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Synthesis and improvement of electric field tunable dielectric
properties of barium zirconate titanate ceramics doped with TiO, or

LaAlO; nanoparticles for microwave device applications.

R&H
o BHY R y19a1U U INAL dunse
63 *6‘6 QU a
wIBUI15U Anens 12701464
g;zxﬁz;-v:}é e 2L 8000000000 0000009 05300 TV SRR S
1'3-‘5:3‘.,'/: JUu 1378 52 -i-utuuuu ---------------------
w13 20, 255

1ﬂskuauuaqummwmnnawnnaaamuumcﬂu‘lmwsuaaumm
WWIAUNUITAIANTZUS  (KREF015402)
Usza1Uuuszaunm 2555
MAY AL ANZINYANERAS

do1dumalulagnszaaunadnnumnisalan sz



Folasens msduaneinasufuupautinssudsudlag dnmndeaulifies
wuSeuwesTawuslmviumesniind fifasdedulwidoneenludviouauniuegiiug
sonlasuineymewnly elflumumeinessiniirfienulalasin

wigedy v idelul newjuldeamdunaluladnszasundninammsaanseda
(KREFO15402) UsdnThutseansy 2555 Snuduitldsumsatiuayy 240000 vm
szezaaningide 2 T R 2554 fa 2556

savtilasems unsanaUulndu dms fialasimsise weusdu nens
wipewsiudeia medvuedl auginemans sartuneluladwszasuindudgomms

annnseus
UNANED

TunddedvihnisdunsisivasAnwiausfveswsndnuussuwaslaiunlymiium
(Ba(Zr,Tiy,)0s, BZT lot x = 0.1 uaz 0.3) 7AwSeulaenszuiuniswnlugl (Autocombustion

synthesis) 1ngltansaasiu fie uuSaumselsdlalainsm (BaCly2H,0), woslalvuoandnaslss
senmzlalnTn (ZroCl,8H,0) uaglnmiflvumnseraslsd (Tick) Taeldnsaluadn (HNOY) iy

- aseandusuduasinadu (NH,CH,COOH) Wuansiamas Tngldvian1sdnwnavesdnsadulag
Tuasgnirensaluasniulnafuiilflunisdunsesivasgamailunswunaleiifdelasiadng
wAnuazlassaieganiavesansidunssild mnmsdnviwuindnsidnlaglvassrinensaly
sandelnaufimnzauiignile fishandiu 4:2.20 wazvhnsunaliitgaumnd 1200 °C 1
han 4 Falus Li‘iaﬁqmsﬁlﬁlﬂﬁﬁmsmmﬁqﬂﬁﬁwLwﬂﬁﬂvjL%'wswuwg%uﬁuwiﬁLimaLUﬂIma‘[ﬂ
U (FT-IR) wadasauuaiuainsalad (Raman - spectroscopy) waginafiasndisdanunsndy
(XRD) wuansiiduasievils fla BZT Afllassadrsuvugnuredinesewalng (Cubic perovskite)
fiflnusgnsss LazIINNNIRTIFBUAUF AN TEnaeIganIImiBIAnaTeuLUUdaNI IR
(SEM) wuheymewes BZT fsumsiniuaaleviigamgfl 1200 °C iuian 4 Hludignwas
amseiliiusuiiAnanmevaensafuves@nuunadn Tneflvuinoymaadsyszanm 300
nm §mTU Ba(Zrp1Tigs)Os Wag 1.159 Um dmsu Ba(ZrysTiy)O; nfnwrandleadidnasn
Wunsiuaside Tio, ALO, Zr0, war SO, Govar 1 Tnslua) aslu BZT wdawavinliian
HaNflANAN N EDNFURNSFIER (€ wazAN gy denaladidnedn  (tand) fanas Lawne

BZT-AL,O; WhiiufiflehanmeesduivsgeaeiigaludawSeuiieutu BZT

AdnAny: nssuum s ndirlud luesv-lnadu wuSeuweslawslmun audRlasidnesn



Research Title: Synthesis and improvement of electric field tunable dielectric
properties of barium zirconate titanate ceramics doped with TiO, or LaAlO; nanoparticles
for microwave device applications. '

Researcher: Panpailin Seeharaj and Naratip Vittayakorn

Faculty of Science Department of Chemistry

Abstract -

This project investigated the synthesis and characterization of barium zirconate
titanate (Ba(Zr,Ti;.)JOs, BZT (when x = 0.1 and 0.3)) by autocombustion method. Barium
chloride dihydrate (BaClz-ZHzO), zirconium oxychloride octahydrate (ZrOCl,-8H,0) and

titanium tetrachloride (TiCly) were used as starting materials. Nitric acid (HNO5;) and
‘glycine (NH,CH,COOH) were used as oxidizer and fuel, respectively. The effects of
synthesis condition and calcination temperature on phase formation and microstructure
of the BZT were investigated using Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction technique (XRD), Raman spectroscopy and scanning electron microscopy
(SEM). XRD FT-IR and Raman study indicated that single phase BZT with cubic perovskite-
type structure can be obtained from the synthesis condition using nitrate to glycine
molar ratio of 4:2.20 and calcined in air at 1200 °C for 4 h. The microstructure examined
by SEM showed that BZT had irregular shape with the average particles sizes of 300 nm
. for Ba(Zrg1Tig0)0s and- 1.159 um for Ba(Zry3Tig7)Os. The dielectric measurements showed
that doping BZT with 1 mol% of TiO, ZrO, or SiO, decreased the maximum relative
permittivity (€,.,) and the dielectric loss (tan®) while doping BZT with 1 mol% of Al,O,

increased the €., and decreased tand of BZT.

Keywords: Autocombustion, glycine-nitrate, barium zirconate titanate, dielectric property



AnRnNssuUsENIeA

ms"?i]’aﬂ%"’aﬁiﬁ'%’wuaﬁuauumi"“a%’aqmamﬁumﬂIuIa?stvaauLﬂé")n’f’lﬂmwmsafmnisﬁa
MnyuRauEnITelnd nawmaaamuumﬂIuIaEJWiuaaummL'«mmwmimmﬂsum Uszdy
JuUsEUN0 WA, 2554 LLaummﬁ]aﬁlﬂmmaamﬂuasmm leamnanueyaTisd msatuayu
wazfuusthanyaramanil Ae na.ns.usisy Snens wmsﬂmmﬂsﬂw']LLavauuauumsmmu_
Ao nedvadl AuInenmand Aldsrnanuaznnasonsyesnanlunsiidondsd uas
ua.faginsal Sussssu uasnian dew wa.asd AslnsTauned uaandy Weudly
ua.Ange adnBA wa.gBnn fauszieds wee ua. Toyy agyau Alieutewdelunsiou
W

waEUulNEY sy

w1eUs5U Inenns



unAndantulne

UNAntaN1wNdINgY

finAnssuUsznA

d15U%y

YRR

CURIVRIRGIT

unfl 1 unih

1.2 rwddguasiiinvastigmfivinnside
1.2 Snguseasd

1.3 98URNISIdY

1.4 waviaainazlasu

g p ol Y e
umn 2 Wq@ﬂLLazﬁqu’Jﬁlﬂﬂlﬂﬂ?%aq

2.1 TassaduasauiladifneSnvosiuSsnmeslamalvvnwe (Ba(Ti,, Zr)0,, BZT)

2.2 MTFWATIEA BZT

2.3 vanmsiugnlunsdaasesimenssuiunsw iyl

d,_ ado a oo
unil 3 Adnduaiide
3.1 insecfiouazgunsel

3.2 @544l

3.3 AsEUIUMIFLATIEMLUS s sialua v uslne s s LT

3.4 mMsAnwautRladidnasn

3.5 AMSATUIN

o a o a
UNN 4 Nan1538uazanusena

4.1 MIANYINMIAUATIER Ba(Zr,Ti, 0, fredsnsinnlusl

GUEATY

Vi

vii

L 2 N o N e

(@)

11
13

16
16
17
17
20
21

25
27



#1508y (¢la)

4.1.1 Anwwndnndniivuvaivesasesndunudseasdomas
Alumsdansiedt Ba(zr,TiL )0,
4.2 Mmsnsfigatliendnual
4.2.1 Msfinwnisaanefiimieausau
4.2.2 msnsaiguiliendnualiemaiayidensuresudursuseanlnsalnd
4.2.3 ﬂ']’im’i’ﬁ]ﬁ’e)uiﬂi\‘ia%"wwﬁﬂiﬂEJLVIﬂ‘ljﬂmiLEd;EJ’JLU‘LJ‘U@Q’%'QELaﬂ‘g\
4.2.4 msnsaigadienanwaliemaiasusuuadniasalnd
4.2.5 minsaadeuiuguIngwIendesanssmiBidnaseuluudensia

4.3 MsfAnwaudRledidnein
] aw
unil 5 dgunaldeuasdaiauauuy

wileHad198e

AANUIN

va vVa w e

L4
VoYAUIEIRRIY

v
'

NaATINSALASUNISAIRNRTLINSATS NS TusERULIU

!

25
28
28
30
33
39
41
42

a6

%
51
51
54



A15UA1919

-

d 1 = =) Ay 7 dl 1 £ o
a1l 2.1 AnledianeSnuazauTRnisusulasualadidnssn

VDY Ba(TiyZr, )05 LU53nd

9

o i a a’ LYY v o 1 a a a) 'S .
A15199 2.2 AledldnminuasandRnisuSuilasudladidnasnuesiudung Ba(Tiy,Zr )05

Tnevinnsmsaatafinnud 100 Hz

M3nefi 2.3 AleBidnpsnuasanTinsuiudsualadidnetnues Ba(Ti1,Zr)O0s:MgO
(50:50 wt.%) Inevinnsnsiasaiiaad 10 Hz

MTei 2.4 waRavRsENSBUYESuaTaL TR N ZYBIENS Nig sZngsFe,04
fiduaszsideisnsmnlng

asedl 3.1 mssanaSinaasildlunsdaunsngss Ba(Zry3Tig7)03
mudnsnduvensalunindolnaduiidnmdiusig

319 3.2 m’mqLLamiJ'%mmmim‘ﬂuﬂﬁé’ﬁmeﬁ Ba(Zry1Tig5)O5
mushsEuveansaluninsolnaduiisnsdiusia

A151971 4.1 Lanaafilinnn1T8uATIER Ba(ZrysTin)0s
TnevhnsusuAsusnsaiusswinanselussnaslnadufisnsidausng 9
mMeeil 4.2 uanamaitldannnsdansnes Ba(Zrg 1 Tigs)Os
TagusuiAsudndmssninensalunindelnaduiisnsdusig 9
M3l 4.3 uansAavFnsTilne SasTuANENTaY Ba(Zry5Tip7)05

o 1 a a < 5
3199 4.4 uamAuanfiansfinesuasINANENUed BalZrg; Tigs)Os

vi

9

12

19

19

26

27

37
38



d15U NN

At 1.1 uandlassadrawesovdlng (ABO,) uagn1siintwanlsiwdu
vo¥auielsBiinsSnuuSeslymiun (BaTio,) 2
Al 2.1 TaseaevesuwuSenoslawalyiiun (B2T) . 6
Al 3.1 wuiuanstunounssurunmsdaunseiiuSuure Tl
e 38 sun sl 20
awdl 4.1 nIUanINansaa1efinnaLseulunsiauffTeuasansuieuudadiasadn
mslutisgaumafl 50 - 1300 °C VoAWK Ba(Zry5Tip )05 Ineldsndruseninensaluninde
Inad@uiu 3:1.65 - ; 28
Al 4.2 nIwugRmanIsaaefmmnauseulunsiiaU e sy nauteuudaddasadng
aslud9gungll 50 - 1300 °C U898URY Ba(ZrgsTip )05 Ineldsnanduszninansaluninde
Tnadwliu 4:2.20 : 29
i 4.3 anshsIRgediendnuaifeiies FT-R 289 Ba(Zry5Tip7)05 laeldiensndiulne
Tuasgwinensalumdnaelnadudu 3:3 e (2) miﬁlé’mnmié’qmi'}zﬁuaxmea‘l%ﬁﬁqmmﬁ
(b) 600 °C, (c) 800 °C, (d) 1000 °C uae (e) 1200 °C 31
Al 4.4 Hansasaafigadiandnuaifneinies FTIR 289 Ba(Zry5Ti )05 lnalddnsnarulae
luaszwinsalusinselnadu 4:2.20 wwealuiifigamad (a) 600 °C, (b) 800 °C, (©) 1000 °C
wa (d) 1200 °C | 31
awdl 4.5 HansATITRgdiendnuaifeiTes FT-R 289 Ba(Zry.1Tig )05 Inalyonsnaiulae
luasgwivnseluninsolnadu 4:2.20 wnuaaleiigamni (a) 1000 °C uaz (b) 1200 °C 33
ATl 4.6 nan159 519800 ATIASNNENGIEATA XRD YDINAN Ba(ZrgsTip7)0s  MINTITHAA
Lmé"kdﬁﬁqmwgﬁ 600 °C 1Tuia 4 Halue Teeldsasrdnlneluasewienselusinsielnafuded
(a) 3:2, (b) 3:3, (c) 3:4, (d) 4:2.20, (e) 4:4 wag () 5:5 33
AW 4.7 nansmsanaeulassaiunEndiemaia XRD weewEn Ba(Zro3Tig7)05 18RS 1dIUleE
TuasgwinenselusSnsolnadu 3:3 el (a) ansiiléannisdanseyt uavansiiviamsunuaale
figamaf (b) 600 °C, () 800 °C wae (d) 1000 °C 34

vii



#1350 W (si0)

