mail address: rujijanagul @yahoo.com (G. Rujijanagul).

http://dx.doi.org/10.1016/j.ceramint.2015.03.225
0272-8842/© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

that molten salt synthesis can lower the processing temperature as
well as produce high performance ceramics. The molten salt
synthesis is also a simple, cheap and practical method for
production of many electroceramics while many other chemical
routes (such as sol-gel, hydrothermal, etc.) have high costs of raw
materials [10,11]. Therefore, it is interesting to synthesize giant
dielectric ceramics and other electroceramics ceramics by this
technique.

Although SFN ceramic shows a high dielectric constant, its loss
tangent is quite high compared to that of many other dielectric
materials [12,13]. This makes it unsuitable for wide use in
electronic applications. It has been proposed that electrical
conduction of many Fe-containing compounds is related to the
polaron hopping mechanism due to the presence of Fe**/Fe’* in
their crystal structure [1,2]. To reduce the loss tangent of SFN
ceramics, single valance state ions (such as AP™) should therefore
be introduced into the B-site of the SFN perovskite structure.
Properties of SFN ceramics doped with Al have not yet been
investigated, to our knowledge. In the present work, properties of
SEN ceramics doped with Al are therefore reported. To reduce the
processing temperatures, the studied ceramics were synthesized via
the molten-salt technique.
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2. Experimental procedures

SI‘(FC],XAIX)O'SNb()jOg, (SFAN, XZO.OS, 0.10 and 020) were
synthesized by the molten-salt technique. StCO5 (98.0%, Aldrich),
Fe;03 (99.0%, Aldrich), NbyOs (99.9%, Aldrich) and AlOs
(99.0%, Fluka) were mixed in an ethanol medium with yttria
stabilized zirconia grinding balls for 24 h. NaCl (99.5%, Fluka)
and KCI (99.5%, Riedel de Haen) were also mixed in equal molar
quantities. The precursor and mixed salt powders were mixed
together with a weight ratio of 1:1. The obtained powders were
then heated at temperatures ranging from 700 to 900 °C for 3 h.
The resulting powders were washed with hot deionized water
several times until no trace of anion remained. To detect the
anions, an AgNOj; aqueous solution was used. The calcined
powders were then combined with 3 wt% polyvinyl alcohol
(PVA) and pressed into cylindrical compact shapes. These green
compacts were sintered at temperatures ranging from 1300 °C to
1400 °C for 3 h. Phase formation was investigated using the X-ray
diffraction technique (XRD). The microstructures were examined
using scanning electron microscopy (SEM). The dielectric char-
acteristics were measured by a LCR meter (Agilent E4980A).

3. Results and discussion

Fig. 1 shows selected XRD patterns (at RT) of the obtained
powders, calcined at 800 °C. This result indicates that the calcined
samples exhibited a pure perovskite structure, except for the pow-
ders with x > 0.10. The impurity peaks at 260~22.52° and 28.51°
were characterized as the XRD peaks of AlFeO; (according to
ICSD no. 00-018-0633). Furthermore, the impurity peak at
20~25.57° was identified as ALO; (ICSD no. 00-061-1296).
The presence of impurity phase for the x=0.20 samples, suggested
that solubility limit of Al in SFN was very small. It should be
noted that when using the solid-state reaction method, the
calcination temperatures to obtain the pure phase perovskite for
many high dielectric materials (such as SFN) are quite high
(~1200 °C) [8,9]. Therefore, the molten salt synthesis can reduce
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Fig. 1. XRD patterns of SFAN calcined powders (“#%” indicates impurity
phases). Inset (a): particle size distribution of the calcined powders. Inset (b):
average particle size vs. x.

the calcination temperature by at least 400 °C. Particle size
distribution of the powders was also investigated by a light
scattering technique. Inset (a) of Fig. 1 displays the particle size
distribution of the calcined powders. It is clearly seen that all
particle size distribution curves present a mono-modal distribution,
indicating that there was no trace of particle agglomeration. In
addition, Al doping resulted in reduction in average particle size
and range of particle size (inset (b) of Fig. 1). The average particle
size and ranges of particle sizes decreased from 582 nm and
342-916 nm for the 0.05 samples, to ~343 nm and 255-531 nm
for the x=0.20 samples, respectively. The obtained data indicated
that the molten salt technique produced submicron powders.

The XRD patterns of selected ceramics (at RT) are illustrated in
Fig. 2. The x < 0.20 ceramic samples exhibited a pure perovskite
phase. The impurity XRD peak at 260~25.57° (for Al,O3) as
observed in the calcination state disappeared after sintering. This
suggests that the sintering temperature had an effect on the phase
formation of this system, due to a higher diffusion rate at the
higher temperature. The optimum sintering temperature in this
work was found to be 1350 °C. This means that by using the
calcined powers obtained from the molten salt synthesis, the
sintering temperatures for ceramic fabrication could be reduced
from the standard sintering temperatures for many high dielectric
materials (such as SFN) which are around 1450 °C [8,9]. The
lattice parameters and unit-cell volume of the samples were
calculated from the XRD data of the ceramic samples, based on
orthorthombic symmetry (Fig. 2). After doping, a change in the
unit-cell volume was observed. The unit-cell volume slightly
decreased from 250.65 A* for the x=0.05 samples to 249.24 A?
for the x=0.20 samples. It is possible that some AI’" jons
substituted Fe** ions in the lattice [14]. However, the slight
decrease in unit-cell volume confirmed the very low solubility limit
of Al in SEN.

Fig. 3 (insets) displays SEM micrographs of selected ceramic
surfaces. All ceramic samples exhibited a quite dense form.
Furthermore, the porosity level in the ceramic samples was
consistent with the measured density, where the density increased
with increasing Al concentration (Fig. 3). Fig. 3 also shows the
average grain size of the ceramics as a function of Al concentration.
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Fig. 2. XRD patterns of the SFAN ceramics. Inset: unit cell volume vs. x.
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The microstructural investigation revealed that Al doping produced
a decrease in grain size. Average values of grain size, as determined
from the linear intercept method, decreased from ~7.9 um for the
x=0.05 ceramics to ~3.3 um for the x=0.20 ceramics. The
reduction in grain size may be due to the effect of doping where the
presence of impurity phases had a main effect for higher Al doping
samples, i.e. it inhibited grain growth. This can be related to the low
solubility limit of Al in SFN.

Plots of the ¢, as a function of temperature at various Al
concentrations and frequencies are shown in Fig. 4. The ¢, values
tended to increase with increasing temperatures for all of the
samples. This behaviour is similar to that reported in previous
works with SFN and Ba(FeysNbgs)Os; (BFN) ceramics [8,15].
Furthermore, the x=0.05 ceramics exhibited very high dielectric
constants, ie. &> 82,000 for temperatures > 100 °C and e, >
199,000 for temperatures > 200 °C (at 1 kHz). These dielectric
values are quite high compared to values for pure SEN (g, > 6000
for temperatures > 100 °C and &,> 40,000 for temperatures

Average grain size (um)
Bluk density (g/cm’)

0.05 0.10 0.20
Al (x)

Fig. 3. Average grain size and bulk density as a function of Al concentration
of SFAN ceramics. Inset: SEM micrographs of the selected SFAN ceramic
surfaces: (a) x=0.05 and (b) x=0.20
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Fig. 4. Dielectric constant and loss tangent as a function of temperature for
SFAN ceramics. Insets: ¢, vs. f for the ceramics at RT.

> 200 °C) and for other giant dielectric ceramics [8,9]. At high
frequencies, the samples showed an increased dielectric constant-
temperature stability.

In this work, Al doping was found to influence the dielectric
properties of the ceramic samples. The ¢, values of the ceramics
tended to decrease with increasing Al concentration. However, the
&, values for the case of high Al concentration, such as the x=0.20
ceramics, were still considered high for high dielectric ceramics
(&> 54,000 for temperatures > 100 °C). The presence of impur-
ity phase (AlFeOs;) may cause a deterioration of the dielectric
constant as it has a lower dielectric constant (e.g. €.~ 1000 at
temperature ~ 150 °C) [16]. Fig. 4 also shows the tan$ values as a
function of temperature at various Al concentrations. The tand
values also tended to decrease with Al concentration. The presence
of impurity phase in the ceramics (AlFeOs) may be a reason for
the lower loss tangent due to the fact that AlFeOs has a lower loss
tangent value (tan5~0.2) [16,17]. The reduction of Fe?t /Fe*
concentration after doping may be another reason for the reduction
of loss tangent. However, it may have less contribution due to the
low limit of solubility of Al in SFN.

It should be noted that the dielectric constant curves exhibit a
frequency dependence similar to the tand curves, especially for the
x=0.05 ceramics (Fig. 4). To study this behaviour in more detail, e,
as a function of frequency (f) at RT was plotted, as seen in the
insets of Fig. 4. The dielectric constant of the ceramics decreased
with increasing frequency. Furthermore, the dielectric constant—
frequency curves presented a step type curve. This can be related
to bulk grain, grain boundary and electrode (interface) effects in the
studied samples as suggested by many previous works because the
ceramics were heterogeneous conduction [2]. To further under-
stand the dielectric behaviour, the technique of complex impedance
spectroscopy was employed. Complex impedance spectroscopy is
often used for analysis of bulk grain and grain boundary
characteristics, etc. for many high dielectric ceramics. Normally,
dielectric behaviour of many high dielectric ceramics due to bulk
grain, grain boundary, and electrode responses can be investigated
by using a simple equivalent circuit, i.e. three parallel resistance-
capacitance circuits connecting in series. This can give rise to three
arcs in a Z* plot (Z—Z" plots) [18,19].

Z* plots for all ceramics are presented in Fig. 5. For x=0.05
and x=0.10 ceramics, two arcs at low and high frequencies
were clearly noted for each curve at low temperature (such as
at —40 °C). However, there was an arc at intermediate
frequency that overlapped with the low frequency arc for each
curve (indicted by “*” in insets of Fig. 5). However, only one
arc presented at high temperatures (such as at 200 °C) which
was caused by the limit of the measurement. The small arc at
high frequency should be related to bulk grain response.
Intermediate and low frequency arcs may be related to grain
boundary and electrode responses, respectively [20]. For the
x=0.20 ceramics, arcs in the high and low frequency regions
were noted but the intermediate frequency arc was not clearly
observed. The high frequency arc for the x=0.20 ceramics
should be associated with bulk grain response but the response
for the low frequency arc was unclear and classified (by using
only the Z* plot).
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To undertake a further analysis for each response, the imaginary
part of the impedance (Z”) and electric impedance modulus (M")
as a function of frequency are plotted, as seen in Fig. 6. High and
low frequency peaks were noted at low and high temperatures,
respectively, for all samples. It should be noted that Z” and M”
plots presented an intermediate frequency peak for some measure-
ment conditions. Considered together with the data from Z* plots,
the high, intermediate, and low frequency arcs should be associated
with bulk grain, grain boundary, and electrode responses, respec-
tively. In the present work, it is believed that bulk grain, grain
boundary and electrode responses should be present in all
ceramics. By using Z” and M” plots, however, it was not easy
to observe all the three responses for every measurement condition.

Activation energies for each conduction, i.e. bulk grain,
grain boundary and electrode responses, were calculated by
using the following expressions [21], c=R™' and o=0,exp
(— E./kT), where o is conductivity and R values were extracted
from the peaks of Z” plots (R=2Z",.x/2) [22]. The Arrhenius
plot of In(1/R) versus 1/T can give the slope which is related to
the activation energy for each conduction. Values of activation
energy of each conduction for the studied ceramics are
summarized in Table 1. However, the activation energy from
the intermediate peak in the plots could not be calculated, since
each peak at the intermediate frequency was very broad. The
calculated activation energies for the peak in the high
frequency region were in the range of 0.17-0.19 eV. These
values are close to the values obtained in previous work for
bulk grain conduction [19,23], which were related to the

polaron hopping conduction mechanism [2]. Therefore, the
peaks at high frequency for Z” and M” plots should be
associated with the bulk grain response. The activation
energies calculated from the peak in the low frequency region
were in the range of 0.80—1.02 eV. These values are close to
the activation energy of an electrode response [1,8,9].There-
fore, these peaks of the Z” and M” plots should be related to
the electrode response.

Based on the obtained data, the dielectric behaviour of the
ceramics can be explained in terms of the Maxwell-Wagner
polarization mechanism since the studied ceramics exhibited
heterogeneous conduction. This mechanism is often related to
heterogeneous conduction caused by differences in Fermi level
between different conduction regions [18]. For x=0.05 and
x=0.10 ceramics, the dielectric behaviour (with high dielectric
constants) can be linked with the three responses, i.e. bulk grain,
grain boundary and electrode responses. In the case of the x=0.20
ceramic, the sample also showed the three responses but the grain
boundary response had lower contribution. This may be due to the
effect of the impurity phase which resulted in a heterogeneous
composition in the samples.

4. Conclusions

The properties of Sr(Fe, _ Al,)ysNbgsOz ceramics synthesized
via the molten-salt technique were investigated. Using this
technique allowed a reduction of the calcination temperature to a
lower temperature compared to the conventional solid-state reac-
tion method. Submicron powders were obtained by this technique.
However, pure phase perovskite was observed only for the
x<0.20 compositions. Ceramics were then fabricated from the
obtained powders. All ceramic samples showed very high
dielectric constants and strong dielectric-frequency dispersion,
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especially for the x=0.05 ceramics. In addition, the impedance
spectroscopic analysis of the studied ceramics suggested that the
ceramics had heterogeneous conduction which could be related to
bulk grain, grain boundary and electrode responses. However,
grain boundary response had lower contribution for the x=0.20
ceramics.
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Abstract

Ceramic composites of Mullite/barium zirconate titanate (BZT) were fabricated via a solid-state reaction synthesis. X-ray diffraction and
microstructural analysis revealed that the composites contained many phases apart from mullite and BZT. The addition of BZT led to an increase
in remanent polarization, dielectric constant, and piezoelectric coefficient of the materials. The increase in these properties was related to the high
ferroelectric characteristics of BZT and the induced electric field that acts on the BZT particles under the applied external electric field. Some
linear relations between the studied properties with volume fraction of BZT were proposed.

© 2015 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: D. Mullite; Dielectric; Ferroelectric; Piezoelectric; Barium Zirconate titanate

1. Introduction

Mullite (3A1,05-2Si0,) is a promising material for both
conventional and advanced ceramics due to its low thermal
expansion coefficient [1-3], high thermal conductivity [1], low
dielectric constant (¢, ~6-7 at 1kHz), resistance to high
thermal shock [1], creep resistance [1,4], temperature stability
and good chemical inertia [1,2,5]. The crystal structure of
mullite is orthorhombic with lattice constants of a=7.549 A,
b=7.680 A and ¢=2.884 A (ICDD file 01-074-2419). Mullite
can be prepared by chemical methods such as sol-gel, and
precipitation techniques [6,7]. Furthermore, it can be synthe-
sized from kaolinite [2], kaolinite—aluminium [3] and buaxite
[1]. For many years past, mullite has been used for electrical
insulators (electric substrates), electric-furnace roof, and low
frequency induction furnaces [3,7].

Barium zirconate titanate (Ba(Zr,Ti; _,)O5; BZTs) is a well-
known lead free ferroelectric material. This material can be

*Corresponding author. Tel.: +66 53943376; fax: +66 53357512.
E-mail address: rujijanagul @yahoo.com (G. Rujijanagul).

http://dx.doi.org/10.1016/j.ceramint.2015.03.191
0272-8842/© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

formed by substitution of Zr ions at the Ti site (B-site) in the
BaTiO; lattice [3]. BZTs are one of the most attractive
materials for many years due to their high dielectric constant,
piezoelectric properties and low loss tangent. BZT has
potential applications as tunable microwave devices, memory,
capacitors and actuators, etc. [2,3,8-10]. The properties of
BZTs are dependent on the Zr content (or ratio of Zr/Ti). For
example, Ba(Zrg o3Tig.97)O3 ceramics show a high dielectric
constant (&, q ~ 12,000 at 105 °C) and good piezoelectric
properties [11,12] and Ba(Zrg35Ti o65)O3 ceramics exhibit
high dielectric tunabilty (~93% at 455 °C).

Recently, electrical properties of composites of some clays
and ferroelectric materials have been reported such as kaoli-
nite-BaTiO5 [13,14] and kaolinite—SrTiO5 [15]. The dielectric
constant of these composites was found to improve by the
addition of ferroelectric phases. However, ferroelectric and
piezoelectric properties of composites in those previous works
are unclear due to the lack of data. In the present work, new
0-3 composites between mullite and BZT were fabricated.
Ferroelectric, dielectric, and piezoelectric properties of the
composites were investigated. In this work, mullite synthesized
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Table 1

The chemical composition of the Ranong
kaolinite.

Element wt%
SiO, 47.87
TiO, 0.04
AL O; 36.66
F6203 0.93
CaO 0.05
MgO 0.11
K,O 1.78
Na,O 0.05
LOI 12.82

LOL weight loss during the analysis

from kaolinite and BZT with composition of Ba(Zry 3Ti ¢.93)
O3 was selected to form the composites due to its good
electrical properties.

2. Experimental

Mullite powder was synthesized from fired Ranong kaolinite,
from Thailand, at 1300 °C for 2 h. The chemical composition of
the kaolinite powder is shown in Table 1. BZT powder was
prepared by the conventional mixed oxide method, based on the
stoichiometric of Ba(Zrg;Tip03)03 (BZT). To form the BZT
powder, starting materials of BaCO;, TiO, and ZrO, were mixed
and then calcined at 1300 °C for 2 h. To form the composites, the
mullite was mixed with the obtained BZT powder in ratios of
between 20-80 vol% and then milled for 24 h. The mixed
powders were formed into pellets by uniaxial pressing and then
sintered at 1200—1500 °C for 2 h. The densities of all the samples
were determined by using the Archimedes method. Phase
formation of the samples was identified by the X-ray diffraction
technique. The microstructures of the ceramics were observed by
a scanning electron microscopy (SEM). For dielectric measure-
ment, Ag paste was painted on both sides of the disks and heat
treated at 500 °C for 0.3 h. The dielectric properties of the
composites at room temperature (RT) were determined using a
LCR meter (Model E4980A, Agilent Technologies). The ferro-
electric properties were measured by a Sawyer Tower circuit. The
piezoelectric coefficient (ds3) of the composites was measured
using a piezometer system, after poling at 2 kV/mm for 30 min.

3. Results and discussion

In the present work, the composite samples were sintered at
different sintering temperatures. Inset of Fig. 1 displays
optimum sintering temperature as a function of BZT concentra-
tion. The amount of BZT influenced the optimum sintered
density of the composites, where the optimum sintering
temperature decreased with BZT content. This suggests that
BZT affected the sinterability of the studied composites [14].
Measured density versus volume fraction of BZT is illustrated in
Fig. 1. The density linearly increased with BZT concentration.
This due to BZT as it has higher density (6.02 g/cm?) than
mullite(2.52 g/cm®). Generally, the density of the composites

—@— calculated density
Y measured density

Density (gIcm3)
T

[
34 <
e ?
2
o
4 £
21 g 1200 \040_&
= 0 20 40 60 80 100
1 BZT (Vol%)
T d T X T * T i T
0 20 40 60 80
BZT (Vol%)

Fig. 1. The density versus BZT content of the mullite-BZT samples. Inset:
optimum sintering temperature versus BZT content.

can be calculated using the equation:
Vi
p=>_riv M

whereV; refers to volume fraction of each phase in the
composites. In this work, the calculated density can be roughly
estimated from the following expression:

Pe = Prmutiire(1 —VBzr) +ppzrVezr )

where p,. is the density of the composite, p,,.izx 1S the density of
the mullite powder, pp 7 is the density of the BZT powder and
Vizr is the volume fraction of BZT. It should be noted that the
trend of the calculated density matched well with that of the
measured density (Fig. 1).

XRD patterns of the studied samples are shown in Fig. 2(a).
The XRD pattern for the mullite sample presents multiphases
including mullite and a small amount of SiO, (critobalite,
quartz,coesite, silicon oxide)and Al,Os; (corundum). On the
other hand, the 100 vol% BZT samples presented the BZT
phase. Although the presence of mullite and BZT phases are
expected for the composite samples, the results indicated that
addition of BZT produced other phases such as barium feldspar
(BaAl,Si,0y), rutile (TiO,) and critobalite (Si0O,), quartz (SiO,),
coesite (Si0,), silicon oxide (Si0O,), corundum (Al,O3) and
mica (KAl, (AlSi;0;0) (OH),), where BaAl,Si,Og is the main
phase for the 20 and 40vol% samples. The presence of
BaAl,Si,Og has also been observed in previous works [13,14]
for composites between kaolinite and BaTiO;. This was
proposed to be due to the reaction between kaolinite and
BaTiO; at high temperatures [13,14]. In the present work, it is
possible that there were some chemical reactions between
mullite and BZT during the sintering process. However, the
amount of BaAl,Si,Og and the other phases decreased with
increasing BZT content. In addition, BZT phase was clearly
noted for the samples contained BZT > 60 vol%. X-ray inten-
sities of BaAl,Si,Og (at 260 ~26°) and BZT (at 20 ~31°)
phases versus BZT content are shown in Fig. 2(b). Since the
present composites contained many phases, Eq. (2) do not
reflect the real nature of the studied composites. However, the
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Fig. 2. (a) XRD patterns of mullite—BZT samples and (b) intensities of X-ray
peak for BaAl,Si,Og and BZT phases as a function BZT content.

match of the trends between calculated and measured densities
as shown in the pervious section, may be due to main phases of
mullite and BZT still being present in the composites after the
composites were formed.

Selected SEM micrographs and their corresponding energy-
dispersive X-ray spectroscopy analysis (EDS) are illustrated in
Fig. 3. For the unmodified samples, the chemical analysis
revealed that the main elements were Si, Al, and O, which
corresponded to the mullite phase. For the 40 vol% samples,
there were two main groups of elements, i.e., Ba, Si, Al, and O
which corresponded to BaAl,Si,Og and Ti, and O which
corresponded to TiO,. In the case of the 80 vol% samples, the
EDS data suggested that the observed elements belonged to
BaAl,Si,0g TiO,, and BZT (Ba, Ti, Zr, and O were noted). The
phases of BaAl,Si,0g TiO,, and BZT are indicated in the SEM
micrographs of Fig. 3. These EDS results confirmed the
presence of the main phases detected by XRD. The 20 and
40 vol% samples were more heterogeneous in their microstruc-
ture than the other samples. This may be due to the samples

containing many phases. Also, BZT addition produced a
decrease in grain size of the composites. The average grain
size decreased from 3.0 um for the unmodified sample to 0.8 pm
for the 80 vol% composite sample. The smaller grain size in the
composites may be due to the fact that composites had many
phases, where each phase reduced the sinterability and inhibited
grain growth for other phases. Furthermore, lower sintering
temperatures for higher BZT content may contribute to this
behavior. Therefore, addition of BZT had very strong effects on
the phase formation and the microstructure of the composites.

P-E hysteresis loops at RT of the samples are illustrated in
Fig. 4. The mullite sample showed a very slim and slant
hysteresis loop while the BZT sample presented a normal
ferroelectric hysteresis loop. The ferroelectric properties of the
BZT sample such as remanent polarization (P, ~ 11.09 pC/cm?)
and coercive field (E. ~3.47 kV/cm) were close to those reported
in previous work [11]. In the case of the composites, the addition
of BZT produced an improvement in ferroelectric behavior as
compared to the mullite samples. The value of P, as a function of
BZT content, illustrated in Fig. 5, increased nonlinearly with
increasing BZT content. From the obtained data, the volume
fraction of BZT (Vp,y) had a linear relation with 1/ P(r)'5 which
can be expressed as:

1/P% = (—1.8)Vpzr +1.97 (3)

A plot of 1/ P(r)'5 and Vpzr for the studied samples is
presented in the inset of Fig. 5. The improvement of P, value
is probably due to the BZT phase which exhibits stronger
ferroelectric properties than the other phases [16]. Further-
more, it has also been proposed that the electric field (E,) that
acts on the piezoelectric particles in the 0-3 ferroelectric
composites can be calculated by the following expression
[16,17]:

E = 3(€n0n7ferr0/€ferro)
b=

(1 +2 (Enon —ferra/gferro)) - errro(l - gferro/gnon —ferro)
“4)
where €,,0,,_fero and &g, are the dielectric constants of the non-
ferroelectric and ferroelectric phases, respectively, V., is the
volume fraction of the ferroelectric phases, and E; is the
externally applied electric field. Eq. (4) can be simplified to the

following equation:
A E
B B— C(errro) 0

Ey

E, ®)
where A, B, and C are constants. From Eq. (5), E,, depends only
on the volume fraction as other parameters are constants. In the
present work, however, E,, for the composites cannot be directly
determined from Eq. (5) but this equation can be of help for a
rough understanding of the improvement of the polarization
after adding the BZT phase. Hence, a higher volume fraction of
BZT can produce a higher Ep value that acts on BZT particles
in the composites which then results in a higher P, value.

The dielectric constant (g,) as a function of frequency of
samples at RT is shown in Fig. 6. For the BZT sample, the
dielectric constant level was found to be close to data from
previous work [14]. For the mullite and composite samples, the
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Fig. 3. Selected SEM micrographs and their corresponding EDS results. (M: mullite, BF: barium feldspar, R: rutile).
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2
o 0 e =
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Fig. 4. P-E hysteresis loops of the mullite-BZT samples :
(b) 20, (c) 40, (d) 60 and (e) 100 vol% BZT contented samples.

(a) mullite,

dielectric constant exhibited high frequency stability. Further-
more, addition of BZT increased the dielectric constant of the
samples (Fig. 7). Values of ¢, calculated from many models for
the 03 composites, such as series [18], cube [19] and Furukawa
[20] models, are also inserted in Fig. 7. However, the dielectric

12
2000 ®
10 T 16 -
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81 08 "
04 .
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4
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Fig. 5. P, value as a function of BZT content(Vpzy) of the studied samples.
Inset: 1/P%3 versus Vi

constants for the studied composites did not obey these models.
The deviation from the models may be because the studied
composites contained more than two phases. However, volume
of BZT (Vszy) has a linear function with 1/e%%°. A plot of
1/€%25 versus Vi is displayed in the inset of Fig. 7. From the



N. Lertcumfu et al. / Ceramics International 41 (2015) S447-5452 S451

2000
1800 -
2]
& e c
400 8
200 +
0
- 0.6
- 0.4
- 0.2
- 0.0
¥ T T T
100 1000 10000 100000 1000000
Frequency (Hz)
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0.25

plot, the relation between 1/ and Vpzr can be expressed as:

1/69% = (—0.51)Vpzr +0.65 (6)

The increase in dielectric constant in this work is probably
due to the higher volume fraction of ferroelectric phase (BZT)
which produced the higher total polarization of the composites
[16].