AWl 4.8 nan1snsavaeulasiEdanEndasmaila XRD vedn Ba(Zro5Tig7)05 USRS IEIUIAY
Tuasswirensalusindelnaduidu 4220 wasvmswuraledfigumgiided @) 600 °c (b)
800 °C, (€) 1000 °C uag (d) 1200 °C 35
Al 4.9 nan1sneaeulnsiadrandndiemaia XRD vewEn Ba(ZrosTip7)03 YIMNSLHILAR
leifilgaumgll 1200 °C Wunan 4 dalus Tngldshsnanlaeluasswinansaluminsielnaduded
(a) 3:1.65 wag (b) 4:2.20 36
AWl 4.10 Han13nsIREeUlATIaaNENdEImATA XRD TedNEN Ba(Zro1Tigs)O5 1USASEIU
Tngluasgnitnsalundndelnadudu 4220 wesvinisunuesleifaamgfised @) 1000 °c
wa (b) 1200 °C ' 38
AT 4.11 HAaNIRsIARglendnwalfewalasUIENEN BalZrysTi2)05 tudnsndrulae
Tuaszyinnanlusindelnadu 4:220 vhmsinuealeifigamad @) 600 °C (b) 800 °C (o)
1000 °C wa (d) 1200 °C el 4 dalas 40

o

=l a & o 6 a o Ao ca
ANN 4.12 Naﬂ’]iﬁi’lﬁ]WQQULaﬂaﬂ‘lﬂmﬂ?HLVIﬂUﬂSW@ﬂU‘U@\‘iNﬁﬂ‘VWHﬂ'ﬁLN']LLﬂ'ﬁl%u%’qm‘ViﬂQJ

U
al

1200 °C funan 4 §2la4 (a) Ba(Zro 1Tigo)0s  ludasndnulneluasendnansalusdnselnady
4:2.20, (b) Ba(ZrosTig7)O5 8R5EI 3:1.65 Uag (€) Ba(ZrysTip )0 8MTIdU 4:2.20 40
AWl 4.13 uansnin SEM vesusndnuuisealelauslnmuusludnsidulaaluasewinensa
lunsnsiglnaduwiiiu 4:2.20 wueslediidumen 4 421097 (a) Ba(ZrysTig)0s 71 1000 °C (b)
Ba(Zro 5Tip )05 11200 °C (c) Ba(Zrg:Tigs)0s 71 1000 °C (d) Ba(Zry, Tigs)Os 7 1200 °C 41

awil 4.14 uansIETUSsEwIeEan meedivSLasAsaademaleB S nvanieudy
- gangiivaasniin Ba(erﬂl_x)oﬁ'imﬁﬂizﬂaU ) = (@) 0.35(b) 0.30 () 0.25 gz (d) 0.10 43
AWl 4.15 LLammwé’uﬁ’uéswdwmamwaaué’mﬁwﬁ‘uaxf’hmiqtyLﬁamqlm&ﬁnw%mﬁauﬁu
gaumvgilvesTansiinduay BZT-TIO, fidndu Tio, 1 % lnelua a4
Al 4.16 uansasdiiusseninedanneenduiiuasinisgydemdladidnniniieusu
aamaivesianusdinduay BZT-ALO, fidndu ALO; 1% laglua 44
AWl 4.17 uanemEussEnIsinan meanduivduasAn gy densladinvisnidleudy
gaugiivesTansiiinduay BZT- Z0, fidadanu 210, 1 % lnelua 45
AWl 4.18 wansmudiussEnisAan meenduivsuazAni gy demaladiinyvindeusy

gaumgiivesianesiindway BZT- SiO, idndqu S0, 1 % Taelua 45

viii



Ui 1

UNUI

1.1 anudhaguaznunesdymiiviinisise

& o W ot a o & 4 ag o 6 & s

Wunnsuiuageamnsssunisnanaiaslaluiwaztudiudidnvsetindidunis

(Y] :‘ }73 1 1 v i 1 1 =3 0'1 2/ a
Tugnanunssundniiasrsseldegraumeaaliuiusema uiegrslsinulaeviluudinisuge
a YV ad a & 1 & o ° N, o &
auadidnynsetindnieluysena ldinasduiiontsinluldmuluasiiSeay nienisunne v
MINYAT NGAFINNTTN LW NMIHARBIUEUR N1seEnaunsaldoans wieomamudu 9 u
] ] ) ° v A;l 1 1 4

Iﬂamulmy%LﬂultﬂuanwmwaamsmwwumumﬂmaﬂszmmwamﬂsznauLﬂuq‘dﬂszﬁ
d } 73 1 7] 4 : 1 (-] v QJ i 74
wanistdnuludssinavsedeeanludianalszing Jedsnavilsniswaumedumalulad

Y a ¥

didnwsatindnielulszmmdulediedrdh insignnesdauifuiasslunmsfudn

)
ho]

I3
a

weluladdugs Sniedadunalifinmsgydenelfidennnisiindudusidmmsetnd
fisnmgeannsslszmedneg 6’1"3EJmQﬁmiﬁnmumﬁ’ﬁummdﬂaﬁLﬁ@Iﬂ?‘lumiwﬁmﬁaqﬁ
flunsasBidnnsetindnieludsunedafinnuddnyfuognsmnn iluilussugadioannis
thuduaziiiuyadldiugudi ?J'ﬂﬁgqé’qdmaﬁ‘luLN'%J%Nmiﬂ’sumaaﬁmmi%mLﬂuiﬁngm
ddnlunsfannyssimaegedsBudely

ﬁﬂw%’umiﬁﬂmLLazﬁmuﬁ’aqﬁLﬁnmaﬁﬂﬁ‘dﬁmw 7 1y nsAnyLaiun Tanuie
Tlunsdsdygrauazdeyaiuniseduinglilasnm (anud 1300 GHz) 1leldlunns
doansuarnismunuliaefioidaudiauladuedneds Wesnnfuiinsusuiin
mﬂT,uT,agmsﬁamﬂ%’maﬁuwmwﬁwﬁ’mlﬂuaEJ'Nmﬂ“luIaﬂﬂmgﬁ’u fafuSeiausnduetne
wnflsimunfanilensuaussaudosnistunisldoumstus waziieaanlusny
yadumalulagidansy ﬁmﬁmﬁadmii’aQ%LﬁﬂwsaﬁﬂéﬁﬁmmL'?'JLLasﬁé'mﬂmwudw
doyags (Hish speed and high data rate) ansathluldaulglunanedaeaayd
(Multiband  operation) asnsausuiasuitevnluldmuldegemannvians (Adaptability
and flexible) éuLﬂﬁaqwé’amu"lumimuauﬁaa Snvtadluunmudn wazs1A1gn Yilnside
uazsfaun fanfiannsouiuvdeuadinslalanawladidnaindoaunnliia Electric
field tunable microwave dielectric materials) lasuauaulasgaunsvarelugleiadu
kil 11-4) ToeTanUssiamillandaia nanfeflanmeedurig (Permittivity, €) i
anansawdsuuladlédusvaulniheainaneuen 61";51maﬁﬁaﬁﬂﬁi’aqﬂszmwlﬁ’mmsﬂ
Ufuidvunladinesnldmuauitosinluld waganunsadluldonldlunanedised



dwalireasinihiiusznevtuantagiiamnsausuidoudiladidnasnldiivuiniiinas
dlesmnnsannisldfudiuivhaundianzitruiae @ Swdmaliliduudomdanuild
lunseauauuasvilifisafignasdndae andedimarivlifaniiannsausundouauds
ladidnasnseauulnihgniuldaumaediusing q eganirauns
Faguitonsldnunshunsufudsuantindladidnnindmeauulnihanunse
Usznautusintaamarsdssian (1] Tasarunsowdseonifundulng q 16du Yan
wWaslsBidnmin  (Ferroelectric)  uazYanuonnduineslsdidnnin (Non-ferroelectric)
Methagu Yanlunduinin (Ferite-based  materials) Saqansnadata PN lalen
(Semiconductor PIN diodes) hasdagranyamenisuausuinuily (Carbon nano-tube
composites) atnalsAamilaiuIouiitouiuuds Tanuonndumeslsdidnaindadidedoonts
Tagquieslsdidnaia nande lasviluudnisasiihiiussneudusn fanlunduindnsin
wunlvg) fntings wasdsiinisaevausmaclyiinid Fsdwmalifipaudesnisndaa
Wihlunismueugs dunswiiussneuduaintanansiisiada PIN Talantu fdeidsly
L’%"aasuaqmsqzyl,ﬁaﬁwé’qﬁzymm (Insertion loss) waymsmavaussiidrluguanuilulasimn

R v W

dutaquanvesiemiveutuinulluly SulaudFiliddnidemisuiuiangau q ignianld

v L a \ a @ a P P a v v a o v o
Tunumeiunsuiuasudladidnasn duuiiemsuivianuindu 4 uds el

Usznaudunniagaslsdidnasniiduinaian daaladidinesngauazdosnisndanulyialy

IR < o v <
n13AVANAT Jadlanuimnyaniigalunisinanldluaunearuesivilifauise

1

L A 1 = a
Usuwdsurladidnesn

Polarisation down

Polarisation up

i 1.1 uandlassaiawesendlnd (ABO,) wavnisiialwanlsisduvesianmelsdidnnin

wuseulnvnm (BaTios) [5]

o v v a a o ° v v @ o ' a a &
dwduTagueslsdidnainiiansahunldiudunisusuasuanladidnasniy
awnsawdsoenlailu Jaglunguinesewalng (Perovskite) ngulwlslas (Pyrochlore) ngu

Manuuseud (Tungsten-bronze) waznqulasasnsuuutuvesdaia  (Bismuth layer



structure) agnalsfnaluvssnfanvant quilouinfannduansusenoumesevalng
sonladldsunmavlauasgninunldlunumsiuduinian Tnealuudavannesdlng
oonlediilasaaireitugiunuy ABO; Tne A fhazifunanlessuiifounlugindn wu Pb, B
La, Ca, Sr %39 Ba dau B fhezmfulavevnsudduiifaunlessufinndt wu Ti, Fe, Sn,
Nb, Zr w38 Cu uaz O Aooendinuneulossu nsuanloaau A avaglufiinessning BO,
octahedra uazgndeuseusgeendisunsylessu 12 # Flasiaiawesenalnduaznis

a e'l . . U s a A " v
Aalwanlsiwdu (Polarisation) vestanuelsdiinainuuisenlymiun (BaTios) Tauanalsly

A9 1.1

\ .
al o

Sanmesenalndoanledfivansant@ineslsdidnasniignirldunaudiunng
Uuidsurladidnainseaunsliinansoudsoenldidudaniiussneuseasaefauay
Faqlfansneta dmiutanuoslstidnasniifngiauluosiusznauiy wuirianieslsdiang
30 1w Lanansewdauliniiua (Pb,Sr,TiOs,  PST)  [6] ﬁauﬁ’ﬁﬁﬁlumﬂ%’muLﬂui'aﬂﬁ
annsauuasualadidnaindsaunulvin sdrdlsianiossndymmedudunndey
wazmmluivueinsm nmsiimmuianeslstidnainuuulimngidsdodunadent
finin Fanoenludliansasds wu ansowdeslnmiun (ST0s,  STO) uaaldsulnmiug
(CaTiOs, CTO) wuSsugeslawalymiiun Ba(Ti, Zr)O,, BZT) wavuulSeuansaudsallm
1A (Ba,Sry,TiOs, BST) 1@’1’%’UﬂﬁﬁﬂmaﬂwLL'ws'meJLﬁaisé’hﬂu"ﬁ’aqﬁmmmﬂ%’uLﬂﬁﬂuﬂ'ﬂﬂﬁ
\Enesnsheainalninld unsinnisAnemuindan STO uar CTO duilderesagiuiefiou
ftu BST ua 82T Inglunsdivas STO Hu wuhauiRnsusuwdsudiladidnainuestay

[=3 o J a 1 o L4 d a %
STO wAnmgszmeluiilogaumafigindt 80 K vilimsesliihindaaindae STO awnsa

3 2/ ’Y) .
I =

anlavigaumgiiinnitgumgieasitiu [7] dwag CTO duiwuiiredaAnisgaydonie

9 Y
I

ledidna3nsuaiiFnanuaunsalunmaisusdasenladidnninfmeauulningligeanndn

(Inofigaumadi 21 °C Traunilwih 30kv/em asiuna CTO nun 1 tm 16 tand < 0.005

3 a o

uay T= 6% [8) dwfuan BST fuwfeeilaud@lunsusuasudiladidnainiifuagldsy
anuaulalunisiaunfenmslvifnunsiuii@uegimin (9] uddsddesesludoes
“anuEiusivesrnladidnasnneldgumnal [10] ﬁm%’uﬁ’aa BZT tiu wuhdaudisiunis
Wasuulasilndidnasnilndideatutan BST was PST [11] (tand ~ 0.002-0.005 uay T
~ 40-60% [1]) windununenunieiftunmsuiuugansives 82T itelluay
msUfullasudladidnsdnfeaunilihilldundnitedieusu BST Seuandiifufiany
HululdflasAnvuasfauntan 82T Wilandafiitsdu Tnsnsusuusedadomainusig q
fgalailagnsfnyndeu FufulunuideiliaiaudaduiisfnvuasfannaufvesTag
BZT el lususunsufuildsualadidnaindeaunilni Tneesvhmsfnenisluus

a = Qs 1 24 a CJ 4 ) _a L=y
10488 nareIN1sduATIE Inssaigania uaznisiiuansidenideantfledidnainves
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BZT dmfunsdunsig BZT suanunsovhlévaneds wu UAsenaauzasauda (Solid
state reaction) [12] F8lwa-198 (Sol-gel technique) [13] F5lelasinesuea [14] F3nnnznau
921 (Co-precipitation method) [15] uaz3snsiulugionlusi® (Auto-combustion) [16] Tae
TunAdeilddonliiimsunivel esnfuisiildne Tnarlunsiinufisendu uae

WWnsununaleifigaumaiiliganntn Snvisduhlildneenladifauuignsas dvund

2
ad da

Indifgsiunagiitunfags FamsduameilagiSmaunlndidwarliledian 82T Algunm -

]
=l

dn' -:’; = 5 [ 2/ Qs ex' [Y} & o s d' [ 7= ) a 1
PRRGHM aﬂmmammﬂ‘uwamuﬂﬂumimmiﬂwwﬂmaqﬂmmw’nmﬂaaLLazLUummma

Y

AunnapudnaIY
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aaudeiddiaiudidgysentsnsuarniswaurandinisuuldeuan

a ) a & . 1 2/ n‘ o
Imddnasnmeauulviiinves BZT (Ba(Tig ¢5Zr0 35)03) Ima%gqLuuvlﬂwmsﬂiuﬂ':;qmi

I
a a

duns1eyt BZT lagsnmawmlvditelilel BZT fiflanuuSanes uasanunsoanndsnuuag
=3

YU

1
=

ﬁunuﬁlﬂﬁuhﬁwﬁm muglumsfnvinaveinisifuarsifoiifivuineyniauiluves To,
ALOs ZrO, uay SiO, lu BZT lagagyinn1sfinwinaressnsidiunassiavesasdefiine
audAnsuiuieudladisnnsndasauniniihwes BZT SemAdedusnagifuntswaun
audRvesTanlvfgetuudy é’\immina%ﬁqLa‘%uaqﬁmmﬁiﬁugwﬂuL?aqsummié’qmiwﬁﬁ’ao}

dnvaglasiaiauazaudBnidladidnainvesiandne

1.2 daguszaea
1.2.1 Lﬁ'aﬁnmLLasﬁwmmﬁmmi‘luﬂssmué’@miwi’a@ Ba(ZrgsTio7)Os)  Uay
Ba(Zrg 1 Tips)Os Lﬁa‘lﬁ’flﬂuﬁ’a@ﬁmmiaﬂ%'uLﬂﬁauﬁﬂﬂ&ﬁﬂm‘%ﬂﬁ'gaaum‘lw%
1.2.2 Wievhnsdunsedt BZT Tnedsnisinlnd
1.23 WelWaunsalseuiag BZT fiflmuneumauilulasiinuuianses
1.2.4 Lﬁ'aﬁmsnSmﬁwa%aﬂﬂiqa%ﬁqqamﬂLLawﬁmmmiLﬁammmaqmﬂmiwm TiO,
ALO; Zr0, wae SO, fidneaudAlediEnadnseaunilniives BZT
1.2.5 e mansitefldluaRuilunsasivinsseduuiusd Tufkenisiaus

NauLANNIvIN1SRdluLasANIUTEINA

1.3 Y9UlUANISIVY

1.3.1 Anwnisnsduasigsinagyinnnsdansevinandn BZT IneAgnswnlagd

132 Anuladtlunsdnasieidssneulufe Samduvesasdeunavgungiiy
mswunaled fiflnasolasiadganiaves BZT

133 AnwandRladidnaSnves BZT was (TIO, ALOs Zr0, 3o SiO,)-doped BZT
windd '



1.4 wafimninagldsu

1.4.1 ansadnlafiadnnsuasBmsdauasizi BZT Tng3snsinlng

1.4.2 wufistadelunisfunsievinifinaselassairnganauazemuuiqvsves BZT 7
FuaseAld wavannsathesdnuifldifeatunsdansiest BZT ﬁﬁ@mquﬂmﬁ%ms
wlndiluuszgndlflunsdunsieiaguiindu q ensviauideseluluowan

1.4.3 nyufimavedlasairqaninuazeinvesmsde (TIo, ALO, Zr0, waz SIO,) il
doautAnisladidna3nves BZT LLaxﬁﬁmﬁm?uiﬁiﬁlﬂhﬂumiﬁwuﬁa@Lﬁ@‘l?’ﬂumq
gRavnssusiall

1.4.4 sansamanideanlasmsiivsounslunsasddnnslussiuumned

Faanduuselominon1swaumiessuineranslussdsu
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2.1 lassadauazaudaladianasnvaswussuwasiawalnmiun (Ba(Ti,, Zr,)O,, BZT)
wussuwasiawalnnue (Ba(Ti,,Zr)0s, BZT) daduaisuseneuinesen- alna
panlemidedou [17] AduansararsvesudsvawuSsulnniium (BaTios, BT) wazuuiSeu
Ll o o a q ° '
Wwoslalua (BaZrOs, BZ) -Fudeduainnisuvuniveswesiadion (zr ) Tusiuvusves
a 4 v o 8§ v a o a &£ o v
Tndloy (Ti) wdavhliiszuuilanuiadessuindadu lassasiswes BZT lauanslilunn
] 1 el a v \ vl | M a a - o
2.1 lngnuidaiiuwesimiaulossvadlvlulassasiedmalviiamanladidannsninudu
=& & a wa o a & a wa a8 e [ b ° v ' a
Fadumsiuauifieledinasnuazandfimeslsaidnonin Snvisdidmavitliandaumgiia
Saadnmiy lneaudaladiannsnues  BZT avdunvudnsidiuusugasladeusalnnideu
% 13 4‘ (7 1 wva
(zr:Ti) luesAuszneu [18]) Wneliadnsnd@iuves 0 < Zr (1) < 0,15 BZT azuansaudmiu
a5 asIBlEnn3N wasilladns1d1ured Zr (x) = 0.15 BZT suinmsiuasuutaalasasna
gamniludiinMaiiesiansiier Fulunavinnissiudvesnisivasulassaiaiuees
! o a a4 o | - o B
BaTiO; Maugaungil wazillodnsdiuyey Zr taunndaiudu 0.15 < zriw) £ 0.42 BZT
o < va & e a o a 4 vaa ¢
vtddsuwdundnsguifidudisinesisaianmsnnuansaudfmswantagas (Relaxor

'
v 3

7 1 1 o/ a P U
ferroelectric) Nd1IAD LUARIAIENINEBRTUNNETIAN wazuanwginssumsiuiouwlase

anmeganduivsvuivgamaiilduintn uwasidlosnindiuves Zr (x) >.0.42 BZT asudan

auUAduansuaunwaslsdidnasn (antiferroelectric)

AW 2.1 TassadawesuuiSouweslawalnmiun (BZT) [19]



cada

o [ a d a a & = a0 ) a &
bUB9INAT BZT L‘Uu')ﬁﬂ@Laﬂ'VliQUﬂaVlllﬂ’]lﬂ@Laﬂﬂiﬂqx‘i Nﬂ']ﬂ'ﬁijiyLﬂEJV]'Nlﬂ@Laﬂ

a & a =4

gf’ Qs ey o A ! a a b4 o ¥ ° £ 4
AInm BnviadaliuansantRnsusuasualadidnasnmeaudlnin vildanunsiluldn
LY 1 1 19 ] ¥ 2 LY s L - -
MeuRg 9 ag1anderng i Iddusinsesdyann (Tunable filters) fAndndyyiu
1 d d o 4 9/ . LYY QU o YY)
oiflasusulldeuld (Tunable  oscillators) i ¥udeyeyrad (Antennas) AIUS U Yl

I e

iy v v o . e
(Phase Shifters) sdusajeyas (Matching network)  islatuimasidlAdiusenaunnnings

'
@ <{

(High Q resonators) ua¥a1lisAmas (Veractors) laevilu¥an A ldluuiens
U t:l a a [ 1Y L S |
USudsualadidnsandeausliiihsndudesdausased Ae
1. mmmmmiiﬂumimaEJuLLUaaﬂﬂlmaLﬁﬂmiﬂmuaunaﬂWWWaa (High

tunability (7)) Tneen T9% anunsamildainaumsesil

Emqm — &
%T =—2—¥x100% #un1s 2.1
)
o ' a1 - a A My o
e gg fe Aesiiladidnednileliliegnelfaunlnih E=0)

| A s =Y § [} 2/
€ i ArasTlndiannindleagnieldaunali

2. demsgydenisladidnaSnm (Low dielectric loss) Saamnsauseidiuld
91nA1 dissipation factor (D) %38 loss tangent (tan®) Ing D uae tand @usaduiule
VIngnsdIusERINAEN meaNFURnSaNYR uazAanweanduivSeSwoeTagfinud

=)
il 9
| gll
D=tand = — AU 2.2
&

.:; 1 . e/ L% & a . s
W € Ae AEnweeNENivsess (real part of complex permittivity)

€ R FanmeeuduivisanyR (imaginary part of complex permittivity)

3. il Figure of Merit (FOM) w38 K-factor &1 fwanansasunalldanaunis
o ¥
£h

En — & 1
K — factor =@ %) dun1s 2.3 .
: £ tan o
1 r .7 U A o 2/ 1 LY
4, faranmesnduimsvanzandunuiasih Uy wasiareuatessianu

gamvndlg (High temperature stability)



o o Q 2/ b 4 LY o LY o U a a gj - 1
dgwiunsth BZT Wldnumedutagiannseufuivasudiladianainldtu ngu
298984 Bhalla Wvis Pennsylvania state University [3, 20-22] talsiannuaulalunis@inen
U A 3 a s 5 A I a a
rwaansaluliudsualadiinainves BZT visfieglunmvesesindduasftasiunaiy
1 A 2/ 1 a a e a l 1 a o
ag9un lagn11ai 2.1 Idianadladidnadnuazantfnsusudasuanladidnadnveaes
ﬁﬂéé BZT (Ba(ﬂ0.55zr0.35)03, Ba(Ti0,602r0.40)O3, 353} Ba(Tiolsszro_Qs)Og,) ﬁLGl%EJlI%’Iﬂ%%
UiiReranuzveuls dumnsed 2.2 lauansnladidnminuasautinisusudeuailad
S , . , . y
dnesnvediiatiune BZT (Ba(Tip.g52r0.15)03, Ba(TipsZro )05 Wae Ba(Tiy-2ry 505 Me3auTu
ac . o U d' o a o d! t-:lI M
9135198138 (sol-gel technique) vuisassuitvhainlansunaiy Feannadiuanelily
MINN 2.1 wazaswi 22 ssdildinlaeialuuds BZT ddimsgaydennsledidneing
o = ) LY P ! a o a dagd 4d a [=3 [y 1
i uasfidnanuanialunsuiuiouailadidne3nia fufiefansaniwavesdnsnday

=

e ZrTi fifldeandAves BZT agwuh lednadiuves ZrTi iugeluazdmaliian BZT
Pron M ad a A s a & o ol o a & a P
fidnnsiiladianainiiandias Snisddlinisgaonadadidnadnuagiidinnuausaly
n1sUsulagualadianasnianaiasdnee  wenantu BZT lauansmanuaiunsalunis
Ufuwasuanmladianasnfigamgfiviedi uazlerasiladifnssnidanuaiesdluudas
gauniae FulaWa1sanandadeniesdiiunig § udr wudn BalTip ooZro 10)05 WAz
" 1 (] =1 v 1 t %4 L A U A