Plots of loss tangent (tan d) versus frequency are illustrated
in Fig. 6. Values of tan ¢ for all samples changed slightly with
frequency. The values of tan § for all samples were lower than
0.39. However, the 20 vol% sample showed the lowest tan o
values (~0.006) at 1 kHz and RT. The lowest tan 6 value for
the 20 vol% sample may be due to this composition contained
many phases which all of them have low loss tangent values.

The effect of BZT content on the piezoelectric coefficient
(d33) of the studied samples is shown in Fig. 8. The d5; value
of the samples increased with the amount of BZT. Plots of
calculated d33 according to many models are also inserted in
Fig. 8. Again the measured d;; values for this work did not
match with any model due to the multiphase problem of the
studied composites. However, 1/d3; had a direct relation with
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Fig. 8. Piezoelectric coefficient (ds3) as a function of BZT content (Vpzr).
Inset: 1/d§3 versus Vg 7.

Vszr which can be fitted via the equation:
1/d3; = (—2.53)Vpzr +2.61 (7

A plot of 1 /d§3 versus Vpzr is displayed in the inset of
Fig. 8. The increase in d3; coefficient can be explained in term
of the E, value (in Eq. (5)), i.e., a higher volume fraction of
BZT content can result in a higher E, value which can enhance
the polling efficiency. Therefore, the higher BZT content
samples have easier poling. This can produce a higher ds3
coefficient for higher BZT content composites. Beside the
effects of volume fraction of the ferroelectric phase, however,
the size of the ferroelectric particles or particle clusters is
another factor that may affect the electrical properties [21,22].
However, there was no systematic work to study this factor
and it should be investigated in further work.

4. Conclusion

This work presents the effects of BZT addition on phase
formation, microstructure and electrical properties of mullite—
BZT composites. The BZT addition resulted in the formation of
other phases beside the mullite and BZT phases as observed by
an XRD technique. Chemical analysis combined with micro-
structural studies confirmed the phase formation observed by the
XRD technique. Increasing BZT content produced better
electrical properties including remanent polarization, dielectric
constant and piezoelectric coefficient. The improvement was
proposed to be associated with the higher ferroelectric properties
of the BZT phase. Furthermore, this improvement might be
linked with the induced internal electric field in the composites
where this field could be related to the volume fraction of BZT.
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Lead-free piezoelectric ceramics of the composition (1-x)(Big 5Ko.50)TiO3-xBi(Nig 50Tio.50)03 or (1-x)BKT-
XBNiT (when x = 0—0.20 mol fraction) were prepared by a conventional mixed-oxide method and sin-
tered at 1050 °C for 4 h. The effects of BNiT content on the phase equilibria, and the dielectric, ferro-
electric and piezoelectric properties were systematically investigated. High density sintered specimens
(5.71—6.12 g/cm?®) were obtained for all compositions. X-ray diffraction patterns showed that all BKT-
BNIT samples exhibited a single perovskite phase which confirms that BNiT and BKT formed a solid
solution up to x = 0.20. A morphotropic phase boundary (MPB) separating a BKT-rich tetragonal phase
and a BNiT pseudo-cubic phase was identified over the compositional range 0.05 < x < 0.10, where
enhanced electrical properties were observed. The optimum dielectric properties (e = 1710,
tané = 0.036), ferroelectric properties (P = 16.6 uC/cm?, E. = 22.5 kV/cm and Rsq = 0.86) and piezo-
electric properties (d33 = 288 pC/N, Spax = 0.22% and d'33 =313 pm/V) were observed with a relatively
high Ty, ~ 304 °C within this MPB region. Overall, these results indicate that the BKT-BNiT ceramic system

is a promising lead-free piezoelectric candidate for further development for actuator applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Pb(Zr,Ti)O3 (PZT) and related compositions have been the
mainstay for high performance actuators and transducers, owing to
their superior piezoelectric properties and electromechanical
coupling coefficients and their excellent dielectric properties [1].
However, these materials are disadvantageous with respect to the
environment and human health. In order to circumvent issues
related to lead toxicity, extensive research has been focused on the
quest for alternate piezoelectric materials. Therefore, there has
been a growing research interest in developing alternative lead-
free piezoelectric materials that can eventually replace the cur-
rent lead-based materials [2—4].

Recently, many interesting lead-free based piezoelectric mate-
rials have been reported that offer comparable properties to that of

* Corresponding author.
E-mail address: rujijanagul@yahoo.com (G. Rujijanagul).

http://dx.doi.org/10.1016/j.cap.2015.09.002
1567-1739/© 2015 Elsevier B.V. All rights reserved.

PZT-based ceramics, making them viable candidates for numerous
applications. Among lead-free perovskite-based piezoelectric ma-
terials, bismuth potassium titanate, Bip5KosTiOs (BKT) has been
considered to be one of the most promising materials [5—11]. The
compound BKT was first fabricated by Smolenskii et al. [5] in 1959.
It is a typical ferroelectric material with a stable perovskite struc-
ture with tetragonal symmetry at room temperature and a rela-
tively high Curie temperature (T.) in range of 380—420 °C [6,9].
Ivanova et al. [10] also reported that BKT has a tetragonal structure
with lattice parameters of a = 3.913 A and ¢ = 3.993 A at room
temperature. A transition into a pseudo-cubic phase was observed
at about 270 °C, and a transition into a cubic phase was found at
around 410 °C [10]. The piezoelectric coefficient (d33) of BKT was
measured to be 69.8 pC/N as reported by Hiruma et al. [11]. How-
ever, it is difficult to prepare highly-dense BKT ceramics due to the
fact that secondary phases such as K,TigO3 are easily formed
during the sintering process at high temperatures. Moreover, the
piezoelectric properties of BKT are not generally high enough for
the most applications [12]. In order to further enhance the
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piezoelectric properties of BKT-related ceramics and to meet the
requirements for typical actuator applications, it is necessary to
develop new BKT-based materials. Finding compositions near a
morphotropic phase boundary (MPB) between two ferroelectric
end members with different crystal structures is a common strat-
egy for improving the piezoelectric properties of piezoelectric
materials. Within this MPB region, the maximum polarization
values are attainable which leads to enhancement of the electrical
properties [ 13]. Many BKT-based solid solutions such as BKT-BaTiO3
[14], BNT-BKT-LiTaO3 [ 15], BKT-LiNbOs3 [ 16], and BKT-BiFeOs [17,18],
thus have been fabricated and their MPB regions have been
investigated. However, further research new modified BKT systems
are still necessary to obtain piezoelectric properties comparable to
PZT.

Bismuth nickel titanate (BNiT) is another promising lead-free
piezoelectric material [19]. However, BNIiT is unstable when
formed under normal atmosphere and normal pressure [20]. Choi
et al. [21] reported that BNiT had a perovskite structure, and it
showed evidence of a pseudo-cubic phase when fabricated under
high atmospheric pressures. Kitada et al. [22] fabricated single
phase Bi(Nig5Tig5)03 under a high pressure of 6 GPa by using a
multianvil-type high-pressure apparatus. The P-E hysteresis data
on BNIT ceramics synthesized under high pressure for 30-days
showed that this material presented a ferroelectric state with a
weak remanent polarization of P, = 0.30 pC/cm? and a coercive field
of E. = 9.1 kV/cm (measured at a maximum electric field of 30 kV/
cm). Kitada et al. [22] also reported that the BNIiT samples had a
multidomain structure and ferroelectricity on the basis of scanning
nonlinear dielectric microscopy (SNDM) and P-E hysteresis loop
measurements. It is expected that this material is a multiferroic
material with possible application in multiple-valued logic and
optical isolator systems.

Recently, Bai et al. [23] reported that the binary system of (1-x)
Bip5Nag 5TiO3-xBNiT exhibited reasonable piezoelectric properties
at the MPB (x = 0.06 and 0.14). Furthermore, Choi et al. [21] found
that the BNiT-PbTiO3 system exhibited excellent piezoelectric
properties with a ds; of 250 pC/N at the MPB composition
(0.51BNT-0.49 PT sample). It is expected that BNiT can form a solid-
solution with BKT resulting in improvement of the piezoelectric
properties.

To our knowledge, the properties of BKT-BNiT ceramics has not
been investigated before. Thus, the present research is aimed at
fabricating ceramics within a new binary system based on (1-x)
BKT-xBNiT and focused on the MPB region which would be ex-
pected to show excellent piezoelectric properties as compared to
the unmodified BKT ceramics. The role of the BNiT mole fraction on
the density, phase evolution, electrical properties (dielectric,
ferroelectric and piezoelectric) and the electric field-induced strain
behavior of BKT ceramics were investigated and are discussed in
detail.

2. Experimental section

Within the binary system of (1-x)BKT-xBNiT (where x = 0, 0.05,
0.10, 0.15 and 0.20) ceramics were prepared by a conventional
mixed oxide method. Analytical grade reagents of Bi;O3 (99.9%),
K>CO3 (99%), TiO, (99.9%) and NiO (99.9%) were used as starting
materials. The raw materials were stoichiometrically weighed ac-
cording to the (1-x)BKT-xBNiT formula, and then vibratory milled
with yttrium stabilized zirconia media for 6 h in an ethanol solu-
tion. The slurry was then dried in an oven. After drying, the ob-
tained powder was calcined at 900 °C for 2 h with a heating/cooling
rate of 5 °C/min. Afterward, 3 wt¥% of polyvinyl alcohol (PVA) binder
were then mixed with the powders before being uniaxially pressed
into discs. These pellets were then sintered at 1050 °C for a

4 h dwell time with a heating/cooling rate of 5 °C/min. An X-ray
diffractometer (Bruker, D8 Discover) was used to identify the phase
of the ceramics. The bulk density was measured in accordance with
Archimedes' method with ASTM standard C 373-88. For the elec-
trical measurements, silver paste was used to form the electrodes.
The dielectric properties were measured using an LCZ-meter
(Hewlett Packard 4192A) at frequencies of 10—1000 kHz. A ferro-
electric test system (Radiant technology) was used to measure the
polarization-electric field (P—E) hysteresis data. For the piezoelec-
tric measurements, all samples were poled at 25 °C in a stirred
silicone oil bath by applying a DC electric field equal to 5 kV/mm for
15 min. The low-field piezoelectric coefficient (d33) of each sample
was measured using a dss-meter (KCF Technologies, S5865) at a
frequency of 50 Hz from samples aged 24 h. The room temperature
strain-electric field (S—E) data were obtained using an optical
displacement sensor (Fotonic Sensor, MTI-2100) combined with
Radiant ferroelectric test system.

3. Results and discussion

After sintering, all compositions showed high densities over the
range of 5.71-6.12 g/cm>. However, the data clearly showed that a
variation in the mole fraction of BNiT had a significant influence on
sample density, i.e., the addition of BNiT caused an increase in
density (see Table 1). X-ray diffraction patterns of all ordinary
calcined (1-x)BKT-xBNiT ceramics are shown in Fig. 1(a). The pat-
terns showed that all samples exhibited a single phase perovskite
structure. Dense samples were obtained for all compositions, which
also resulted in a single phase composition according to XRD
measurements. No impurity peaks, such as those of K,TigO13, could
be detected thus confirming that the reagents completely reacted
to form the final perovskite phase [11,24]. This suggested that a
solid solution was obtained between BNiT and BKT during the
calcination and sintering process. The solubility limit of BNiT in BKT
lattice is believed to be more than 20 mol% because no trace of any
secondary phases was detected within the detection limits of the
laboratory scale XRD instrument. This observation was also similar
to the Bi(Nig.50Tig.50)03—PbTiO3 (BNiT-PT) binary system previously
reported by Takenaka et al. [25] which reported that the maximum
solubility limit of BNiT in PT was around 30—50%. The positions of
all peaks slightly shifted towards higher 26 angles in comparison
with pure BKT. This is consistent with expectations given that the
Ni%* (0.69 A) ion has a smaller ionic radii on the perovskite B-site
compared toTi** (0.74 A) [26], resulting in a change of unit cell size.

X-ray analysis conducted over a narrow range of 20 = 44—47°
range is shown in Fig. 1(b). The pure BKT phase could be indexed
according to a tetragonal unit cell which was matched with JCPDS
file number 36—0339 for the (Big5Kg50)TiO3 tetragonal phase [11],
which is consistent with the results observed earlier by Thongtha
et al. [27]. In agreement with previously reported studies
[11,13—17,24], BKT samples had a tetragonal symmetry, as evi-
denced by the splitting of (002)/(200) peaks at 26 ~ 46° and the
existence of a single (111) peak at 26 angle of approximately 40°. It

Table 1

Physical and dielectric properties of (1-x)BKT-xBNiT ceramics sintered at 1050 °C.
X Density (g/cm®) c/a &l tand ¢ emax’ Ty (°C)
0 5.71 1.0141 1130 0.035 3500 351

0.05 5.86 1.0104 1680 0.039 4550 304
0.10 5.93 1.0102 1710 0.036 3950 277
0.15 5.95 1.0075 1670 0.039 3200 270
0.20 6.12 1.0069 1410 0.042 3640 265

@ Dielectric data obtained at room temperature and a frequency of 1 kHz.
b Dielectric data obtained at high temperature (25500 °C) and a frequency of
10 kHz.
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Fig. 1. X-ray diffraction patterns of (1-x)BKT-xBNiT ceramics sintered at 1050 °C where
(a) 20 = 20—80° and (b) 20 = 44—47°.

is worth noting that the addition of BNiT tended to change the
crystal structure of the BKT ceramic. Splitting of the (002)/(200)
peaks at 26 ~ 46° was observed for the samples contained 5—10 mol
% of BNiT. However, with a further increase in BNiT content up to
15—20%, the (200)1-(002)r diffraction peaks gradually merged into
a single peak. This suggested that there was a change from
tetragonal symmetry in pure BKT to pseudo-cubic symmetry with
the addition of BNiT [20] which can be seen clearly from the XRD
patterns in Fig. 1(b). Therefore, a morphotropic phase boundary
(MPB) separating tetragonal and pseudo-cubic phases may exist
over the composition range of 0.05 < x < 0.10, where the improved
electrical properties would be expected. In order to confirm the
appearance of the phase transition in more detail, the lattice pa-
rameters (a and c) and tetragonality ratio (¢/a) values were calcu-
lated from the XRD data. From the lattice constant analysis (Fig. 2),
a decrease of tetragonality (c/a) value was observed with an in-
crease in the BNiT mole content which confirms the transformation
from tetragonal to pseudo-cubic symmetry (for higher BNiT con-
centration of x > 0.10 samples). This also indicates a decrease in
lattice anisotropy for the BKT-BNIiT system.