Ba(Tip 1021030005 Wiazdiamhawlalunisfinwuagimuieldiduiagfaunsausuteu
mladidnasnieauulnilasely

aslshinuiond BZT asdaudflunmsuiunaeudladidnnindoaunliifided
1 9 1 o o U LR A QI = =)
ui uagdrmdndulunsyiudseutfves BZT euindssdvsnmuassasini uay
d 1 ° 9] v & & . va o Y o v
e bianunsadluldnuldegaanwaneuindsiu SsaudAvanvesian BZT Mdesnisnns
USudsaiemisldaulumsuiuideudiladidnedn fie myanfnisgadendladianasn
wazinmmaIsalunsusuldauriladidnesn uaziliesann BZT fdedfitlanladidnnin
a [ v & = a a [ a a 4 L=
Vgeeguan salumsannisgadennsladidneinenavildlaenisiiuuanlessurindunse

1 =)

msiinansiIendanisgaydentladidnaing (low loss oxides) [23] Falnevilusinifu

]
]

asfidenladidnadnavielifaudiladidneinasivlu BZT  iielidanisunuiivssuan
losauduluduviisves Ba, Ti wie zr wieovh iAnduianuanszning BZT uay
a15130ty s’z’ialﬁﬁiwmumﬁ%’aLﬁaﬂ%’uﬂ;qauﬂ’ﬁ‘um‘ Ba(Tipgolro20)0s  UaE
Ba(Tip 7021030005 danuUeuAdelsiunsvaesn sndiserady Cai wazaaz [18] l@AnwnIs
Wusgauuanifla (Mn) asluTu Ba(TiggZrg0)0s wagnudninisgadeniladidnasa
284 Mn-doped Ba(TiggZr020)05 UAU08NIT Ba(Tig 8021020005 ﬁﬂﬁgqé’aﬁqmmﬁmswﬁau
Tassa$efisnasdingis Sadunaunainnisit Mn™ Wnluunuilludumbisves T wag 2"
Hosnnflaunsadileseiinfidnnda Gonic radius (6-fold coordination) 8¢ Mn" = 0.054
nm Ti" = 0.0605 nm uaz 2= 0.072 nm)



d 1 = a va L7 A .I = a . ! a
A15197 2.1 AladidnasnuazaudRnisusuiuieualadidnasnues Ba(Ti;Zr )05 Lsadind

[3]
ar d’ a 2
Indigamgiio
?Uﬂﬁ) e tand i %T K factor fi ‘ gmaxﬁ % Trax i K-factor,., f
! 0 bias 0 bias 40 kV/cm bias 40 kV/em 0 bias 40 kV/cm 40 kV/cm
bias bias bias
Ba(TinesZross)0; 1632 0.002 44 234 9165 #i 939% 7 468 71
~187K  ~182K  ~ 212K
Ba(TioeoZros)O; 1071 0.003 36 208 4978 71 85% 7 400 41
~168 ~160K  ~ 237K
Ba(TipssZloas)O; 382 0.003 24 97 1060 i 56% i 160 7
~155 ~156 K ~ 232K

as1edl 2.2 AledidnasnuazaudinisuSuasumladidnasnvosiiugune Ba(Ti,,Zr,)0;

Tngvinisasaa¥aiinud 100 Hz [20]

. AIURUNVDS € Max tand T% T.

" Rduuns (Lm) fgomgfias - . figumgiivias (K
Ba(TiggsZro 1505 0.55 AR AY5h6 0.05 64 310
Ba(Tio50Zr020)05 0.55 606 0.05 67 260
Ba(Tio 70210 5005 0.59 335 0.03 49 212

dmumsusulssanhves BZT Tnensifiuansidedidenisgaydomsladinasns
du Maiti uazmn 8] Ifseunsuiulantives 82T Teenisiduaisiie MO @
OM3187U BZT 50 wt.%: MgO 50 wt.%) s‘ﬁw‘fﬂﬁtﬁmﬁui’a@wam BZT-MgO 3 Tngnsnsdl
2.3 louansrladidinainuasauifinisuSuiudeuanladidnmsnues BZT (Ba(TiyesZres0)0s,
Ba(Tig152r0.40)05, Ba(Tig Zro5)05 WaY Ba(TigsZro 3505 TiiN15ifinanside MgO 50 wt.% @
wuihmsdinans MgO annsoandimsgaydonsledidnadnldifuetied udlumendutu
Jaman BZT-MgO ndufleharwanunsalumsidsuntasenladidnednfidhasan BZT
ululdironadunamnainnsfiiidasdines MO (50 wt.%) Fsfianuauisalunis
LﬂﬁauLLUa\iﬁﬂm%Lﬁﬂﬁ%ﬂﬁlﬁqamﬂﬁ’naeﬂuaaﬁﬂssnawad"faawau BZT-MgO snnifiuly &
msandnsndures MgO Tnsmsldansieiitvumeyneuiludifuifinfunnniuasyinly
faruanansalunszanedilu BZT fiindh ensdwmaliléTagiifiaudinisusuwdoudiladidn

a v daa & o ¥ = ) < Y} s
ﬂiﬂﬂ?ﬂﬁu’]ulﬂﬁ']ﬂﬂﬂﬁ"ﬂu ﬂ\‘iuumiﬂnmwa%mmiﬂwL‘UaEJwUu’lma‘lgﬂ’lml,azam’i'lmu‘um



#15439 MgO nionsiiuensiiofdu q 7 Hlalldsinnssenunmsitunreu W TiO, ALO,
210, v3e S0, lny ALO, JsflAnisgy demnsladidne3niidunnludreanudlulasion
'4 -] U L7 Qo '5 o 7 wva
(10" dwfupedusu uae 10~ dwsuarsudniperveowanlng [1]) Lwaﬂiuﬂqqauummi

[ o 1 a o a v . ] 1 N
USuasualadidnasnieauiuliiives BZT Seflautraulaiduseeda

dl 1 s = wVa /s A 1 a a
A15197 2.3 Aladidnnsnuavantinisuuldsuanlndidnasnues Ba(Ti.,Zr)05:MgO

(50:50 wt.%) Tnevinnisasiatafieniud 10 Hz [8]

aflgumgfivis (25 °C)
“ﬁf,} €4 tand § %T K-factor i gmaxﬁ % T max 7 K—factormaxﬁ
0 bias 0 bias 30 kV/cm 30 kV/ecm 0 bias 30 kV/cm 30 kv/cm
bias bias bias bias

Ba(TiogoZro2)0sMgO 219 0.0008 22 273 30071 45% i 368 91
~187K ~175K ~ 260K

Ba(Tig7sZro2)05MeO 161 0.0007 12 211 3649 32% @t 387 4}
~152  ~146K ~ 238K

Ba(Tig70Zr0300MgO 103 0.0005 17 141 2067 24% i 353 §i
~132  ~132K  ~ 223K

Ba(TipesZro55)05: MgO 96 0.0004 10 216 2019 21% % 2974

~126 ~131K ~ 190K

2.2 nsdans1ed BZT

wasEn BZT duansodaaseildanisnises 4 15y Ufnsenaaugveauds (Solid
state reaction) [12] 35l9a-19a (Sol-gel technique) [13] 55lalsinasuea [14] Fannznau
9% (Co-precipitation method) [15] uag33msmilnienluiA (Auto-combustion) [16]
Iy Bhalla wazame [3, 21, 22] Idstwauns@inmansuseney Ba(Ti,Zr)0, §le x = 0.15,
0.20, 0.30, 0.35. 0.40, 0.45, 0.50 Way 0.60) MATLUTUIN] BaCOs, ZrO, uag TiO, neds
solid-state reaction wazvhmsimuaalew (calcination) fgangil 1200 °C \Tuiaan 2
2l Aufreniawnin sintering) figamadl 1500-1560 °C 1Huiran 10-15 $alus wae
wuin¥an BZT Awdeulianrdsiiimailadidnesndeuuvamusnsmdiues zrTi Tned
ﬂ"ﬂ,ﬂ%Lﬁﬂﬁ%ﬂLLa”@m‘ViﬂﬁmSLU’gEJ‘uIﬂi\‘i?I%’N (eaumigfies (7)) ansaaiiosnsdi zTi Wy
1niu wakdn BZT Seawsamienldlnedtwalug dadunssuaunisiaiilen (Wet-
chemical process) smmls’ﬂmamswaumsmmuﬂumswaLwamaumiaanmmw (Fuel—
oxidant - gneeau Bumsn-luasy (citrate-nitrate), Tnadu-luiasy (glycine-nitrate)
uaz gife-luiasy (ureanitrate))  (slAiAnnsaanefanmisaeainuteu (Exothermic

oy d $ . Y
decomposition) \las9nnnsalemsdu (Dehydration) vesansaraneveasilionwdsuazans
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senduauduarildiAnduanseonloditlassadranuiigesnis Tnglud a.a. 1996 Nibedita
Chakrabarti W&z Himadri S. Maiti [16] leduasigiuuissumasiaunlnniunaiedsnisen
TniilneldansderulanslumsnusauEou (8a), woslauy ), ey (T) uwasnsnd
ssniduansidemds Winsususnsaiuseninsdimsvseluasm (CN) lueae 0.2 - 0.8 Tng

msduprgniEnnNasaisiamadiseiuudaamgll 80 - 90 °C Yuniusuansagany

naneiluiea udufinmsnesiituedtedh 1 sufiamsnlug ntuianunitgmgil 800

°C 910 wundundn BZT duaseildainsnsidiu O/N = 0.6 SlaseadanSnuuuLansey

Tnusauuuanas dnsnssanefveseuniruay vwmdurkuguinaiuaisveseyaaidy
1.36 TulAsiums :
sioulul A.A. 2008 Pornsatit Sookchoo ag Laddawan Pdungsap [24] lfs1e97u

NMINUASANMINITEUATIEN Ba(Tig.852r0.15)05 haE Ba(TigsoZro20)05 WELSUAUIINNITHAN
@3R3 BaCOs, TiO,, ZrONOs);XH;0, HNOs Uag 8138 (CHN,0) ey 91niurii
mslinudeungungfl 120 °C aunsylasazaneiiamsnefiduaauaziinnisinlud

v QI | 1 9 a :/ o a - o < a
IngdnluffElungn Ingidmandusiniintugnirldwuealsifigumal 1150 °C unan 4
o v & - < a ) N |
Talus asnensTunmuagiwiinfigumgd 1400 °C Wuan 4 Falus Taenwuinvagi
dupszilauansdnvaslassadnuuuwesenalndludiulng  uazdinanladidnasnves
Ba(Tiog5Zr0.15)05  Wag Ba(Tig 021020005  NEUATITHIARATUSENNR 2000 WAz 3500

°_ o < d = v adcdd 1% | ad v & adda aa  oww
auasiu TegllslSeuliisudvigou q uda wuhitnseanlwilduisitiussansam vilé
: = = o Y aa 2 o ¢ ¢ iy
Neuariismgn sslagnildud Bnswilndanusaldlunisdunsevineanlediaun

174 at h 1 U o k%4 d 5

aynnaulu [25, 26] Ineldgumgilunmsiuaalaiillgannduasdsldnanlunisuniidu

o 5 a 1Y) a v v v 1
(W3pluvnnsalanunsadunseineanladnilassadsmuideenislalne Aludaweinunisia

[
=)

5 L% ‘:‘ C=) Q‘ d § 74 L2 IQ

waa byl [27]) enmadilanseanledifinnuuiandgs founilndifety AU uag

-] d’! /1 1 1 I3 d' [ 4 ad £ % d'
ausainsintunnladienia egslsAniune BZT Aduasizilaanndsnswmalad  #
71891Ulay Sookchoo gallanuuigvisiligedn Fuduldinfnanaisldasiadunlides
AoUfjise1ifisane w3e iinannsld urea  1Tu arsiviliiAnansiBadou (Complexing
agent) 1i10997n urea (T asfivihliiinansiBedeuiseu (Weak complexing agent) il
5 A 1 ~ aan QIJ $ ) 1 Qs o
A1 pH WaBuuUassEminamsiiaujizenlawstu Sonedwmarenuiatosivesauasyin
’LﬁwaehuﬁlﬁLaﬁaiﬁaﬁmmhiL‘fJuLﬁaLﬁmﬁ'uuaw‘fﬂﬁ’l,ﬁﬂmiLm’Lmﬁﬁ‘Lajauugfﬁ%u danaln
v av va a O o v v 9 ccal a  a v
'aaqmlﬂummusqwﬁiquﬂLLazaammmimmmiLmLma"lfnqummuqaanma 198 Lenka
wazamy [27] ITeuiisunsduaseifieneenlad (Ceo,) Tnunisld gise uay Tnady
(CHsNO,) 1Wuansivihldifinansifetou  wasnudnisld lnadudaduansiivilinans
Fedaursliiaanliauatiosdd dwaling  CeO, Adarsieilafivurneyniaunly