Plots of the room temperature dielectric constant (&) at a fre-
quency of 1 kHz and low-field piezoelectric coefficient (d33) as a
function of BNIT concentration are shown in Fig. 3. The dielectric
data are also summarized in Table 1. The &, of pure BKT was found to
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Fig. 2. Plots of lattice parameter (a and c) and tetragonality (c/a) values as a function of
BNIT content of (1-x)BKT-XxBNiT ceramics sintered at 1050 °C.
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Fig. 3. Plots of room temperature dielectric constant (e,) at a frequency of 1 kHz and
low-field piezoelectric coefficient (d33) as a function of BNiT content.

be 1130 with a tand value of 0.035. The addition of 5 mol% BNiT
increased the &, value to 1680 while the dielectric loss was largely
unchanged. In this study, the composition 0.90BKT-0.10BNiT
exhibited the maximum room temperature &, value of 1710. With
further increase in BNiT content beyond 10 mol% a decrease in &,
was observed.

Fig. 4 displays the temperature dependence of the dielectric
constant (e;) and dielectric loss (tand) for the (1-x)BKT-xBNiT ce-
ramics, measured at various frequencies. It can be seen that the &,
versus temperature data for all samples were rather similar. The
dielectric trace showed a strong frequency dependence especially
for temperatures near the phase transition region. In this study,
pure BKT exhibited the highest transition temperature of 351 °C,
defined as the temperature at which the dielectric constant reached
a maximum value (Ty,;). This value is consistent with Ty, data pre-
viously reported by Zuo et al. [16]. The T, at the maximum
dielectric constant decreased with the addition of BNIiT. Never-
theless, a broad dielectric maximum at T,,, was observed which
could be attributed to a relaxor mechanism [28,29]. With increasing
BNiT content up to x = 0.20, the dielectric peak near T,;, became
more broad and exhibited a more significant frequency dispersion.
Furthermore, T, shifted to lower temperatures with increasing
BNIT (see Fig. 4(f)).

The polarization-electric field (P—E) hysteresis data for (1-x)
BKT-xBNiT ceramics are shown Fig. 5. The samples were subjected
to an external electric field of 70 kV/cm and a frequency of 1 Hz.
Higher values of applied voltage caused the samples to undergo
electrical breakdown. To verify the quantification of changes in the
hysteresis data, the loop squareness (Rsq) was calculated from the
equation of Rsq=(Py/Ps) + (Pried/Pr) [30], where P, is remanent
polarization, Ps is saturated polarization and E. is coercive field. The
Rgq values are listed in Table 2. Pure BKT ceramic exhibited a weak
ferroelectric behavior with P, = 6.9 puC/cm?, Py = 18.7 uC/cm?,
Ec = 23.9 kV/cm, and Ry = 0.62. The obtained data are in good
agreement with those reported in the literature [31]. The P, Ps and
Ry values increased with increasing BNiT content and reached
maximum values of 16.6 pC/cm?, 31.7 pC/cm? and 0.86, respectively,
for the composition x = 0.05. However, E. gradually decreased with
increasing BNiT content. The improvement in ferroelectric perfor-
mance was achieved for the x = 0.05—0.10 compositions, suggest-
ing that this region is host to a transition region. Thus, the sample
near/or at the transition region enabled the dipole moments to
align more efficiently with electric field, resulting in higher polar-
izability and an increase in Py, P, and Ryq values [32—34]. This seems
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to be the main mechanism explaining the observed improvement
in ferroelectric properties similar to previous work on the system
0.985(Bip 5K 5)Ti03-0.015LiNbO3 near the MPB composition stud-
ied by Zuo et al. [ 16]. With a further increase in BNiT content greater
than 10 mol% the crystal structure transformed to pseudo-cubic
symmetry accompanied by a slight decrease in P, Ps, and Ry
[35—37].

The low-field ds3 values of BKT-BNiT ceramics obtained after
poling at room temperature at a field of 5 kV/mm for 15 min are
listed in Table 2. The variation in piezoelectric behavior with
increasing BNiT content also showed a similar trend to that of the
dielectric response (Fig. 3). The unmodified-BKT ceramic had a low-
field ds33 of 118 pC/N. This value is higher than the value observed

earlier in (Biq2K1/2)TiO3 ceramics prepared with hot pressing (HP)
method by Hiruma et al. [11] who obtained a low-field d33 of
69.8 pC/N. The low-field d33 rapidly increased with increasing BNiT
content for compositions with x = 0.05—0.10. The d33 values for
these compositions were found to be in the range of 265—288 pC/N.
This value was higher than that observed earlier in 0.985(Big5Ko5)
TiO3-0.015LiNbO3 ceramics near the MPB composition studied by
Zuo et al. [16] with a low-field d33 of 75 pC/N. The optimum
properties closely correspond to the existence of the MPB in this
BKT-BNIiT system located near x = 0.05—0.10. Moreover, the
decrease of E. value to around 20 kV/cm in comparison with that of
pure BKT ceramic (~24 kV/cm) was also observed. The decrease in E.
indicates an increase in domain mobility and therefore the
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Fig. 5. Polarization-electric field (P-E) hysteresis loops of (1-x)BKT-xBNiT ceramics sintered at 1050 °C, measured at 70 kV/cm and a frequency of 1 Hz where (a) x = 0, (b) x = 0.05,
(c) x = 0.10, (d) x = 0.15, and (e) x = 0.20.

Table 2
Ferroelectric and piezoelectric properties of (1-x)BKT-xBNiT ceramics sintered at 1050 °C (AP = Ps — P;).
X P, (uCfem?) P; (uCjem?) AP (uClem?) Ec (kV/em) Rsq ds3 (pC/N) Simax (%) d's3 (pm/V)
0 6.9 18.7 11.8 239 0.62 118 0.10 137
0.05 16.6 31.7 15.1 225 0.86 265 0.20 287
0.10 8.6 254 16.8 203 0.79 288 0.22 313
0.15 73 23.7 16.4 184 0.65 219 0.16 234
0.20 7.2 23.6 16.4 15.9 0.55 135 0.10 149
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enhancement of domain wall motion and improvement of piezo-
electricity would be expected for this composition [30]. However,
with further addition of BNiT in compositions with greater than
10 mol% BNIT resulted in a decrease in the low-field d33 to values
close to ~135 pC/N. This result was also similar to that observed
previously by Ullah et al. [38,39]. Moreover, this decrease in
properties can be explained from the fundamental theory of fer-
roelectrics [40] in which ds33 is proportional to the P, value. For
example, with the 0.80BKT-0.20BNiT composition, the P, value
decreased to around 7.2 uC/cm? (see Table 2) which accompanied a
significant reduction in d33 [38—40].

Bipolar strain-electric field (S—E) data for (1-x)BKT-xBNiT ce-
ramics measured at room temperature are presented in Fig. 6. The
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measurement was conducted under a maximum electric field of
70 kV/cm and at a frequency of 0.1 Hz. Data on the maximum strain
(Smax) and the normalized strain coefficient (d*33 = Smax/Emax) are
summarized in Table 2. Plots of Spax and d 33 as a function of BNiT
content are shown in Fig. 7. As expected, it can be seen that the
variation of Spa with increasing BNIT content showed a similar
trend to that of the d’33 values. Pure BKT displayed a typical
butterfly-shaped strain loop with Spmex and d'33 values of 0.10% and
137 pm/V, respectively. These values are close to the earlier reports
in (Biy2K12)TiO3 ceramics prepared with hot pressing (HP) method
by Hiruma et al. [11] who obtained d 33 of 135 pm/V. Large strain
values were obtained in the MPB compositions with 0.05 < x < 0.10
with a value for S;qx 0f 0.20—0.22% and d"33 of 287—313 pm/V. With
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Fig. 6. Bipolar strain-electric field (S—E) of (1-x)BKT-xBNiT ceramics sintered at 1050 °C, measured at room temperature, under an electric field of 70 kV/cm and a frequency of

0.1 Hz where (a) x = 0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, and (e) x = 0.20.
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Fig. 7. Plots of maximum strain (Spq) and normalized strain coefficient (d'33 = Symax/
Emax) as a function of BNIT content.

further increase in the BNiT mole content to x>0.10, a slight
decrease in Syqy and d 33 values was observed due to the formation
of the BNIT pseudo-cubic phase. The reduction in piezoelectric
performance of the BKT-BNIT system is similar to the reduction of
both Syay and d's3 value observed in previous work for BiAlO3-
modified Bigs(Na, K)o 5TiO3 system in which the crystal structure
transitioned to the pseudo-cubic phase [41].

Based on our results, it can be seen that the optimum dielectric
properties (e = 1710, tand = 0.036, emqx = 4550 and T, = 304 °C),
ferroelectric properties (P, = 16.6 pC/cm?, Ec = 22.5 kV/cm and
Ry = 0.86) and piezoelectric properties (d3z = 288 pC/N,
Smax = 0.22% and d 33 = 313 pm/V) were obtained for compositions
in the range 0.05 < x < 0.10. Thus, the MPB region between BKT
tetragonal and BNIiT pseudo-cubic phases are responsible for
enhanced electrical and electromechanical properties.

4. Conclusion

Lead-free piezoelectric ceramics in the binary system (1-
X)(Bio.5K0.50)TiO3—XBi(Nio.soTio.so)Ogg or (1 —X)BKT—XBNiT with
x = 0—0.20 mol fraction were successfully synthesized by a simple
conventional mixed-oxide method. The maximum density was
obtained for the ceramics sintered at 1050 °C for 4 h. A pure
perovskite structure was achieved for all compositions in this study,
suggesting a solid solution between BNiT and BKT was obtained.
The compositions within the region of 0.05 < x < 0.10 showed
enhanced dielectric properties (& = 1710, tané = 0.036), ferro-
electric (P, = 16.6 pC/cm?, E. = 22.5 kV/cm and Rsq = 0.86) and
piezoelectric properties (d33 = 288 pC/N, Smax = 0.22% and
d'33 =313 pm/V) properties compared to pure BKT. Based on these
results, it is suggested that compositions near the transition from
tetragonal symmetry to pseudo-cubic symmetry are host to a sig-
nificant enhancement in the dielectric, ferroelectric and piezo-
electric properties and can be considered as one of promising
candidate materials for lead-free piezoelectric applications.
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Abstract

In this research, the effects of an Al,O; nanoparticle
additive on the structure and electrical properties of
Pby 55510122154 T1.445b0,0,05 (PSZST) ceramics were investi-
gated. The PSZST ceramics with the addition of 0 - 2.0 vol
% Al,O; were fabricated via a solid-state mixed oxide
method and sintering at 1250°C for 2 h to obtain dense
ceramics. X-ray diffraction indicated that all compositions
exhibited a single perovskite structure. Phase identification
showed coexisting mixed rhombohedral and tetragonal
phases for the modified ceramics, while the unmodified
ceramics showed a rhombohedral-rich phase. The addition
of AlL,O; nanoparticles was also found to improve the
densification and the electrical properties of the PSZST
ceramics, such as dielectric constant and polarization. The
2.0 vol% sample showed the highest low-field piezoelectric
coefficient (d;;) value of 646 pC/N, which was 90% higher
than that of the unmodified sample, suggesting that this
composition had the potential to be one of the promising
piezoelectric ceramic candidates for further use in actual
applications.

Keywords Phase, Dielectric, Piezoelectric, Ferroelectric

1. Introduction

Lead zirconate titanate (abbreviated to Pb(Zr,TiO, O, or
PZT) ceramics have been studied extensively since their
discovery in the 1950s [1-4]. They are well-known materials
for various sensors and actuators because of their excellent
dielectric and piezoelectric properties (typically, d;; ~ 300
pC/N and k;; ~ 0.5) [5]. PZT has a perovskite structure with
the general formula of ABO,; PZT compositions are
ferroelectric when the Zr:Tiratio is <95 : 5. Above the Curie
temperature (T,), the unit cell of PZT is cubic, but below T,
it is distorted to either tetragonal (when Zr : Ti > 53 : 47) or
rhombohedral (when Zr : Ti > 53 : 47). The boundary
between these two phases (rhombohedral and tetragonal)
is known as the morphotropic phase boundary (MPB) [6-7].
It has been reported that high piezoelectric properties of
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PZT have been observed for compositions near the MPB
where the Zr/Ti ratio is ~ 52 : 48 at room temperature [7].