(~0.43 m) uagllauuigvsgs Snnsenufeufiinanufisermernuiouves Inadu-
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v oA o o aaa v o § v o ¢ ¢ v a
VLUWIﬁ/I El\'iLWEN‘WB?H‘Mi‘UUQﬂiEﬂﬂ'ﬁLNW"LﬂﬂJV]'ﬂVIﬁ']N'ﬁﬂa\‘JLﬂi']3%Nﬂaaﬂ1‘dﬂﬂu1ﬂ5ﬁﬁiqﬂ‘ﬂ

o P 1 ¢ Y o & o089 wva s v
sosnslalneilidesihunismuaaled Jwireannisldgde Wuasiiliifnansdedeu

o 8/

Wins Ce0, Mflmlaiviquivnuasdouhunsinuaslediigaumnd 700 °C Sne
Lf’i@\mﬂmm%’auﬁlﬁﬂmnﬂﬁﬁ‘%mmamm%@wmgL%'a-lumswlu'Lﬁmwaﬁw%’uﬂﬁﬁ‘%mmi
wiludl Snotelud e, 2004 Chyi-Ching Hwang wazamz [28] lavhnisAinwnavesans
Woundwlnes q ﬁlﬂumnﬁmﬂﬁﬁ?mmﬂwﬁ TaevinASdUASIERET NigsZngsFe,0, it
asdewdaheiaty wihiinamivewvemdndsifidanssilfannsldyisouasnan
Fringenindomndsdunasiimmiouiidososnunserienisniviid fuandumsed
24 Feorvliasdaduinugaserlliauysel udilevhmsidouansdomadilety
lnafu wuiwdnsasiitldainnisdunsgifeBman-lnidamn wituesdewinlnady
fadlsmlsigeannin Fnuanisisemariuandiifuieenudulldfesstouns 87T A

a o aa dogva a v
Aan Mg NI nlseludRlaenislilnafuduarsimilfiAnanadedou

ATNA 2.4 LEAINAYDIAITDUNSSLaraNTARNEUDE1S NigsZngsFe,0, NidATIZiRE

sl [28]

Fuel Ter Amount of [ Crystallite | Surface | Carbon Ni**izn>"Fe’t M,

(°O | e¢as produced | size (nm) area | content | (molar ratio) (AmZ/kg)

(mole) (m’/g) | (Wt%)

Alanine 1245 20.7 38.6 24.7 1.64 0.500:0.467:1.920 60.8
Glycine 1150 26.2 32.7 31.2 1.53 0.500:0.471:1.922 62.4
Carbohydrazide | 1380 240 43.7 20.6 1.87 0.500:0.462:1.917 58.5
Urea 785 30.7 20.2 48.5 3.82 0.500:0.483:1.936 57.2
Citric acid 725 26.2 22.7 44.1 5.75 0.500:0.490:1.947 55.8

o & o ¢ v v

2.3 vannrsiugrulunisdaaseidlenssuaunisin ugl
¥V o ac (Y s ad o a o 14 1
nszvaumsindiduisnsdaunssinaaiimhunldlunisindoutanldodas

nanvane laganunsaldlumsinisunayiBunvesarsssnavsenlasiifivunnvesouneey

o 2 o & ad o a aaa Y P T |
Tussdvunlunsld TnenisduaseilaedSnmsinludanunsafinfiselfeddeidosd
goungigs (Self-propagating high-temperature synthesis, SHS) ldianlunsidauffisen
) <) a = A <t = a (4 1 i
du (uszezanluiniivioud) amnsandvunsazidenldlaglidosirunisundeonan
unavzeulumuealed IaduitAussndamldaneuasldnasfunvesasusznavoenlad
Aa a q‘ a J ¥ a U d-&’ d'a o :’l! &1
nilauuIgndge dvwmalndifgedu TRunRageiazaunsayinswdunnliig lag

o & ad o ¢ 2 o o Y | Y v o =
Wﬁﬂﬂ'ﬁWUEWU‘UEN'Jﬁﬂ']ﬁﬂQLﬂi']gi/iLLUULN’]‘L‘VilJ 170} ﬂ'ﬁlﬂﬂ')’llﬁauLLﬂa’]iﬂﬂﬁuma"lﬂL'Uu
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[ 2/
s

‘ 1w a ¢ v 4 a = o ¥ &
ﬁ'ﬁﬂigﬂ@‘U‘W%"O‘UENN'ﬁlli%ﬁ')']ﬂ@l?@@ﬂ‘?flﬂ%ﬂuaqiL%aLwa\j Iﬂﬂﬂaqﬁﬂ\‘iﬂu%\?aaﬂﬂigLﬂwuu

| ]
I L ~

ansafiaufisednendfifianisareauiousenunld Famdsudissuumeoaninazgn

= =f

-] o o aaa ] ! 4 aaa N
il lunsanduldreslfiseredredeidios Inegamalivesujisenotageds 700

U

6000 “C vilvannsanndinasfirdnansusznevdunidvieansuulouduiiiyaifionsn

[ o P vl o ¢ a =
pontUle (uaniuzuia) Sedimudululdnazanuisadunsisiarsedunsdialunis

o v s

NaufiTeniisstunewden uasidosnlunsiinujisendiindntusinegluanusufa

Usinaunn Ssanunsadesiumssiiiuveseyniald vilvindasoeinlafinnuuianse

o a o o v a Y} ad da a
ﬂUm&'LUUNQaZL@EJﬂ%uqﬂauﬂqﬂiuaﬂigﬂUuWIuLuﬂsmusﬂuqﬂlﬂal’ﬂﬁmﬂu%agu U‘V]N'JQG A

€

2/ ]
v ada ¢

fadnuisiviliie azaan uazdsendaifosnansaldgunsaltugiuddosly
vieeUfuRnsl uariivseavBamifieuniAuiinmsduasgvisuusaiy
Brsduesevuusnivdamnsouseenmadnunzvesansaduldiiu 2 Uszian
flo UssLamilansussnovannsniinujisesnendld (Redox compound) uasUszuanilld
ansafuiiunoma (Redox mixture) sewrinsanseendladfvansifamnas fessmmdads
| Qmw’aﬂismm‘LUmuﬁmuwmaﬁﬁy’aé’u’té’ﬁ’wﬁdﬂﬁ Ao Uisemswvdaaiuzaesuda
(Solid state combustion, SSC) Uffsennisinlngiluansazate (Solution combustion
synthesis, SCS) uagUfiseimsunindiluaniusuia (Gas-phase (flame) combustion) [29]
ABnrsldarsusznauauisaiinufiserinendld  (Redox compound) 3o

o & Y 1d o v o
?ﬂi‘Uigﬂ@‘UIa‘W%L‘U\i‘?jau‘ﬂﬂigﬂauW'JEJWEJVW]']MN']'W

U

Juansitioinda (Fuel  rich  metal

2 ]
] )

& A o v o o al 3 v aa \ da v a
complex)  eiivisdufivimihiduiieendloduasdaitad arsUsvnouwmarilldgamgily

n15gaseilaldiiiy 500 °C 1wy wenluifloulalasum  ((NHR.CrO,) Tauseendlad fie

v a

Cr0; wazia3md fio NH,* AnuAsennludesaunis
(NHg),Cr,04 (s) > Cr0s(s)  +  Nig + 4H,O(Q) aunis 2.4

Ingsmsduaseinuusniudlagldasussnauiiansainufiseninendlaidediin fe

- duppumaatsuasaailiiiaiuu Sevavvewdnsuaiiieuiuansisdulaes (Ussunm
1 g v a 1 a %

Foway 20) llaunsnwisuarssznoveenledfildgamglias wWu Tasluiviesgiunld uas

leeauradlansuresiliausafinaisusenaudedouivdunuswanlansduasvendian

€]

¥ o & <

Asn1sldansasduiiuvanay (Redox mixture) As nsldarsidurenay
52111900 T RS UASAT (@swende) Tnednsndiusesninemeondladiusisaigtu
2 QI o @ 4' [ I3 44' aaa yé‘; P a di’ (Y 1
Judeddgngalunisdunsiest Wewinufieinisimilndduenaliifaiy mndadu
aananldinunzan  Insufsensunludamnsaudsfidu UAsensimnlunslluaoius

YRUTe Yauuan Lay Ui
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aan

Uifzemamnlngdlugauzvacuds (Solid state combustion, SSC) 1{iu38nns
ﬁ'ﬂLﬂiwwmimﬂuuasmswamﬁ’m%ag“luamu::ma\m%a ansafinUfisenld 2 wuu fs
o [ € 1aaa a -:v 1 3 P2y < a
wuuimildlumsduanesiuitorminsafntuesedweiilodfigumgiia Tnefinnslany
| aa a a a $ ] o a t7d =3 Y
foungamgiinaziiamssziln u gamgiivils dunvuiseaduljisenisunlwsififah
5%UU (Volume combustion synthesis, VCS) sianslininuseusgnatinausluinid

aaa

ausanuaNgangilld Jelfitemanilundisasauudasiinsldundemdsnunnudou

MNNBUBNIIG ,
Uiizemsimnluduuuansazane (Solution combustion, SC) unsdunsied

% Y v g da a & o Y =t v ay o
lagldansasiuduasazaenfinuduiefoaty  Jsussnavdvaiseendladuazans
& a ) M fw qud < = s
woinds luduvesanseendladinlifuasuseneulanglumsm osniigavasuivans
v va & A 4 oda ¢ . v 8 a o ed
wazazaedlad diuansifeindanie3iad  (Reducng agent) Fnldansdunsdd
Usznaumglulmsiau ity gi3e (Urea) lnadu (Glycine) uaglonsi@u (Hydrazide) nsned

o v o/ [ b 3 ¥ ¥ a da
Magnuasanunsadsnldaulsiasleglidosiunssviunsinsey Madasdomdeiiifias
Widuiiwing 2 e e Duuvdaiaiveuivlelmaudddlunsifinufisenmnindiuasyii
WhAnansusznaudsdautulesauvestany vidliiAnruuidoiierfuresarsazane
Fo | t (g = < VU oda ¢ é’ o @

wenanlignsd@iussnineienndlad (asusznoulunm) fudimid (Esdewmds) faiilua

i a  |aaa va v = Ao 1A'y aaa O |
semsifiaufiiseimamninidne fuwnniidaduiilimvinyasu §izemnindieglianunse
Hintuld Medrufitemsunlniiuvuansazanslumsdunseviegiidoueenles uanwi

dunng

2AIINO;)ac) + 5NH,CONHy(ag) —» AlOs(s) + 5CO,(s) + 8Ng) + 10H,0(e) (auns 2.5)
Fheendled)  (@silemas)

Uisanmswiludanuzufa (Gas phase reaction) #3o Uisensnlngdin
wWailW (Flame synthesis) Lﬂuﬂ.ﬁﬁ%mmsm‘lwﬁﬁnnﬁumau%ag”luamumﬁaﬁwm Wl
%‘Lﬁwﬁmﬁ’m%ﬁlumazLﬁam%qag”luamuwaqLL%Q %’aﬁmaﬁ%ﬁLﬁaLﬁauﬁumiLﬁﬂUﬁﬁ%m’Lu

‘@ & a da oA ) a o  cav va
A0TULYDILTINTOVDINAT ADANNTINARNINTANADLTDMNNILaERE AT i Rl T a1y
UIgvisInnnI

Tnensezuiumsinlmiluansasarefunszurunisilvslugauzeswds Wumade
pR Y a & 1 P - ~ & a & |
MasuanudeudusdraunndudiowSoufisuisaeanadad wuitnssuiunisialngly
asazaneyhladenit asindwarusendaaildaienia wWesanlunssuiuniswivsly
ATULVDILTS mséfaﬁuﬁ‘h’flﬂu‘uaqLL%@ﬁﬁmmﬂaumﬂﬂizmm 10 - 100 lulasiuns Fadu
‘ummaumﬂﬂwm msduaszraedndudeadinisumaaled (Calcination) wammuaa 1y

svgvau Aelitienaldusiie 4 iy n1sduiiuveteynia (Agglomerate) Arua1wN3A
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5 13 . . a £ oo
TumsnBuinesi (Poor  sinterability) mnuudgvisvesansfiduamedild wasdymeny
Duillaiferiuvesdndussdussney udu dwiuufntoniswnlniluasavarsivinlg
a Y 1 [ al ca &
lagnsinienasisiulunmuesasaraenaussniteiieandladiduansussnaulumm
[ & a & Ay aa &, & o o LY | <
nuanswemdniulved Ae dunsamuguanuluilofeiuuazmunudndiussdussneu

vowdnfuiliUueened Snidadumadeifuszansam vhlddre azaon sam5s wazlyl
nedligunsalfigeenn Seansolulilumsdunseiansussneuiiimaidesinlutiinai
v v o o cu a 1da ¢ % v o

soamslaiuasdanunsoldlumsdnasesi Taguiialuinfsslovimesugnamnssuls Wy

2

d ansSowasiilliludgumglintuay JanluradiFemds Wusu
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U 3

Asaniueuily

3.1 i3eslauazgunsnl
| 3.1.1 Unnesaun 50 uag 1000 Jadans
3.1.2 uvauAAuans
3.1.3 Yousnaiswaain
3.1.4 Yousnaislany _
3.1.5 Ywlawun 1, 2, 5 uay 10 fadans
3.1.6 nTLANWIRNIVUIALEN