PZT and PZT modified with acceptors and donors have
important technological applications as transducers,
detectors and electro-optic devices, and for induced charge
release devices [8]. Most commercial ferroelectric ceramics
have thus been designed in the vicinity of the MPB with
various forms of doping in order to achieve improved
properties [1-2]. For example, doping with ions of alkaline-
earth metals, e.g., Sr*, Ca® and Ba?*, have frequently been
used to substitute for Pb** [8]. Hu et al. [9] studied the effect
of Sb*" and Ba*" addition on the piezoelectric properties of
PZT ceramics. They found that the addition of 0.6 wt% Sb
and 0.2 wt% Ba showed the best electrical properties of d;;
=438 pC/N, k, = 66.3% and ¢, = 1740. Zheng et al. [10]
reported that Sr substitution in Nb-doped PZT ceramics
generally had higher dielectric and piezoelectric properties
than pure PZT. Such Sr substitutions on the A-site in PZT
ceramics tended to shift the MPB composition towards the
tetragonal phase. Zheng et al. [6] also found that co-doping
of Sr and Sb in PZT produced soft piezoelectric ceramics,
and the composition of Pby St 1,215, i 445bg 0,05 exhibit-
ed an excellent d;; value of 600 pC/N. In recent years, many
researchers have attempted to improve the electrical
properties of PZT-based ceramics by the addition of doping
elements [11-12] such as Nd* [13] or by forming some
composites such as PZT/BNT [14] and PZT/BNLT [15].
Moreover, it has been reported that the electrical properties
of many ceramics such as BaTiO;-based ceramics, i.e., BZT/
NiO[16], and Pb-based ceramics such as PZT/Al,0,;[17-18],
PbZrO,/Al,O; [19] and PZT/SiC [20] can be improved by
the addition of the second-phase nanoparticles.

In the present work, we chose a modified PZT with a
composition of PbygSry 1,215, Tig44Sbg 05 as the base
material, as it shows interesting piezoelectric properties. In
order to meet the requirements for specific applications, the
studied PZT-based ceramics were added with Al,O,
nanoparticles. Therefore, the effects of the added Al,O;
nanoparticles on structure and electrical properties, i.e., the
dielectric, ferroelectric and piezoelectric properties of
Pby 555101221 54T 4450 0,05 (PSZST) ceramics, were investi-
gated in this research. The PSZST/AL,O; ceramics were
expected to exhibit better properties than the single phase
of PSZST or ALO,.

2. Experiment

The  PbygsSr 1,210 541944500 0,05/ALO; or PSZST/ALO,
ceramics were synthesized via a conventional mixed oxide
method. The analytical grade reagents of PbO, SrCO,,
ZrO,, Sb,0; TiO, and Al,O; nanoparticles were used as the
starting raw materials. High-purity oxide and carbonate
starting materials were weighed based on the stoichiomet-
ric formula of Pb g4Sr 1,21 5, i) 4450 ;03 and then mixed by
ball milling for 24 h in an ethanol solution. The slurries were
dried for 24 h in an oven. The obtained PSZST powder was
calcined in an air atmosphere at 875 - 975°C for 2 h with a

Nanomater Nanotechnol, 2016, 6:27 | doi: 10.5772/63060

heating/cooling rate of 10°C/min. After that, Al,O; nano-
particles were added to calcined PSZST powder with
different ratios (0, 0.5, 1.0 and 2.0 vol%) and then milled for
24 h in ethanol. A few drops of 1 wt% polyvinyl alcohol
(PVA) binders were then added to the mixed powders
before they were uniaxially pressed into 10 mm diameter
discs. The green pellets were then preheated in air at 500°C
for 2 h to remove the organic binder and then sintered at a
temperature of 1250°C for 2 h of dwell time, with a heating/
cooling rate of 10°C/min, in sealed crucibles thathad a PbO-
rich atmosphere from PbZrO; powder.

The bulk density of all the ceramics was determined using
the Archimedes” method. Phase identification of powders
and sintered ceramics was investigated using an X-ray
diffractometer with CuKa radiation over a 20 scan range
of 10 - 60°. A scanning electron microscope (SEM, JEOL
JSM-6335F) was used to obtain the morphologies of
thermally etched surfaces of the samples. For thermally
etched surfaces’ determination, the disc-shaped samples
were polished to a mirror finish and then thermally etched
at a temperature lower than that of the sintering tempera-
ture by ~ 150 - 200°C, for 15 minutes with a heating/cooling
rate of 5°C/min. The grain size was determined via the
mean linear interception method from the SEM micro-
graphs. The average grain size was estimated by counting
the number of grains intercepted by one or more straight
lines. For the electrical measurements, the samples were
polished to obtain very smooth and parallel surfaces, and
silver paste was used to coat both sides of the samples,
which were fired at 650°C for 30 min. Measurement of
dielectric properties as a function of temperature were
carried out, using a 4284A LCR-meter connected to a high-
temperature furnace with temperatures from room tem-
perature to 300°C, and with various frequencies from 1 -
1000 kHz. A ferroelectric test system based on Radiant
Technology was used to measure the polarization-electric
field (P-E) hysteresis behaviour. An AC electric field of 20
kV/cm at a frequency of 1 Hz was utilized in the hysteresis
measurement. To study the piezoelectric properties, all
samples were poled at room temperature (25°C) in a stirred
silicone oil bath by applying a DC electric field of 2 kV/mm
for 30 min. The piezoelectric coefficient (d;;) of the samples
was measured using a d;;-meter (KCF technologies S5865)
at a frequency of 50 Hz.

3. Results and discussion

The PbSr) 152105, Ti94s5by 0,03 or PSZST powder was
calcined for 2 h with a heating/cooling rate of 10°C/min in
air, at various temperatures from 875 to 975°C, in order to
find out the optimum calcination temperature. All calcined
powders were characterized via X-ray diffraction patterns
(XRD). The XRD patterns of PSZST-calcined powders are
shown in Figure 1. At the calcination temperature of 875°C,
the starting chemicals (PbO, SrCO;, ZrO,, Sb,0; and TiO,)
did not react completely to form a single phase. The
structure was not perfectly ordered and the XRD pattern



still presented some peaks of the secondary phase. Upon
reaching the calcination temperature of 925°C (for 2 h),
XRD patterns indicated a formation of a single perovskite
structure with sharp and high intensity XRD peaks. The
symmetry of the samples was characterized as rhombohe-
dral, which could be matched with the JCPDS file number
73-2022 of the PZT phase. However, on increasing the
calcination temperature to 975°C, a small amount of the
secondary phase was observed. Based on the results, the
single phase of the PSZST powder was successfully
obtained at the calcination temperature of 925°C (for 2 h).
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Figure 1. X-ray diffraction patterns of PSZST powder calcined at 875 - 975°C
for2h

X-ray diffraction patterns of PSZST/Al,O; ceramics (20 =10
- 60°) sintered at the temperature of 1250°C are shown in
Figure 2. A single perovskite structure was observed for all
compositions. No trace of Al,O; or an impurity phase was
detected. This may be due to the amount of AL O, in the
ceramics being too small to be detected by the XRD
instrument. An XRD pattern in a narrow 260 range of 43 -
45.5° was performed as shown in Figure 3. In general, PZT
with compositions near to MPB at room temperature
consists of two phases, i.e., rhombohedral and tetragonal
phases. The peak of (200); reflection in the XRD pattern
suggests the rhombohedral-rich phase, whereas this peak
splits into two peaks of (002); and (200);, which are
characteristics of the tetragonal phase [8]. Based on the XRD
peaks within a 20 range of 43 - 45.5° in this work, a pure
PSZST sample could be indexed according to a rhombohe-
dral-rich phase that matches the JCPDS file number
73-2022. This is evidenced by unclear splitting of two
tetragonal peaks of (002); and (200);, and the XRD peak
showing only a broad (200) reflection. On increasing the
ALO; content up to 2 vol%, however, the XRD patterns
show a stronger peak splitting of (002); and (200);, and it
seems to coexist with mixed rhombohedral and tetragonal
phases [21-22].
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Figure 2. X-ray diffraction patterns of PSZST/AL,O; ceramics sintered at
1250°C, where 20 =10 - 60°
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Figure 3. X-ray diffraction patterns of PSZST/AlL,O, ceramics sintered at
1250°C, where 26 =41 - 45.5°

Thermally etched surfaces of PSZST/ALO; ceramics
observed by SEM are shown in Figure 4, and their grain
sizes (which were calculated based on a mean linear
interception method) are also summarized in Table 1. The
SEM observation confirmed that all samples were of high
quality and were densely sintered at 1250°C. The grains of
all samples had regular shapes with clear grain boundaries
and almost no pores were found, which corresponded to
the high-density values of 7.40 - 7.51 g/cm®. The pure PSZST
ceramic was well crystallized, with clear equiaxed grain

Pharatree Jaita, Chatchai Kruea-In and Gobwute Rujijanagul:

3



Al,O;mol  Density Grain size (um) £, tan & T, Epax P, P Ec R,, dss
% (g/cm?) (°C) (uC/em?) (uC/em?) (kV/cm) (pC/N)

0 7.40 9.73 1479 0.030 205 12327 19.82 21.63 11.68 1.15 339

0.5 7.49 9.34 1860 0.029 204 19709 25.21 29.32 9.19 1.35 412

1.0 7.48 8.88 1900 0.031 203 19872 28.97 33.43 9.08 1.30 561

2.0 7.51 3.08 1970 0.038 203 18479 29.53 33.89 8.75 1.29 646

Table 1. Physical, microstructure and electrical properties of PSZST containing different Al,O; concentrations

shape with a diameter of around 9.73 pm. The addition of
a small amount of AL,O, into a PSZST ceramic of 0.5 - 1.0
vol%, however, slightly inhibited grain-growth behaviour.
This can be seen from a slight drop in the grain size value,
from 9.73 um for pure PSZST to around 8.88 um for the 1.0
vol% ceramic. On increasing the AL,O; up to 2.0 vol%, the
grain size rapidly decreased to the minimum value of 3.08
pum. We believe that the observed grain morphology and
reduced grain size for these samples was due to a solute
drag effect of the dissolved Al,Os. Since solute diffusion
near the grain-boundary region was usually slower than
the intrinsic diffusion of host atoms across the boundary
plane, it became rate limiting for grain boundary move-
ment. This seemed to be the main mechanism governing
the observed microstructure [23].

Figure 4. SEM micrographs of thermally etched surfaces of PSZST/AL O,
ceramics sintered at 1250°C, where (a) PSZST, (b) PSZST + 0.5 vol% Al,O,,
(c) PSZST + 1.0 vol% ALO; and PSZST + 2.0 vol% ALO,

Figure 5 displays the temperature dependence of ¢, and
tand of PSZST/Al,O, ceramics, measured at various
frequencies from 1 - 1000 kHz. The dielectric properties are
also listed in Table 1. It can be seen that the dielectric curves
of all samples are rather similar. The ¢, increased with
increasing temperature and reached the highest value at T,
and then gradually decreased, with a further increase in the
temperature over T,. The T, value of unmodified PSZST
ceramic in this study was 205°C, which was in agreement
with the value of 187°C previously reported by Zheng et al.
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[6]. The ALO; additive (0.5 - 2 vol%) slightly shifted T, to
lower temperatures of ~ 203 - 204°C. Furthermore, the
additive also produced an increase in ¢,,, at the dielectric
peak (at T,). The ¢,,, value increased from 12300 for the
unmodified ceramic to 19900 for the 1.0 vol% ceramic, and
then slightly decreased to 18500 for the 2.0 vol% ceramic.
Room-temperature dielectric constant (¢, ) and dielectric
loss (tand) values are also summarized in Table 1. The ¢,y
of unmodified PSZST ceramic was found to be 1480. After
adding the additive, the ¢, ;; increased to the maximum
value of 1970 for the 2.0 vol.% ceramics. The tand value of
the ceramics (at RT) slightly increased with the additive,
but the tand values of all ceramics were lower than 0.038.

Figure 6 displays P-E hysteresis loops of PSZST/ALQ,
ceramics measured at a frequency of 1 Hz. Well-saturated
square shaped P-E loops were observed for all composi-
tions at room temperature under a maximum electric field
of 20 kV/cm. For higher applied fields over 20 kV/cm, the
ceramics were undergoing breakdown. Remanent polari-
zation (P,), maximum polarization (P,,,), coercive field (E,)
and loop squareness (R,,) values were determined from the
hysteresis loops. The R,, ratio of the hysteresis loop was
calculated using the ratio of P, at the zero electric field to
maximum polarization (P,,,), obtained at some finite field
strength below dielectric breakdown, i.e., P,/P,,,,. Accord-
ing to Haertling [4], the squareness can be used to measure
not only the deviation in the polarization axis but also that
in the electric field axis, using an empirical equation: R, =
(P, [P,) + (P, £/P,) [4]. The obtained ferroelectric properties
are listed in Table 1. The unmodified ceramic had P, ~ 19.82
uC/em?, E. ~ 11.68 kV/cm and R, ~ 1.15. However, the
addition of AL,O, produced a significant influence on loop
shape, P, and E_values. Plots of P,, P, and E, values as a
function of Al,O; content are shown in Figure 7. It can be
seen that P, and P,,,, tended to increase with an increasing
ALQ; content, and reached the values of 29.53 pC/cm? and
33.89 uC/cm? respectively, for the 2.0 vol% ceramic.
However, the E. value decreased from 11.68 kV/cm for the
unmodified ceramic to around 8.7 kV/cm for the 2.0 vol%
ceramic. Based on the XRD result, the crystalline structure
was considered to contain coexisting rhombohedral and
tetragonal phases for the PSZST/Al O, system. The tetrag-
onal phase had six different polarizations in the (001)
direction for reorientation, while there are eight different
(111) directions in the rhombohedral phase [24-25]. There-
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Figure 5. Temperature dependence on dielectric constant (¢,) and dielectric loss (tand) of PSZST/ALO; ceramics sintered at 1250°C and measured at various
frequencies, where (a) PSZST, (b) PSZST + 0.5 vol% Al,Os, (¢) PSZST + 1.0 vol% Al,O; and PSZST + 2.0 vol% Al,O,

fore, both of these phases may produce 14 possible polari-
zation directions. It seemed that the large number of
polarization directions caused an enhancement of crystal-
lographic orientations under the electric field and, in turn,
resulted in high dielectric and polarization properties. It
can be seen that ferroelectric properties exhibited a strong
compositional and phase dependence within the MPB
region. This phenomenon was similar to that observed in a
conventional Pb-based piezoelectric ceramic [2]. Beside the
MPB composition that had a strong effect on the ferroelec-
tric properties, density is often considered to affect the
electrical properties of PZT-based ceramics. In the case of
density, higher density ceramics often result in better
electrical properties, such as higher ferroelectric, and
piezoelectric properties [26-27]. This fact is true for the
present work. Therefore, the improvement of density
contributed to the improvement of the ferroelectric prop-
erties. Grain size is also known to affect many properties of
PZT-based ceramics. Many reports have suggested that
coarser grained piezoceramics have higher ferroelectric
and piezoelectric properties [7,28]. However, the grain size
of the present ceramics decreased with the amount of the
additive. It is therefore believed that grain size contributed
less to the improvement of ferroelectric properties in this
work, as compared to other factors (MPB composition and
density).

The low-field piezoelectric coefficient (d;;) values obtained
after poling are listed in Table 1. The unmodified ceramic
had a low-field d;; value of 339 pC/N. The d;; value

Influence of Al,O5; Nanoparticles’ Incorporation on the Structure and Electrical Properties of Pbg g5Srq 1220 54T 44500 0,05 Ceramics

increased with increasing the Al,O; content and reached
646 pC/N for the 2.0 vol% ceramic, which is a ~ 2-fold
increase as compared to the unmodified ceramic. This
improvement may be because the Al,O, additive moved
the phase composition from the rhombohedral-rich phase
to a more tetragonal phase, which may close to the MPB
region. In this work, it should be noted that the trend for a
low-field d;; value is similar to the trend for the P, value
(Figure 8). This behaviour can be explained by the thermo-
dynamic theory of ferroelectrics [29]. According to this
theory, dj; can be expressed as ds; = 2¢33¢)Q;,P,, where €33
represents the dielectric constant of the material and ¢, is
the vacuum permittivity. Q;; represented the electrostric-
tive coefficient, which was a constant for perovskite
materials [29]. From this theory, it can be seen that the low-
field d;; value is proportional to the P, value. Therefore,
significant enhancement in the low-field d;; value can be
related to the improvement of the P, value after adding the
additive. Furthermore, the improvement of the low-field
d,; value can be linked with the decrease in E,, as the lower
E.can resultin an easier poling [3]. This was due to the ease
of ionic and domain-wall motions that facilitated the poling
process and improved the polarizability of the system [30].
Density is also a factor that often relates to many electrical
properties. In this work, density tended to increase with the
AlLO; content. Therefore, the improvement in density may
be another factor that helps with the improvement of the
low-field d;; value. Thus, it seemed that all mentioned
factors played a role in the piezoelectricity’s improvement
and effectively enhanced the d3; value in our PSZST/ALQ,
samples.
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From this investigation, improvement of the electrical
properties of PSZST/AL,O; ceramics was achieved. It clearly
showed that samples containing Al,O; nanoparticles
exhibited better electrical properties than the single phase
of PSZST or ALO,.

4. Conclusion

The ceramics with a composition of
Pby gsST01227 54T 445D 0,05/ ALO; or PSZST/ALL O, were
successfully synthesized via a simple conventional mixed-
oxide and ordinary sintering method. Examinations of the
effects of Al,O;nanoparticles” addition on the structure and
electrical properties of the ceramics were carried out. A
single perovskite structure was observed for all composi-
tions. The addition of Al,O;nanoparticles moved the phase
composition from a rhombohedral-rich phase for the
unmodified ceramics to a more tetragonal phase for the
modified ceramics. The highest values of dielectric (T, =
203°C, €, = 1970, tand = 0.038), ferroelectric (P, = 29.53 uC/
cm?, E.=8.75kV/em, R, =1.29) and piezoelectric properties
(d55 = 646 pC/N) was observed for the 2.0 vol% ceramics.
Based on our results, it is suggested that the addition of
Al,O; significantly enhances the electrical properties of the
ceramics, especially piezoelectric properties, meaning that
it can be considered as one of the promising candidate
materials for piezoelectric applications.
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1. Introduction

The high dielectric materials have been played an important role in
electronic applications such as multilayer capacitors and sensors [1].
Much attention has been paid therefore to materials which have high
dielectric constants in varies form such as single crystal [2], ceramics
[3], and thin films [4]. In order to miniaturize device sizes for microelec-
tronics applications, many authors have devoted efforts to discover ma-
terials with high dielectric constant, low loss tangent, and low-
temperature coefficient of dielectric constant [4]. It has been proposed
that complex perovskite oxides of the general formula AB’B”03 with
high dielectric constants are particularly attractive due to their good
properties [5,6]. Among the AB’B”05; compounds, the Fe-based complex
perovskites A(FegsBp5)03 (A = Ba, Sr, Ca; B = Nb, Ta, Sb) [5,6] present
high dielectric constant responses with strong frequency dispersion,
which are similar to those for CaCusTi4O;> (CCTO) ceramics [7-10].
Strontium iron niobate (SrFegsNbgs03; SFN) is one of the families of
Fe-containing complex perovskite materials. The dielectric properties

* Corresponding author at: Department of Physics and Materials Science, Faculty of
Sciences, Chiang Mai University, Chiang Mai 50200, Thailand.
E-mail address: rujijangul@yahoo.com (G. Rujijanagul).
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0257-8972/© 2016 Elsevier B.V. All rights reserved.

of SFN ceramics have been reported by Raevski et al. [11] where the di-
electric constant was of the order of 10°-10° over wide frequency and
temperature ranges. In many cases, Schottky barriers can form in ce-
ramics which have heterogeneous conduction regions. This causes Max-
well-Wagner type polarization which is due to a difference in the Fermi
level between different conduction regions [12-13]. Therefore, the high
dielectric constants with frequency dispersion of SFN-based ceramics
have been interpreted in terms of the Maxwell-Wagner mechanism as
SFN ceramics are electrically heterogeneous [1,11]. Since SFN based ce-
ramics possess many interesting properties, work to improve the prop-
erties by doping or synthesizing this material by using other routes is of
interest [1,11].

Normally, high dielectric perovskite ceramics have been synthesized
by a solid-state reaction technique, which requires high temperatures
for processing [14,15]. However, this technique often produces agglom-
erated and coarse particles as well as non-uniform particle size distribu-
tions that results in poor electrical properties of the fabricated ceramics.
Furthermore, power consumption for this technique is quite high
resulting in expensive processing. To obtain high performance ceramics,
fine calcined powder should be used to form the ceramics which can be
obtained from chemical routes such as microwave, sol-gel, and hydro-
thermal [16-18] techniques. Although these chemical routes often

Please cite this article as: T. Phatungthane, et al., Surf. Coat. Technol. (2016), http://dx.doi.org/10.1016/j.surfcoat.2016.06.004
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produce high quality powders (e.g. fine powder with uniformity of par-
ticle size), costs of the starting materials for these methods are quite
high. Furthermore, yield product from the chemical methods is small.
In addition for some cases, the starting materials are unstable and
toxic. However, our previous work showed that pure perovskite pow-
ders of BFN can be prepared at very low calcination temperatures by
using a modified solid state reaction technique, the so called molten
salt technique [19]. It has also been reported that many ceramics pre-
pared by this technique show better properties than those prepared
by the solid-state reaction technique [19-20].

In the present work, SFN powders doped with Ba were synthesized
by the molten salt route. Properties of ceramics fabricated from these
powders were investigated by a range of techniques. Furthermore, the
sample-electrode interface effect (electrode effect) on the dielectric
properties of the ceramics has also been investigated in this work.

2. Experimental

Strontium barium iron niobate ceramics Sry_.Ba,FeqsNbys03; (x =
0.0, 0.1 and 0.2) were synthesized by the molten-salts technique as de-
scribed in our previous work [19]. High purity raw powders of SrCO3
(98.0%, Aldrich), Fe,03 (99.0%, Aldrich), Nb,O5 (99.9%, Aldrich), and
BaCOs3 (98.5%, Riedel-de Haén) were used in this work. Calcination
was conducted at 700-900 °C for 3 h with a heating rate of 100 °C/h
and cooling rate of 300 °C/h. The calcined powders were then combined
with 3 wt% polyvinyl alcohol (PVA) and pressed into a disc shape with a
diameter of 1.00 cm. These green compacts were sintered at 1300-
1450 °C for 3 h using the calcination heating and cooling rates. Fig. 1 dis-
plays a schematic diagram of the synthesis of SBFN powders and ce-
ramics. Phase formation was identified using the X-ray diffraction
technique (XRD). The microstructures were examined using a scanning
electron microscope (SEM). To investigate the electrical properties, the
sintered ceramic pellets were painted with silver paste on both sides
and fired at 600 °C for 15 min. The electrical characteristics were then
measured using an LCR meter.

3. Results and discussion

Selected XRD patterns of the calcined SBFN powders for 0.0 < x < 0.2
are shown in Fig. 2(a). All calcined powders presented a pure perovskite
phase after a calcination temperature of 800 °C. This calcination temper-
ature (for the molten salt technique) is much lower than that for the
solid-state reaction technique for SFN powder (1200 °C) as reported in
previous works [14,21,22]. Ceramics were then fabricated from the

800 °C calcined powders. Fig. 2(b) displays the XRD patterns of the ce-
ramics. The XRD data revealed that x = 0.0 and 0.1 ceramics presented
a pure perovskite phase (ICSD file No. 01-070-5965). However, the XRD
pattern of the x = 0.2 ceramics presented a small impurity peak at
26 ~ 28.3°. This impurity peak was characterized as barium iron oxide
or BaFe,0,4 according to ICSD file no. 00-020-0132. This result suggested
that heat treatment had an effect on the phase formation of the ce-
ramics, i.e. the SBFN phase was stable at some firing temperatures. It
should be noted that the sintering temperature for this work was
1350 °C. Therefore, the molten salt technique not only reduced the cal-
cination temperature but also lowered the sintering temperature when
compared to ceramic fabrication using the standard sintering tempera-
ture (21400 °C) [14,22]. Expanded XRD patterns for 26 ~ 74-77° are
shown in Fig. 2(c). There are three main peaks at these high Bragg's an-
gles for the x = 0.0 ceramics, suggesting that the symmetry of this ce-
ramic was orthorhombic. However, these three peaks shifted and
merged together for the highest Ba concentration. This may be because
the lattice parameters of the crystal structure of the ceramics were
changed after doping with Ba. In the SBFN system, the A-site (Sr*™
(¥ = 1.44 A)) can be also occupied by and the Ba?* (r§; =
1.61 A).Thus, the average ionic radius of A-site ions in the studied com-
positions can be calculated from the following expression:

Tasie = (1-X)Tse" + xrpa”" (1)

The calculated A-site ionic radii of the SBFN system are illustrated
in the inset of Fig. 2(c). The size of the A-site ion increased with increas-
ing Ba concentration which is due to the larger ionic radii of the Ba ion
(rga" > r&). The unit cell volume of the ceramic samples was also calcu-
lated based on orthorhombic symmetry. The unit cell volume increased
with Ba concentration. This trend also matched well with the trend of
calculated A-site ionic radii (inset in Fig. 2(c)). Thus, changes in unit
cell volume can be associated with the change of the A-site ionic radii
of the SBFN crystal.