3.1.7 wasluilwmosaun 100 °C

3.1.8 naowaadn

3.1.9 gNEUAS

3.1.10 Widwidnaum 4 wufins
3.1.11 wiswdnuun 1 wufiung
3.1.12 n3¥A1¥NsIE LUBs 1000
3.1.13 wiaanven

3.1.14 nszUsnINaY

3.1.15 PMMTe .
3.1.16 \n3adlvinudeu+iuniy
3.1.17 sgiiilousend

3.1.18 AsNYEN

3.1.19 §ou sinlaguTn Fisher Scientific UssinAavigewsnm

3.1.20 wneulilasion wdalagusen Sharp u R-240 Mddludih 800 Yad Uszmelne

v
Y aa

3.1.21 LAesdeiinen wAnlneudeh Fisher Scientific Ussinaaunigawsn

3.1.22 fesSonauameduBurisusaaiUalnsilined (Fourier transform infrared
spectrometer, FTIR) #&nlaguTem Perkin Elmer Ju spectrum GX

3.1.23 n3oewmsniansidauuressdiind (X-ray diffractrometer, XRD) w@nlng

US¥9 Bruker AXS GmbH Ju D8 Advance
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¢ o
SrinvoaAnand NSAVUNAIMIANTZS

3.1.24 Lﬂ%'aamaﬁmsqzﬁmathaamm%"au (Differential thermal analyzer, DTA)
HARlABUTEN Perkin Elmer Ju DTA7

3.1.25 Lﬂ%‘aﬁLﬂiﬂ%ﬁﬂﬂi@mLﬁﬂﬁﬁ%ﬁﬂLﬁa‘lﬁ%jvﬂ'ﬂiﬁau (Thermogravimetric analyzer,
TGA) wiinlaguTw¥m Perkin Elmer Ju TGA 7

3.1.26 ndoeansIMIBIanATeuLUUERINT A (Scanning electron microscope, SEM)
HARlABUTEM Carl Zeiss U EVO MA25 |

3.1.27 \n3essmuailalnsiines (Raman Spectrometers) wAnlaguSeM Thermo
scientific i:uDXR '

3.1.28 \savinautRladiénn3n LCR (Inductance, capacitance and resistance meter)

3.2 d151Ad
3.2.1 Inafu (NH,CH,COOH) U3guns 99.7 % U3t Sigma-Aldrich

3.2.2 wuiSsumaslsdlalewsn (BaCl,2H,0) V3w 99.0 % U3 Sigma-Aldrich

3.2.3 Innifleannszaaslse (TICl) V33 99.0 % U3 Wako

3.2.4 weslaeneendnaelineanavlawnss (ZroCl,:8H,0) ‘U‘%’cj‘w'é 995 % US¥m
Sigma-Aldrich

3.2.5 nsalumin (HNO,) iWududeway 65 Ineusunns USEW Carlo Erba

3.2.6 iiUsAanlessy (Deionized water)

3.2.7 amisusenied (TIO,) USqwa 99.0 % 1St Fluka

3.2.8 egfiilsusenlast (ALOs) UIAVE 99.0 % T Carlo Erba

3.2.8 weslaiueenled (Zr0,) ‘U%’sji/lé 99.9 % U3EW Sigma-Aldrich

3.2.8 FAnouoenlys (SI0,) U3av 99.0 % U3t Sigma-Aldrich

3.2.9 1@571uDA (Ethanol) U3gys 99.0 % U3t Carlo Erba

3.3 nszuruntsdaasieiuuSeuaslawalnnualnedsniswalugd
Tumidsefosinsdunmssiuussuseflaunlnnius (Ba(Zr,Tiy, )05 Hio x = 0.1
waz 0.3) lne33n1sunlons ImEﬁ%'miﬂ"ﬂmmé’miﬂa"sumiLm"l,mﬁ*lﬁl,l,amlﬁumﬂmmﬂ N uag
Mnsusulasusnsdiulneluassninnsalusindelnadulurae 1:055 - 55 e

snsdmseninensalunindelnaduiiunzaulunsiiaufisetnswnlngd

3.3.1 daun1sn1swnluduuBsuwaslawalvniun
[ 74 < =1 |74 aa 2/ a =1
AsduATIsinussueslawn lmniunsedsnisunlug TneduuiSsuraslsalals

s, woslaewsandraslsreannglawmse, Inniuumaseraolsaduaisiiu Snsalu
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a af ¥ a 2 o Y ¢ .
adniuanseondladuazinaduduasdemas aunsnswalndildlunisfuaseiuuden

[y

woslaualnnuaidnsdiuseniensalundnealnadudu 3:2 uansldsmaaunisy 3.1

»

10BaCly2H,0 + 7TiCly + 3ZrOCl;8H,0 + 210, + 30HNO; + 20NH,CH,COOH =

1OBaZFO'3Ti0‘7O3 + 27(:[2 + 25N, + 40C0O, + 109H,0 (@un1s 3.1)

3.3.2 JumpunsdansiuuSeuwaslaunlmmiun
3.3.2.1 FalnaBumudnsaniisunsldldadudnnes v 1000 faddns avane
sretusranlessundentiumuauazany
33.22 Ywansalumdamusadruiimunildldaduinnesfidaisazaislnadu
wioutlumuansazaterauiunan 10 Wi
33.23 FuuSeunaslsdlalawmsamusnsidrudisnaldldadludninesaun 50
fadans avanvanstshunennlesou wientuniuauazae
3324 fugeslafuusendaaslsreannylansamusndinisuanldldadudn
\nesuuIn 50 faddns avanvasieiunaanlessy wieutlunauauavats
3.3.2.5 wssuasavanglnnifieuinnsyaanlss
3.3.2.5.1 Yumsiranlensutsuins 20 faddns (feliaiunsarinisa
g Tlusewinmssidenansléd) Tdludninesvunn 50 fiaddns thdninesluudlugraiuda
aunsziniflgnmaiishnd 5 °C
3.3.2.5.2 Winmisumnseaaslsradudnnesfuiain wdiuamuusunnsi
fOIN3
33253  vealnmdvuanssaaelsafiasvenasluthlsidainlossudredy
w¥oufuduniuansazansauninasazaneerladsrasmenasnsadnly
3.3.2.6 Yasazansluissunaslsalnlawnse arsazanswasladuusendraslsdoan
aglawnsauazansazatlnmdonnnszraslsaiadenlSuwanaduininesvssaisazay
nausEInnsalussndulnaduy mudisu wdeutunuasazansnandung 15 unil
3327 thansavanefildiniewseulaglinlulasion (anudouridsludi 800
Fasuazldiaan 15 uil) nseensasaneifinufisenniswnlusdodeanysal
3.3.2.8 thansfildnniseniniiunusliasdendoasnen

¢

3.3.2.9 thansiilduinnisunuealeifigamgfi 600, 800, 1000 uaz 1200 °C \Ju

181 4 Tl
3.3.2.10 thansiduaseildlunsiafigadiondnvaldaewmeda FT-IR, Raman, XRD,
TGA, DTA uagn599dug winemewata SEM
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nnewg - [duSinaisminlessusiuimun 100 Jaddaslunisasaegansaiu

d = d. Q) L7 1
A15°199 3.1 essansUSuaasniglunsdunsieit Ba(Zry sTig)0; Audnsiduasinsa

lus3nsalnaduiidnsidiusiie q

dnsranlagluaves | Sunamwes | Usunawes | YSueswes | USuneswes | USunauwes
nsnlundneolnadu | BaCl,.2H,0 | ZrOCl,:8H,0 TiCl, HNO; | NH,CH,COOH
(n%) (%) {adans) | {addns) (n3w)
1:0.55 5.0108 1.9732 1.5780 1.41 0.8410
2:1 5.0108 1.9732 1.5780 2.81 1.5291
3:1.65 5.0108 1.9732 1.5780 4.22 2.5230
3:2 5.0108 1.9732 1.5780 4.22 3.0582
3:3 5.0108 1.9732 1.5780 4,22 4.5873
24 5.0108 1.9732 1.5780 4.22 6.1164
4.2.20 5.0108 1.9732 1.5780 5.63 3.3640
4:4 ©5.0108 1.9732 1.5780 5.63 6.1164
5:5 5.0108 1.9732 1.5780 7.03 7.6455

i b=y A o/ '3 U 1
A3 3.2 A5UAMUTIN S TITIUNTEUATIEY Ba(Zrg 1 Tios)Os ANNSHSNEINTOINTA

a 1 A U 1 I
lup3nsialnaduidnsidusiig g

dnsdlagluaves | USunmaes | USuiuved Yumsves | USinmsves | USunawves
nsalussnaelna®u | BaCly2H,0 | ZrOCL8H,0 | TiCls HNO; | NH,CH,COOH
(%) (n&) {addng) | (@addng) (nw)
3:1.65 5.1937 0.6818 2.1031 4.37 2.6165
4.2.20 5.1937 0.6818 2.1031 5.83 3.4868
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Glycine HNO, BaCl,.H,0 ZrOCl,.8H;0 TiClg

v

[ Tumuatsazavaula }

A4

o

[ Tawfeusufinuisenmindetnsauysal ]

LﬁnmiﬁléﬂﬂLmﬁ'malsaﬁqmmﬁ 600, 800, 1000 wag 1200 *C Wuaan 4 dalus J

y

[ Aasznilegldinaila FTIR, XRD, DTA, TGA, Raman Wag SEM ]

) =] v & o ¢ a ; ad 1%
AN 3.1 LNUNILEANYUADUNITEILATIZHALLU LSEJNLSU'E]%IF] LUG]I'VWH Lu@ﬂﬂﬂ')ﬁﬂ'ﬁm'ﬂﬂu

3.4 Msfnwaudalediine3n

3.4.1 insiANasae MgO wie ALO; Sauay 5 %3e 10 Iaalua (mol. %) aslunandn
BZT (lumsfnwimavesmsiivansiFolaldnmdn BZT fwdentuanisuifseaniue
vaauds (Solid state reaction) tesananunsavinnisedeumndnlsluuFunaiiinnninluus
azndy) TneABusman (Ball milling) Tneldiinanaduesiuea 1uszezinan 48 Falus

3.4.2 shaswaudildineuluriudwhnssatunmdinluisuurnaduiugudnans
6 mm 9nuvihmsisin (Sintering) figamai 1400 °C iWuraan 4 Falus

3.4.3 msfinwuasnisasaaevandinsladidnainvesian BZT was (MgO wie
AlLOs)-doped BZT Tnenslfiadasnsatn LCR iensindeudasiiladiénesn (& wagan

~ = 24 A a0
gudendladianain (tand) aeldianuiuazgamaiisng
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3.5 N1SANUIN
3.5.1  AMSATUIMANNITNISH LAY

ANSANIUERTIEIUN TN g

= n(—ﬂ) (@ums 3.2)
¢ Nitrate '

=]

el @ Ao dndwsemivansdondsiushoendladfmanzay
n Ao Srunuluavesasitemdielunsy
Fuel #e ansiliowds
Nitrate Ao Aaoondlad

LaUDDNTLATUYDI O = -2, H=+1,C = +4 Wag N = 0

Y 4 Fuel
" 47 n(Nitrate)
+8+5—4
L=n0e) x
+9
1=n(z)
5
n= -
9

« 1 molNitrate = g molGlycin

dunrsunuddmsunisduassinuSsagaslawnlnniue (Ba(ZrysTie)05)

gas1dusEmInansatlunsnaatnaduidu 1:0.55
&
100BaCl,2H,0 + 70TiCl, + 30Z2rOCl,:8H,0 + 1850, +100 HNO; + 55NH,CH,COOH -

100BaZr5Tig0s + 270CL, + 78N, + 111CO, + 729H, (#@uMT 3.3)

dnsrdrunsaluninaalnadiy 2:1

10BaCly2H,0 + 7TiCl, + 3ZrOC1,8H,0 + 110, + 20HNO; + 10NH,CH,COOH =
10BaZro5Tig05 + 27Cl, + 15N, +20CO, + 79H,0 (@S 3.4)

gns1dunsalunsndalnadiu 3:165

100BaCl,-2H,0 + 70TiCly + 30ZrOClL,8H,0 + 1320, + 300HNO; + 165NH,CH,COOH =
100BaZro3Tig705 + 27Cl, + 234N, +330C0, + 1003H,0 (@UN"T 3.5)
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gasrdrunsalunsnaalnadu 3:2

3
10BaCly2H,0 + 7TiCly + 3Zr0Cly8H,0 + 210, + 30HNO; + 20NH,CH,COOH -
10BaZry5Tig;0s + 27Cl, + 25N, + 40CO, + 109H,0

(@uns 3.6)
dnsngunsalumsnealnadu 3:3

100BaCly-2H,0 + 70TiCly + 30ZrOCl,8H,0 + 4350, + 300HNO; + 300NH,CH,COOH =
100BaZry5Tig705 + 270CL, + 300N, + 600CO, + 1340H,0

(@un1s 3.7)
dnsnaunsaluminealnadu 3.4

10BaCly2H,0 + 7TiCly + 3ZrOCL8H,0 + 660, + 30HNO, + 4ONH,CH,COOH -
10BaZrg 5Tig705 + 27Cl, + 35N, + 80CO, + 159H,0

(@un1g 3.8)
dasndunsatussnaalnady 4:2.20

10BaCl;2H,0 + TTiCly + 3ZrOCL-8H,0 + 260, + 40HNO; + 22NH,CH,COOH =
10BaZro5Tig ;05 + 27Cl, + 31N, +44CO, + 119H,0

(@Un15 3.9)
gasdrunsalunsnaalnadiu 4:4

100BaCl,2H,0 + 70TiCly + 30ZrOCLy8H,0 + 5350, + 400HNO; + 400NH,CH,COOH =
100BaZrg 5 Tip 705 + 270Cl, + 400N, + 800CO; + 1640H,0

(@1n15 3.10)
gas1dunsabunsnalnady 5:5

100BaCly2H,0 + 70TiCl + 30ZrOCL8H,0 + 6350, + 500HNO; + 500NH,CH,COOH >
1OOBaZr0_3TiO.7O3 + 270Cl2 + 500N2 7 ].OOOCOZ + 1940H20

(dun1s 3.11)
sunswludidwmiunsdaasziuuSeuwesiaunlnniun (Ba(Zrg,Tips)Os)
dmsndiunsalumsnaalnadu 3:1.65

100BaCly2H,0 + 90TiCly + 10ZrOCl,-8H,0 + 1420, + 300HNO; + 165NH,CH,COOH >
1OOBaZr0,1Ti0,9O3 + 290Cl2 + 234N, +330C02 + 843H20

(@un1g 3.12)
dadunsatunsnaalnadu 4:2.2

10BaCly2H,0 + 9TICl, + ZrOCL8H,0 + 140, + 40HNOs + 22NH,CH,COOH =
10BaZry1TiggOs + 29CL, + 31N, +44C0, + 103H,0

(dun1T 3.13)
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3.5.3 nMsAumauaniirnisndiines
mMsasrfgatiandnualiiomaianianienuutediond aunsofuamduanda
wisdimeslalasldnguosnusnd  (Bragg’s law) Ingauanitvwisdimesvaalaseadng
gnuIAfmliaIngns

a

dprr = Ny (@unns 3.14)

-
el hkl A9 sTUIUIBNEN
& a IS et oy 1 s . ¢ .
a Ao wanitrmilnesdallasaimdniuugnuiar (cubic)

d Ao svpeessnInszulngldaunisvesiusnd (Brage’s law)

lngen d Aasdldaingns

na

d= auns 3.15
2 sin B ( )
! eI A A =
7\. ’e'J ANANUYIAFUNTAIAIN 1.5405 93ansau (Cukol)
o < d'n:l 1 [R-Y)
n ’e] FIUIULRUNUANNINY 1

]
P

AD YuALinINNISIREULIRITEIond

D
2

A15ATUIUNVUIAN ANV U BUwaSlALLA Innalun

ﬂ’ﬁﬂﬁu'lmﬁ’mwmwﬂﬂ‘U'éNLLULiEJlIL‘UEJiIﬂL‘IN]TV]‘V]']LUGlﬁ]uiﬂﬁﬁlﬂuﬂ’]iﬂ’lu’)mQ’m

d1N1504wLaes (Scherrer @unisuation)

.k
- B cos®

(@un1s 3.16)

Tnefi Ao YUANEN

<& U ‘dld 1 1 L7

Ao Aasisiavintu 0.9
=

. A mmmmaﬂauwaﬁqmaﬂ ﬁ 1 1.5405 g3ansau (Cukaw)

~
Ao A1 FWHM vosfialuguisiieui 20

O ™™ ~ O

Ao 4 u‘U@ﬂﬂ?iLa EJ’JLUU“U@QNaLaﬂ‘U
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Tae B Aualdeingms

FWHM:=* 1t

= ——m (@un"3 3.18)
180

lagfiAn FWHM fs suseunitsinnugaduaimiieesenugegeuesiin lumbesam
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uni 4

NAN15IaraAUT19NE

Tuuniflfuansanisivouarefunenannmsdunsgiuutone Tauslymwn
(Ba(Zr,Ti1,)0s, BZT) shanszurunisinluiilaelddnsidrussminagesladeuse oy
Wiy 0.3:0.7 (Ba(ZresTio7)Os) Uag 0.1:0.9 (Ba(Zry,Tios)Oy) Mensndulneluavesnsely
n3ndelnaduiidnsidusg 7 loglduanmamsnsiafigadiendnueifioinieaiionsiu
WosudursuseaUalnstined (FT-R) pfoudndisdaviunsnInsiined (XRD) wavwadas
wuaalnsalal (Raman — Spectroscopy)  n13AsIvdeUANTMBIANSoussIAdaq
Thermogravimetric Analyzer (TGA) Uag Differential Thermal Analyzer (DTA) wasnns
mmaauammmwmmaﬂaawamsﬂuaLanmamw‘uaaqnsm (SEM) wiouseefusiena

ﬂ’]i')Lﬂi’]uVWllWﬂ']ﬂWlﬂuﬂﬂ’lx‘i 9

4.1 nMsAnEINSERATIER Ba(Zr, Ti )05 #2838n1510n lust
%) d o £ 1t &I a :1
4.1.1  AnwImnensidiufivunsauYaaIseanIuaudaeaisidowmasildlunts
daA5129 Ba(Zr, Ti, )05
4.1.1.1 N1988ASIEH Ba(ZrysTip )0,
2 o e I ~ & d’l a A e‘
lgvinnnsAnvamisnsidiuvesanseanduaudnearsioindeivanganildluns
dUATI8Y BalZrg5Tip7)05) Tnen1suSulasusasdiuvesnsalunsn (a1390nTUAUD) LA
& a a Py 1 ' ° aal o 1
asvends (Inadu) isnsiausng 9 :nnsduie Ginsewaldiansiluniawuin n)
1 -7 1 [ o [ i a 4 A o ¥ o oA
wmﬁamﬁmuimaimassmwmsaaﬂmmwﬁmaam%aL‘waqwmmzamwﬂmnﬂﬂgnsmms
I d L 1 3/ o Q/ o/ U 1 o
wlviindngade 1:0.55 Inefatsaunswnlvddwiusasdnlngluassninansaluasa
aolnadudu  1:0.55 louanslifeaun1sn 4.1 Feansdaasesivilalaenisuauansdadu
o'j vV VY 5 Q 14 }24 4 5 2/ 4‘ Y a aan
nwaliidiy mnduvhnsldaafeunnasaviudielAnuiiselunlulason Tnena

vasdnsdwnldlunsduaseiifeliinu]isensunnduasdnvasasiléndwinnis

nUAsen dawandlunised 4.1

100BaCly2H,0 + 70TICly + 30ZrOCly8H,0 + 1850, +100 HNO; + 55NH,CH,COOH =
100BaZry5Tig 703 + 270Cl, + 78N, + 111CO, + 729H,0 (@IS 4.1)
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A1519% 4.1 LLamwawlmmmiaqmsww Ba(ZrosTip7)05  Iaesinnisusuldeusnsidiu

1 E=) J A o I 1
sewinnsatupinmslnadufidnsidiusng 9

ansdrulaeluasening
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L2 A o 2/
ANYUTVDIATNAUATILITLS

nsnluednlnadu | lumieululasiv waan iU Rsewnlngd
1:0.55 LinuAsenanlud ifnvouded inéndvna
Yruieinnuinines
2:1 LdinuAsennnlngd invouded HaaLLBEndRSY
muAsinnutnines
3:1.65 dlovaruly 10 wift Reauld HeazBundINn
wagilanistuudnduasiui
3.2 deramiull 13 miliinaduls HIAZLDEAAINT
audaesanlrifntuethsdoidos
Uszanad 1 wiidnuas
3:3 dorawly 10 wiil dineul | neaziBonddifiganivy
muearln iRrsgesaiiasdn intley
Usenad 2 uniudanuas
3.4 deraily 10 il fiawald | weasiBoneh S8vmuy
Fustuseidodnussuin 2 Wi
UAIAUAY
4:2.20 donansly 11 wndl 1Reasuls MGG
nazaaluistundduaaiud
4:4 donanrull 10 wifiAnadlu KRzLBYAFIN
streowussinm 4w
udesiuad
5:5 dlonanrull 10 wifiAawadlu NeRzLBYAEINN

1 1 4‘ <l
289ABLUDIUIUUTTII 4 U

| =
RPRNIGN

o . Y ] A ' a 1 ¥ a
ANATEUATIEN Ba(Zry5Tip7)05 LRI @RI USINaNT00nTuaudsoa T ioInas

% ] Qs ] -ﬂ! [ (%3 1 .:J F73 o 8/ 1 1
Yagltusnsiaiu 1:0.55 Fududnsndrunlaainniseruiaduaunisnisiwnlugl wuinld

a aaa v A T [ ! = € 1 & a £ 4 [
anﬂgnsmmﬂm FIWNNUTUIUDNTIFIUANTDONYUAUTAD ALV DLNEINNTULS oY ‘ WUy

2:1 wag 3:1.65 wuludnsd 3:1.65 \inufisenldedranysalfefivailwweduudasiv
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& g s ] °

5 1 a aaa 1 1 d Ql o
aﬂUﬂi\iLaﬁ’]LLﬁ%IﬁJLﬂﬂUQﬂiEﬂﬁ@ 9 duUNIIEIUIUIUL 3 1Y1ve9 1:0.55 FUBLWHATUIU

(4
= =] = 1 o

gnsadunndunuiludanduifiasidemdwgunildifinuiisounlndesiaiilos
P ; ' ; Y . ’ 7 A lasa
ulleuudnsndiuauie 4220 Judud whvesdhsnd 1:055 dunuinAnufise
wileufiudnsndiu 3:1.56 RefliualvivsluudrdivadlunsufisdlagliiAnufaseuuludie
Hewdrsnduvedlnadunniuludnludandiu 44 uay 55 wudnAaufaseretis
s P a &£ < ! J o o v o I 4 o = 1
roflsdliumllifinuunuiigaudnuitansidunseilifidnvas SunsesiBeadimnies
< Y 1o & a d a ° 9 val & a & a o ¢
unananmslivinamsdemddinnifunesravlilianstiemawauvdelundnsas

W nmsfinwdesfunuiidnsdwiimnganlunsifinugitonslndodisauyse fe
9m3E 3:1.65 Uay 4:2.20

4.1.1.2 N38UATIZN Ba(Zry, Tigs)Os
NTUlAINTEUATIEAE BalZry 1 Tigs)Os Taenszuauniswtivgl auaunisi 4.2
P o ) doqgva aaa vala o v oo ¢ o ¢
ImsﬂmLaaﬂ“l‘uamqmuwmlmnmﬂgﬂsmmim‘lwwwqﬂﬂﬂmﬂmiﬂﬂmmiaqmsww
Ba(Zr1Tios)O5 fin 8nsdusynItsnsalunsndalnadudy 3:1.65 uag 4:2.20 dnwazansi

landsnnnisiiaufiften Muanslused 4.2

100BaCly-2H,0 + 90TiCly + 10ZrOCl,-8H,0 + 1420, + 300HNO; + 165NH,CH,COOH 5

100BaZry1TigeO3 + 290CL, + 234N, +330C0O, + 843H,0 (aums 4.2)

NNNITENATIER  Ba(Zro1Tigs)Os Weldisnsndruszninansnlumdndelnaguiiy
3:1.65 wae 4:220 wuinfnwarlWdunndnesuazarsyidumnbisnndnidledieuiunis

dupseniludnsndruieniuues BalZrysTi)0s

M151991 4.2 uanHafliannsEauasIEs BaZry, Tiss)Os Ineuduasudnadiuseninnsa

~ 1 A L% 1 I
lusdnsolnafuiidnsdiusiig g

o ) i aaa da &£ A v % o o o v
@mianUIﬂﬂIuaigﬂ'ﬂq U{]ﬂianILﬂQTULN@IV]ﬂ'JqNﬁE]U aﬂi‘}mgﬂlaﬁa'ﬁWﬂ\uﬂiqgﬁlﬂ

nanluninlnadu | Tusneululasiow mMevasnsiinUiizennld

A 1 =) LY
3:1.65 Woatkull 12 unil ety NIAZLDYAALNN
Iuaziuaalwidn 9 uddvas

@ o o & 2 v
U @syiTuanies

o ' a
4:2.20 Wonawull 12 undl fiaan NeaELBuAALYN

Indudntosudduasyiuil
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4.2 N3AsINGIUBNaN Yl

4.2.1 N1SANEINITARNEAINIIAIIUSDUAIELATES Thermogravimetric Analyzer
(TGA) uaz Differential Thermal Analyzer (DTA)

P a v v o . "
NNTANYINANTIUNIANUIBUAILLATEY Thermogravimetric Analyzer (TGA) wag

Differential Thermal Analyzer (DTA) vinlinsiutiadeyanisaaiesmieaiiuioulunis
a aaa P 1% A o w ay v o '
Wndjnsewaznmsiasundatlaseainavesans inetrdeyailaunldlunisimundas
gaumndlunsinuaalyineedn Ba(Zry,Tio )0,

9 v

HaveINIsaaIEfInIIALsaulasmATa TGA way DTA veulawisiilaainnisaay

a13mady BaCl,2H,0 , TiCl, , ZrOCL8H,0 , HNOs warasiiomas NH,CH,COOH Tagld

o | ' a ' a v a
dnsdusEmInansaluasnaetnadwlu 3:1.65 wax 4:4 lewanslilunnd 4.1 way 4.2

ANARU TUNSINTELLRaRINANLTaYN AR NS UNAT IR ULATEIS LT LNAILAAY LN EY

Y o

W wdthlliauseundeututiunmu eszwmetinilddusvihazanseenaunseyislaans

& v

) < ° v vy I~ a v -
nwazifuea nduhwanlallhniseuliuistomeuiigumgil 90 °C a¢ldansiil

= De

% - |

anuwauzilurdmdsandshiinufnseinsmalel

1.2
t+1.0
- 0.8
- 0.6
- 0.4
0.2
- 0.0

--0.2

Weight ( Wt.%)

L 0.4

5
[+>]
Endo.-—— AT ®C) —— Exo.