SEM micrographs of selected ceramic surfaces are presented in Fig. 3.
The surfaces of all ceramic samples exhibited a quite dense form. The
microstructural analysis revealed that Ba doping suppressed grain
growth. The average values of grain size, as calculated from the linear in-
tercept method, decreased from ~10.12 um for the x = 0.0 ceramic to
~5.34 um for the x = 0.2 ceramic. The suppression of grain growth
may be due to some stress which was induced after doping, since
Sr2* was occupied by Ba? ™ (see XRD part). The generated stress can
prevent grain boundary movement during the sintering and a result in
the reduction of grain size [23]. Furthermore, the presence of impurity
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Fig. 1. Schematic diagram of the synthesis of SBFN powders and ceramics.
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Fig. 2. (a) XRD patterns of SBFN powders, (b) XRD patterns of SBFN ceramics (" * " indicates BaFe,04), and (c) XRD patterns for 26 ~ 74-77° (inset: unit cell volume and average ionic radius

of A-site ions versus x concentration).

phases may also prevent grain boundary movement during the
sintering, resulting in the lowest grain size for the x = 0.2 ceramics.
Fig. 4 displays dielectric constant (&) and loss tangent (tand) as a
function of temperature and frequency for the studied ceramics. The di-
electric constant of each sample increased with increasing temperature

Fig. 3. SEM micrographs of selected SBFN ceramics where (a) x = 0.0 and (b) x = 0.20.

and reached its peak at high temperatures. This result is similar to the
results reported by many authors in previous works for SFN and other
high dielectric ceramics [14,22,24,25]. All ceramics exhibited very
strong dielectric constant-frequency dispersion. The height of the di-
electric peak decreased and the dielectric peak shifted to a higher tem-
perature with increasing frequency. The ceramic samples showed
higher dielectric-temperature stability at high frequency. In this work,
the x = 0.1 ceramic presented a very high dielectric constant at its
peak, i.e. & ~ 1.98 x 10° at 298 °C (at T;,) and 1 kHz. This dielectric con-
stant value is considered as very high for giant dielectric ceramics as re-
ported in previous works [11,14]. Furthermore, this dielectric constant
value is extremely high when compared to the SFN ceramics which
were prepared by the conventional technique (g, ~ 10%) [11,14]. For
the x = 0.2 ceramic, the peak value of ¢, was lower than for the x =
0.1 ceramic (& ~ 1.90 x 10° at 293 °C and 1 kHz) which may be due to
the effect of the impurity phase that was observed in this sample. Fur-
thermore, it should be noted that the dielectric constant characteristics
of all ceramics looks similar to the characteristics of relaxor ferroelectric
materials [26]. To check this possibility, P-E ferroelectric hysteresis mea-
surements were conducted. Selected P-E hysteresis loops at room tem-
perature (RT) are illustrated in the insets of Fig. 4. Each ceramic
presented non-ferroelectric behavior. Therefore, the dielectric behavior
of the studied ceramics was not the relaxor behavior and it should be
explained by another mechanism.

Fig. 4 also illustrates the loss tangent (tand) values versus tempera-
ture and frequency of the studied ceramics. The tané curves also
displayed frequency dispersion characteristics. After doping, the tané
values tended to decrease especially for the x = 0.1 ceramic. The tand
values measured at 1 kHz for the x = 0.1 ceramic were 0.27 and 3.80
at RT and T,,, respectively (Table 1) [11,14,27-33]. These values were
lower than values reported by previous works for SFN fabricated
by the conventional method where tané values were 0.1-1.0 and
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Fig. 4. Dielectric constant and loss tangent as a function of temperature and frequency for the SBFN ceramics (insets: P-E hysteresis loops for the SBFN ceramics).

~1071-10? at RT and T, respectively [11,14,27,28] . The lower tané
values for the present work may be because the ceramics were calcined
and sintered at lower temperatures when compared to previous works
where the low temperature processing can produce low concentrations
of cations and/or oxygen non-stoichiometric in the ceramics and this
can be related to the transport behavior that contributes to the tand
behavior.

It has been proposed that the dielectric behavior of many high di-
electric constant ceramics can be explained by the Maxwell-Wagner
mechanism due to the ceramics having heterogeneous conduction. To
check this possibility, the technique of complex impedance spectrosco-
py was applied. Complex impedance spectroscopy is often used to de-
termine the electrical characteristics of bulk grain, grain boundary and
electrode effects for many high dielectric ceramics. This can also be re-
lated to the Maxwell-Wagner mechanism. In many cases, electrical be-
havior of ceramics caused by bulk grain, grain boundary, and electrode
effects can be investigated by using a simple equivalent circuit which
consists of three parallel resistance-capacitance series circuits. By
using the circuit to interpret the data, three arcs can be expected in
the Z* plots (Z'-Z" plots).

Fig. 5 displays selected Z* plots for the studied ceramics measured at
different temperatures. For the x = 0.0 ceramic at low (—40 °C) and in-
termediate temperatures (30 °C), the Z* plots (Fig. 5(a)) presented two
arcs at low and high frequencies. For the x = 0.1 and 0.2 ceramics, the
high and low frequency arcs were also noted but there was another

Table 1
Dielectric properties of SBFN ceramics and comparisons with other Fe containing ceramics.

wkn

arc at intermediate frequency (indicated by in the inset of Fig.
5(b)). This intermediate frequency arc overlapped with the low fre-
quency arc (such as for the 30 °C curve). In many cases, the arcs at
high, intermediate, and low frequencies can be associated with bulk
grain, grain boundary and electrode effects [13]. It should be noted
that the arc at intermediate frequency could be observed for the modi-
fied ceramics at low and intermediate temperatures. Therefore, the
modified ceramics should presented all effects, i.e. bulk grain, grain
boundary and electrode effects. At high temperatures (such as at 200 °
C), the x = 0.0 ceramic presented only one arc (Fig. 5(d)) while the
modified ceramics presented two arcs. It should be noted that the arc
at 200 °C for the x = 0.0 ceramic exhibited a non-symmetric arc. The
presence of a non-symmetric arc is probably due to the intermediate
frequency arc merged with the low frequency arc. To confirm the effects
that occurred in the ceramic, the capacitance for each effect (obtained
from Z* plot) should be determined [34-36]. However, it was difficult
to obtain due to arc-overlap and/or limit of measurement problems.
To check the analysis for the Z* plots, plots of the imaginary part of
the impedance (Z”) and electric impedance modulus (M") versus fre-
quency were undertaken as shown in Fig. 6. For the x = 0.0 ceramic,
high and low frequency peaks were clearly observed at low and high
temperatures, respectively. All peaks shifted to a higher frequency
when the temperature increased. For the x = 0.1 and 0.2 ceramics, the
Z" and M" plot also presented peaks in high and low frequency regions.
However, there was also a shoulder at an intermediate frequency in the

& (1kHz) tan 6 (1 kHz)
Materials Ref.

RT T RT T
Sr1.0Bago(FeNb)o 503 1.40 x 10* 1.80 x 10° 0.40 1.92 ]
Sro.9Bag.1(FeNb)o 503 320 x 10* 1.98 x 10° 0.27 3.80 [*]
Sro.sBag2(FeNb)o 503 2.49 x 10* 1.90 x 10° 0.55 5.28 [
Sr(FeNb)o.505-based ~10%-10* ~10°-10° ~0.1-1.0 ~10~1-10? [11,14,27,28]
Ba(FeNb)g 503 ~102-10° ~10%-10° ~1.0-6.0 ~1.0-4.0 [29-30]
Ca(FeNb)q503-based ~10* >10* ~0.3 - [11]
Ba(FeTa)503 ~8 % 10* >8 x 104 <107! >107" [11]
Ba[(FegoAlg.1)05Taos]03 ~10* ~10° ~0.50 ~5.00 [31]
BaTigo(NigsWo5)0.103 ~1.75 x 10* ~1.80 x 10* ~0.25 ~0.30 [32]
BaTig 4(FeosNbos)0.603 ~8x 10* ~3x10* ~4.0 >8.00 [33]

*Data for this work, T,,: temperature at peak of dielectric constant vs. temperature curve.
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Fig. 5. (a-c) Selected complex impedance spectra of the SBFN ceramics at —40 °C and 30 °C and (d) complex impedance spectra at 200 °C. (Note: GBE: grain boundary effect.)

M" plots. Therefore, data from M” plots supported the data from the Z*
plots. It has been suggested that capacitance values for bulk grain,
grain boundary, and electrode effects are ~ a few pF-cm™!, ~0.1-
10 nF em ™!, and ~1-100 nF-cm ™!, respectively [12,36]. To check the
effects that occurred in the ceramics, the capacitance of each effect
was estimated from peaks of the M” curves by using the equation:
M £0/(2C), where ¢, is the permittivity of free space,
8.854 x 10~ Fcm™") and C s the capacitance. However, the calculat-
ed values could only be obtained for some conditions, due to peak-over-
lap and/or limit of measurement problems. The C value for the x = 0.0
ceramic at —40 °C and 0.5 MHz was 5.6 pF cm~ ! and so this peak
should be associated with the bulk grain effect. The x = 0.0 ceramic
also had a C value of 17.6 nFcm ™! (at 200 °C and 200 Hz). This should
be linked with the electrode effect. For the x = 0.1 ceramic, the C at
5.7 kHz and 30 °C (shoulder) was 1.9 nF cm™ . This should be due to
the grain boundary effect. The x = 0.1 ceramic also had a C of
11 nF cm™! at 420 Hz and 200 °C which should be from the electrode
effect. For the x = 0.2 ceramic, a C value of 5.0 pF cm™ ! at 1.5 MHz
and —40 °C should result from the bulk grain effect. At 30 °C and
4 kHz, the C value of the shoulder was 1.6 nF cm™ . This should be

due to the grain boundary effect. Furthermore, the x = 0.2 ceramic
had C ~ 13 nF cm™ ! at 436 Hz and 200 °C which should be linked with
the electrode effect. Thus, the electrode effect should present in all
Ceramics.

To calculated the activation energy of each conduction effect, the Ar-
rhenius plots of In(1/R) versus 1/T were performed. The activation ener-
gies of each conduction can be determined from the slope of the
Arrhenius plots. Values of activation energy for bulk grain, grain bound-
ary, and electrode conductions are listed in Table 2. The obtained values
were also compared with other materials [36-42]. Activation energies
of the bulk grain conduction for the x = 0.0, 0.1, and 0.2 ceramics
were 0.21,0.19, 0.20 eV, respectively. These values agree with activation
energies for bulk grain conduction as reported in previous works (for
SFN based ceramics) which are often explained in terms of conduction
due to the presence of Fe? " /Fe* ™ in the lattices [1,43]. The activation
energies of electrode conduction were 0.81 and 0.80 eV for the x =
0.1 and 0.2 ceramics, respectively. These values are close to values ob-
tained from previous works for the electrode effect (for SFN based ce-
ramics). The activation energy of grain boundary conduction was also
tried to be determined. However, it was difficult to obtain as the peaks
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Fig. 6. Plots of Z" and M” vs. frequency (f) of the SBFN ceramics.
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Table 2

Activation energies of bulk grain, grain boundary and electrode conduction for some ceramics (including SBFN ceramics).

Activation energy (eV)

Materials Note Ref.
Bulk Grain boundary Electrode

Sr(FeosNbo5)03 0.21 - 0.70 Ceramics This work
Sro.9Bag.1(FegsNbgs)03 0.19 - 0.81 Ceramics This work
SrogBag2(FegsNbgs)03 0.20 - 0.80 Ceramics This work
(Lag4Bap4Cap2)(Mno4Tips)03 ~0.20 0.22 - Ceramics [36]
CeAlO3 0.22 0.52 - Ceramics [37]
CaCusTig012 ~0.1 0.6-0.7 - Ceramics [38]
SrTiO3 0.83 - 1.32 Single crystal [39]
Ba(Fe; — xGay)o.sNbo 503 0.16-0.19 0.66-0.73 0.91 Ceramics [40]

(x =0.0-04)

(1 — X)SFN-xBT (x = 0.0-0.5) 0.18-0.22 0.64-0.7 0.85 Ceramics [41]
BaTip2(FeosNbos)os O3 0.25 0.33 - Ceramics [42]

in the intermediate frequencies were very broad. For the x = 0.0 ceram-
ic, the activation energy calculated from the peak at low frequencies
was ~0.70 eV. This value should be the activation energy of the elec-
trode effects.

In the present work, the effect of the type of electrode on the dielec-
tric constant of SBFN ceramics was also studied. Au was selected as the
alternative metal electrode and it was coated on the surfaces of the x =
0.1 ceramic by a sputtering technique. The dielectric constant versus
frequency curves at different temperatures for the x = 0.1 ceramic
(coated with different electrodes) was measured and are shown in
Fig. 7 (selected graphs). At RT the plots presented three plateaus. The
plateaus at high, intermediate and low frequency regions have been at-
tributed to bulk grain, grain boundary, and electrode effects, respective-
ly [12]. At high temperature (200 °C), the x = 0.1 ceramics showed all
three effects but the electrode effect was dominated by being thermally
activated as g,-f plots presented very high &, in the low frequency region
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3x10*
1.6x10° i
2x10°
W™ L -
1x10
8.0x10* ’ o >
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1x10
8.0x10% 1
10*  10° [ 10°
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Fig. 7. Selected plots of dielectric constant versus frequency at (a) room temperature and
(b) 200 °C for the ceramics with different electrodes.

(Fig. 7(b)). It should be noted that the Au electrode ceramic presented
higher dielectric constants than those of the Ag electrode ceramic, espe-
cially in the low frequency region. These results suggested that the type
of metal electrode had an effect on the dielectric constants of the studied
ceramics. It has been proposed that the work function of the metal
(electrodes) can be associated with the forming of a Schottky barrier
at the sample-metal interface (and result in occurrence of the electrode
effect) [35,44]. Furthermore, the electrode effect has also been proposed
to depend on many factors such as interfacial bonding, surface defects,
oxygen adsorption, contamination and sample treatment [40,45,46].
Methods of preparation and processing parameters (such as calcination
and sintering temperatures) may be other factors that affect the elec-
trode effect as the different methods and processing parameters can
produce different levels of contamination and surface defects. Further-
more, properties of bulk grain and grain boundary which relate to the
Maxwell-Wagner mechanism can also be affected by the method of
preparation due to different synthesis methods can produce different
lattice and microstructure characteristics(such as porosity, grain size,
and thickness of grain boundary [1]). These characteristics can be linked
with resistance and capacitance of bulk grain and grain boundary and
then affect to the measured dielectric constants. Therefore, higher (dif-
ferent) dielectric constants for the studied ceramics as compared to
many previous works may be affected by the method of preparation
(this work used molten salt technique). In the case of the electrode ef-
fect, Li et al. [35] reported that this effect could be observed in CCTO ce-
ramic (synthesized by spark plasma sintering technique) coated with
Au (as the electrodes), but could be not observed for the CCTO coated
with In-Ga due to the lower work function of In-Ga as compared to Au
[35]. In the present work, the difference in dielectric constants (espe-
cially in the low frequency region) for Au and Ag coated ceramics may
therefore be due to the difference in work function value of Au and Ag
[35,47]. Furthermore, techniques for electrode forming, i.e. silver paste
fired at 600 °C (for 15 min) for Ag electrodes and sputtering for Au elec-
trodes may have also contributed to the difference in measured ¢, values
[35].

4. Conclusions

SBFN powders were synthesized via the molten salt technique. This
technique allowed very low calcination temperatures resulting in pure
phase perovskite. The obtained powders were then used to fabricate
SBFN ceramics. All ceramic samples exhibited very high dielectric con-
stants with strong frequency dispersion. The dielectric behavior of the
ceramics could be explained in terms of the Maxwell-Wagner mecha-
nism associated with bulk grain, grain-boundary and electrode effects.
The extremely high dielectric constant in the low frequency and high
temperature regions for the studied ceramics could be associated with
the electrode effect, and the dielectric constant values could also be as-
sociated with the type of electrode.

Please cite this article as: T. Phatungthane, et al., Surf. Coat. Technol. (2016), http://dx.doi.org/10.1016/j.surfcoat.2016.06.004




T. Phatungthane et al. / Surface & Coatings Technology xxx (2016) xXx-xXx 7

Acknowledgment

This work was supported by The Thailand Research Fund (TRF,
BRG5680002 and IRG5780013), the National Research University Pro-
ject under Thailand's Office of the Higher Education Commission, De-
partment of Physics and Materials Science, Faculty of Science,
Graduate School and Science and Technology Research Institute, Chiang
Mai University. Division of Science, Faculty of Education, Nakhon
Phanom University and Department of Applied Science and Biotechnol-
ogy, Faculty of Agro-Industrial Technology, Rajamangala University of
Technology Tawan-ok Chantaburi Campus are also acknowledged.

References

[1]

[2

3

[4

5

6

17

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Z.Wang, HJ. Li, LL. Zhang, Y.F. Wen, Y.P. Pu, Effects of barium substitution on the
dielectric properties of Sr(FeosNbg )03 ceramics, ]. Mater. Sci. Mater. Electron. 26
(2015) 134-138.

S. Krohns, P. Lunkenheimer, S.G. Ebbinghaus, A. Loidl, Colossal dielectric constants in
single-crystalline and ceramic CaCu3TisO4, investigated by broadband dielectric
spectroscopy, J. Appl. Phys. 103 (2008) 084107.

G. Rujijanagul, C. Kruea-In, Electrical behaviors of (1-x)BZT07-xBNWT lead free solid
solution binary system, Electron. Mater. Lett. 9 (2013) 455-457.

R.L. Nigro, R.G. Toro, G. Malandrino, LL. Fragala, P. Fiorenza, V. Raineri, Effects of high
temperature annealing on MOCVD grown CaCusTisO;> films on LaAlO; substrates,
Surf. Coat. Technol. 201 (2007) 9243-9247.

.M. Reaney, ]. Petzelt, V.V. Voitsekhovskii, F. Chu, N. Setter, B site order and infrared
reflectivity in A(B'B")03 complex perovskite ceramics, J. Appl. Phys. 76 (1994)
2086-2092.

T. Phatungthane, G. Rujijanagul, Dielectric properties of modified SrFey sNbg 505 ce-
ramics prepared by a solid-state reaction technique, Ferroelectrics 454 (2013)
23-28.

B.S. Prakash, K.B.R. Varma, Molten salt synthesis of nanocrystalline phase of high di-
electric constant material CaCusTisO;5, ]. Nanosci. Nanotechnol. 8 (2008)
5762-5769.

C. Masingboon, S. Maensiri, T. Yamwong, CaCusTi,O;, nanoparticles using polyvinyl
pyrrolidone: synthesis and dielectric properties, J. Nanosci. Nanotechnol. 11 (2011)
8670-8676.

L. Singh, U.S. Rai, AK. Rai, K.D. Mandal, Sintering effects on dielectric properties of
Zn-doped CaCusTisO4, ceramic synthesized by modified sol-gel route, Electron.
Mater. Lett. 9 (2013) 107-113.

H.E. Kim, S.M. Choi, S.Y. Lee, Y.W. Hong, S.I. Yoo, Improved dielectric properties of
BaTiOs-added CaCusTisO12 polycrystalline ceramics, Electron. Mater. Lett. 9 (2013)
325-330.

L.P. Raevski, S.A. Prosandeev, A.S. Bogatin, M.A. Malitskaya, L. Jastrabik, High dielec-
tric permittivity in AFe;,B1,05 non ferroelectric perovskite ceramics (A = Ba, Sr,
Ca; B = Nb, Ta, Sb), J. Appl. Phys. 93 (2003) 4130-4136.

M. Li, D.C. Sinclair, A.R. West, Extrinsic origins of the apparent relaxorlike behavior
in CaCusTisO4, ceramics at high temperatures: a cautionary tale, ]. Appl. Phys. 109
(2011) 084106.

M. Li, D.C. Sinclair, The extrinsic origins of high permittivity and its temperature and
frequency dependence in Yo5CagsMnO3; and La; 5SrosNiO4 ceramics, J. Appl. Phys.
111 (2012) 054106.

Y.Y. Liu, X.M. Chen, X.Q. Liu, L. Li, Giant dielectric response and relaxor behaviors in-
duced by charge and defect ordering in Sr(Fe;,Nb;/,)O05 ceramics, Appl. Phys. Lett.
90 (2007) 192905.

W.H. Jung, ].H. Lee, ].H. Sohn, H.D. Nam, S.H. Cho, Dielectric loss anomaly in Ba(Fe;,
2Tay2)05 ceramics, Mater. Lett. 56 (2002) 334-338.

X.Yan, W. Ren, X. Wu, P. Shi, X. Yao, Lead-free (K, Na)NbOs ferroelectric thin films:
preparation, structure and electrical properties, J. Alloys Compd. 508 (2010)
129-132.

Y. Zhou, M. Guo, C. Zhang, M. Zhang, Hydrothermal synthesis and piezoelectric
property of Ta-doping Ko sNaogsNbO5 lead-free piezoelectric ceramic, Ceram. Int.
35 (2009) 3253-3258.

S.K. Kar, P. Kumar, Structural, morphological and dielectric study of Ba(FeNb) 503
ceramics synthesized by microwave processing technique, J. Phys. Chem. Solids.
74 (2013) 1408-1413.

N. Tawichai, W. Sittiyot, S. Eitssayeam, K. Pengpat, T. Tunkasiri, G. Rujijanagul, Prep-
aration and dielectric properties of barium iron niobate by molten-salt synthesis,
Ceram. Int. 38S (2012) S121-S124.

(20]

[21]

[22]

Y. Li, J. Wang, R. Liao, D. Huang, X. Jiang, Synthesis and piezoelectric properties of
KxNa;_xNbO3 ceramic by molten salt method, J. Alloys Compd. 496 (2010) 282-286.
N. Rama, J.B. Philipp, M. Opel, K. Chandrasekaran, V. Sankaranarayanan, R. Gross,
M.S. Ramachandra Rao, Study of magnetic properties of A,B'NbOg (A = Ba, Sr, Ba
Sr; and B = Fe and Mn) double perovskites, ]. Appl. Phys. 95 (2004) 7528-7530.
S.Ke, H. Fan, H. Huang, Dielectric relaxation in A,FeNbOg (A = Ba, Sr, and Ca) perov-
skite ceramics, J. Electroceram. 22 (2009) 252-256.

[23] J.C. Shaw, KS. Liu, LN. Lin, Phase boundary of an LMN-PZ-PT three-component sys-

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

tem, J. Mater. Sci. 28 (1993) 5534-5539.

Z.Wang, X.M. Chen, L. Nj, Y.Y. Liu, X.Q. Liu, Dielectric relaxations in Ba(Fe; »Ta;2)03
giant dielectric constant ceramics, Appl. Phys. Lett. 90 (2007) 102905.

Z.Wang, X.M. Chen, L. Ni, Y.Y. Liu, X.Q. Liu, Dielectric abnormities of complex perov-
skite Ba(Fe; 2Nb; »)03 ceramics over broad temperature and frequency range, Appl.
Phys. Lett. 90 (2007) 022904.

Z. Wang, X.M. Chen, Evolution from relaxor-like dielectric to ferroelectric in
Ba[(FeosNbg5)1.4Tix]O3 solid solutions, Solid State Commun. 151 (2011) 708-711.
K. Sanjoom, T. Tunkasiri, K. Pengpat, S. Eitssayeam, G. Rujijanagul, Dielectric proper-
ties of strontium iron holmium niobate ceramics, Ceram. Int. 39 (2013) S227-S231.
B. Fang, Z. Cheng, R. Sun, C. Ding, Preparation and electrical properties of (1-
X)Sr(Feq/,2Nb;/,)03-XPbTiO5 ferroelectric ceramics, J. Alloys Compd. 471 (2009)
539-543.

N. Charoenthai, R. Traiphol, G. Rujijanagul, Microwave synthesis of barium iron nio-
bate and dielectric properties, Mater. Lett. 62 (2008) 4446-4448.

D. Bochenek, Z. Surowiak, J. Poltierova-Vejpravova, Producing the lead-free
BaFeg sNbg 503 ceramics with multiferroic properties, J. Alloy Compd. 487 (2009)
572-576.

Z. Wang, X.M. Chen, X.Q. Liu, Ba[ (Fep9Alg.1)0.5Tag5]03 ceramics with extended giant
dielectric constant step and reduced dielectric loss, ]. Appl. Phys. 105 (2009)
034114.

F. Zhao, Z. Yue, J. Pei, D. Yang, Z. Gui, L. Li, Dielectric abnormities in BaTig o(Ni; 2W1,
2)0.103 giant dielectric constant ceramics, Appl. Phys. Lett. 91 (2007) 052903.

Z. Abdelkafi, N. Abdelmoulaa, O. Bidault, H. Khemakhem, M. Maglione, Impedance
study of giant dielectric permittivity in BaTig 4(FeosNbgs)o603 ceramic, Physica B
406 (2011) 3470-3474.

F.D. Morrison, D.C. Sinclair, A.R. West, Characterization of lanthanum-doped barium
titanate ceramics using impedance spectroscopy, J. Am. Ceram. Soc. 84 (2001)
531-538.

M. Li, Z. Shen, M. Nygren, A. Feteira, D.C. Sinclair, AR. West, Origin(s) of the apparent
high permittivity in CaCusTi4O,;, ceramics: clarification on the contributions from
internal barrier layer capacitor and sample-electrode contact effects, J. Appl. Phys.
106 (2009) 104106.

M. Li, A. Feteira, D.C. Sinclair, Origin of the high permittivity in
(Lag.4Bap 4Cap2)(Mng 4Tig 6)O3 ceramics, J. Appl. Phys. 98 (2005) 084101.

A. Feteira, D.C. Sinclair, M.T. Lanagan, Structural and electrical characterization of
CeAlOs5 ceramics, J. Appl. Phys. 101 (2007) 064110.

M. Li, A. Feteira, D.C. Sinclair, A.R. West, Influence of Mn doping on the semiconduct-
ing properties of CaCusTi4O, ceramics, Appl. Phys. Lett. 88 (2006) 232903.

S.H. Kim, J.H. Moon, JH. Park, J.G. Park, Y. Kim, Analysis of defect formation in Nb-
doped SrTiO; by impedance spectroscopy, J. Mater. Res. 16 (2001) 192-196.

K. Sanjoom, K. Pengpat, S. Eitssayeam, T. Tunkasiri, G. Rujijanagul, Dielectric proper-
ties of Ga,05-doped barium iron niobate ceramics, Phys. Status Solidi A 211 (2014)
1720-1725.

T. Phatungthane, G. Rujijanagul, Microstructure and dielectric properties of (1-
x)SrFeq sNbg s03-xBaTiO3 ceramics, Ceram. Int. 41 (2015) 2968-2975.

P.K. Patel, K.L. Yadav, Giant dielectric permittivity and room temperature
magnetodielectric study of BaTip»(FegsNbgs)os Osnanoceramic, Mater. Res. Bull.
48 (2013) 1435-1438.

U. Intatha, S. Eitssayeam, ]. Wang, T. Tunkasiri, Impedance study of giant dielectric
permittivity in BaFepsNbg 503 perovskite ceramic, Curr. Appl. Phys. 10 (2010)
21-25.

L.J. Brillson, Interface bonding, chemical reactions, and defect formation at metal-
semiconductor interfaces, J. Vac. Sci. Technol. A 25 (2007) 943-949.

M. Li, A. Feteira, D.C. Sinclair, Relaxor ferroelectric-like high effective permittivity in
leaky dielectrics/oxide semiconductors induced by electrode effects: a case study of
CuO ceramics, J. Appl. Phys. 105 (2009) 114109.

W. Li, RW. Schwartz, Maxwell-Wagner relaxations and their contributions to the
high permittivity of calcium copper titanate ceramics, Phys. Rev. B 75 (2007)
012104.

L. Solymar, D. Walsh, Electrical Properties of Materials, seventh ed. Oxford Universi-
ty Press, Oxford, 2004.

Please cite this article as: T. Phatungthane, et al., Surf. Coat. Technol. (2016), http://dx.doi.org/10.1016/j.surfcoat.2016.06.004




	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.02000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