~-0.8

[ S — i —
0 200 400 600 800 1000 1200

Temperature (°C)
o Y 1 a aaa <
A 4.1 nsvudnsnansaatedImeauTaulunisiinujiseuarnisilasunas

lnssasnsanslugaegamgil 50 - 1300 °C veauaauna Ba(Zr, ;Tiy )0 lnelddnsdrusening

nsalumsneolnaduidu 3:1.65
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lﬂ' g £ 1 4 a v
IMNNINN 4.1 LLﬁﬂ\iNa‘UENﬂ']iEj‘QJ/LaEJUTVIUH‘U’eNaﬁiﬂ’JEJLV]ﬂ‘Uﬂ TGA  UBILIALN

Ba(Zro5Tio )05 Momsidiuszminnsalunindelnaduidy 3:1.65 wuiriinisgeydethmine

1 - ! A a { 1 a ! g L b
3 929 Ao Y97 1 iinfig9gumglisendng 100 - 250 °C fimsgadethwinyszanaiesay

=

¢ Yy w a - v d a ¢
16 Fedanadesiunannmailn DTA 7liinnsganusouiigumgll 154 °C Fansgeyde

a

ﬁmﬁn‘luﬂmﬁtﬁmmnmiszmmaaﬁwﬁmnﬁwag’lumamaamsé’aﬁu %2971 2 |AnTlgaungi
58W314 250 - 600 °C fmsgaydermiinuszinadosar 31 wazkamnnadia DTA wuindl
fiansmenuieugunniigumgll 5113, 524.14 uaz 569.31 °C Tasmsgaderimin
lutsiiaesilifunainannisaanesveslnaduiiliifuas demas wagnsiinUjisenves
asdasuitoiiaidulanzeonled - fo wuSuigeslaualmuun(30] wavtaed 3 (Anfidag
gaumail 600 °C JulU fnsgeydeimindntosUsranafesay 5 Ft01innnnsaans
YDILULTHUATUBLUR [31] LLazmsL%aLwaalﬂa%uﬁé'aaawé'hhjuuﬂLtaswudﬂﬂﬁmsqmtﬁa

umindeiitgamgituauds 1300 °C

025
L
020 &
B 2
L [64)
015 !
-}
~ 010 o
e -~ V. r
= o“f
S
f—
= - 0.05
& F
- i
= 000
2
005 =&
83
. T . T . T X T ¥ T r ¥y -0.10
0 200 400 600 800 1000 1200

Temperature °0)

AN 4.2 naMuannanisaateiinenuieulunisiianufAsouasnisiudsunas
Tnssasnanslugisgamgl 50 - 1300 °C veaawts Ba(Zry;Tig)0s Ineldsnsdiusening
nsalunsnaolnadudu 4:2.20

1NN 4.2 wanawavesnisgydetiiminvesansiaeinada TGA  ves
Ba(ZrosTig )05 8msduszmninensaluninaelnaduiiiu 4:2.20 wuinsaaneusazeis
WHudall 9297 1 Aadidhegamaiisswing 10 - 250 °C finsgeydoiminyszanudosar 24

=t Y a ] o % ] a =
PINTNNUNAIINLNALUA DTA 'VlLLﬂﬂ\TWﬂﬂ'ﬁﬂﬂﬂ?’]“iaququu 124.49 way 238.73 OC U
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g LY 1 uQ nol A 1Y 1 5 L $ ] 4 a A
msqzy,msumuniwzmﬁmmmﬂmsssmwmmmmmaaq‘luwa%amsmmu YRNN 2 LAAN

a ]

gamgsenin 250 - 600 °C finsgaydedvinuszunudenas 25 uaskasinmeia DTA

v
P o =

wudriiRensaenufeugefigungll 499.72, 521.64 uay 591.93 °C 39 Hunautannnis

Qaaa 5 L4 dj

ganesveslnaduiléiduansfemas 28] wazgnsiinUfisenvesansasiuiafadulans
oonled fio wuSomweslaalnmiun uazdaedl 3 Rnfidasgamgd 600 - 1300 °C fnns
goydethninyssanadesay 9 waeaninadla DTA wuflefiganufeuiigaumgll 12229
uaz 1264.65 °C fsenatfinanmagaisfvesiuideumiueiun [31] uazansideunadnady
fisaanealaimun LLazWU’jﬂaJﬁmsgjmLﬁmfmﬁ'mﬁ'aLﬁ'uqquﬁﬁuﬁmﬁa 1300 °C

Nl 4.1 wag 4.2 sxviuldddunsmaes DTA sufianuuansatulaglugd
1 figamgiiszaring 10 - 250 °C msdnlneinassinnsalunindelnadudu 3:1.65
ffamsgarudeutiuiioamnd 150 °C iflesiieien wilusnsdlnsuassninnssly
ransglnaduilu 4:2.20 Suifiaanenudouiadu 2 fledlgaumgil 150 wae 210 °C Fainae
Wunannmsanieshasnaduidlefiuiinamnndu daudndl 2 fgaumaissuing 250 - 600
°C fismdnlaemnaserisnnlunindelnaduidiu 3:1.65 dunasnmaiia DTA wuidi
msmepuieuiigamgd 511.3, 524.14 uaz 569,31 °C usilusnsdnlngnassyinn
lumdnsalnadudu 4:2.20 ﬁu’uﬁﬁﬂmimamm%’augqumﬁqmmﬁ 499.72, 521.64 uay
591.93 °C uazaasil 3 Anfidregaumgdl 600 - 1300 °C Adnsreulneinastuinsalunsn
delnafuidu 4:2.20 Tiegaewdouiigumgli 12229 uaz 1264.65 °C uandiifuinge
ondulaenassrinsalusindelnafusiteiu i ldsnvuznisifiaujiseniieiady
BZT sinariu

PnuaMsTies s nioudildnninaia TGA uay DTA Jadenliguvpidus
600 - 1200 °C lumsiwuaaley] iisdnvigangivanzaylunslddunsevinmdn

d a £
Ba(Zrg 3Tio )05 M1USEND

422 asasefigaiiendnualfsidesiiensiudesudunsusaauninsiined

(Fourier Transform infrared spectroscopy, FT-IR)

4.2.2.1 M3FUATIZA Ba(ZrysTig7)Os

INNTEUATIZARINEN Ba(Zry 5Tip7)05 Penszuaunsiwlug udthnenaniilaly
nrefigadiendnualiisiniowifensiurefudursusaaninsiwed Tnonisthans
#0879 Ba(Zry 5Ti )05 umaniulnunadesluslusd (Potassium bromide, KBr) daidluans
\deosiluanlfndusidsunsusadeswild Wwsnsidu 1:10 wh nduharsildunsady
Wuuduun 1 wdrinfeniesBovsurefudurisisaaiuninsiined fouanwmalunmd
4.3
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(d) l0m°C
~
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G
S
g
=
s ¢
= (b) 600 C
g
=
[
(a) as synthesis
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Wave number (cm")

AWl 4.3 mamim'saﬁqamané’nw:ﬁﬁwLﬂ‘%'aq FT-IR 983 Ba(ZrysTig7)05 Waltonsidu
Toeluassninsnsaluninselnadudu 3:3 e (@) arsildanmsdaasviwasniunalei
g0l (b) 600 “C () 800 °C (d) 1000 “C uaw (e).1200 °C

A OH o CO ® MO ¥ co A (=0

(d) 1200 C

(c) 1000 €

(b) 800 C

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm‘l)

AWl 4.4 wamsmmﬁqaﬁmné’nwaﬁﬁwm%‘m FT-IR w83 Ba(Zry5Tiy-)0; Inglasnsiaiu
Tasluaszuinensalusdndelnadu 4:2.20 wiunalsifigamgil () 600 °C (b) 800 °C (0)
1000 °C way (d) 1200 °C
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MM 43 uar 4.4 uamwanIsAsINERUIeNdnwalmeLATaw N udrasy
dursusnanlnsfinesvesndnuuidsueslawalmunisndiu 33 way 4:2.20
a1y wuhasildnnnisdaaseilaeddldldiinismuaaled Snrspandusas
Sursusafilavndu 3420 cm Uaw 1650 cm  Fansefuiusenisduuuudaves O-H (OH
stretching) [16, 32] Sshezifunananmsgaruiuves KBr luussernauasthlungn
vesuuiSauweslawnlnmiusmudidy - mndunudienisgeniuuasdursusaiiavaiu
2303 e+ ?z'i!qmaﬁ'umiqﬂﬂﬁuLLawmﬁuﬁz €O, Tnwrainainusunauasueudimnlngll
auysainauvteegrisaruinandyyiasuniu (Noise) 91ANTELILAITTA WUTINIS
ganduuasdurisusaiiavadu 1760 cm uduiusensdunuuiaves C=0 [16] Bniads
wuﬁamwsgmﬁuumﬁuﬂmLimﬁL'amﬂélu”Lmha 1210 - 1163 cm Wag1360 cm’ damsariy
nsganduudresifusensdunuudanes C-O (GO stretching) p1aLARINKUSEIY
Uifseriumsueuleeenlesluaine uasdmunisganduuasiiiavadu 600 cm™ Fensaiu
msfuvesfussznilavedusendiau (M-0 1o M fio Ti wie 2 [16] Taenuindlevi
mswunaluifigamaigdudu 600 800 1000 uay 1200 'C wudrezdanauiufianisdu
vosiusysyninlaneiveanflauiinnudulounasinisgandunasnniu uandfifuinnis

wuaaleingungfguasitlinu igaie vswuBsuwelawalymusdnmunindu

4.2.2.2 NM584ATI8Y Ba(Zrg 1 Tins)Os

NMTEUATIERRIHEN Ba(Zrg1Tigs)Os ARensEuauNIs nsinsnsdrulaelua
syiansalunindelnaduminiu 4:2.20 Fadusasdrulneluaseinnsaluasndelnadud
wanzanfian udhnandnilldluasefiguiondnudifenisn)Sonsuresudunsisaa
Wnlnsiwes

TNl 4.5 uAnINANSATIvERUIBndnYaifen TS undvlefuBurlsisna
Wnlnsiwesvasnandn Ba(Zr, (Tig)Os AsAs1dIU 4:2.20 LLaw‘l’ﬁmsLmLmal‘zjﬂﬁqmmﬁ
1000 way 1200 C wmhLﬁaﬁmmmLLﬂa"stﬁﬁqmmﬁga%msé’unmﬁuﬁﬂﬁl,ﬁﬂmié"ul,l,uu
Bav0s O-H warnisduvesiuss CO, flwuinanas uasfinnisdurewiusesenindanziu
sondlautulauinndy wanslifiuinsinealuiiigungiigauasnuignia vewuiden

waslaws RN TY
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o a s ) ¢ v o . Y] |
AW 4.5 nansasiaigadiondnuainieines FT-IR ¥8e Ba(Zry;Tips)0s tneldsnsidau

Tneluassvinnsalundnselnadu 4:2.20 tiuaaleviiigamail (a) 1000 °C uag (b) 1200 °C

4.2.3 n15ns29daulaseadiandnTaginaianisiasaiunuvesiadiond (Xray
diffractrometer, XRD)
4.2.3.1 NM3AUATIEN Ba(ZrysTig )05
leviamsdaasasvnandniuissae Slatualnniunaanseuaunisiea bnailu
Sasndauan 9 udhunsinasulasiadauindsvaianisiionuuuesssdiend (XRD)

P a v ! ! ) ! o A
WedAnwmaveeumalinasnatesdndulneluaseninnsalussnaelnadunmazas
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AR 4.6 wansnsrvdeulaseamansdiomaila XRD vaeuEn Ba(ZrysTip,)0s 111N5LHN
wnaleiifigamad 600 °C 1unan 4 4l Taglddmsdnlneluaszninensalunindelnadu
fail (@) 3:2, (b) 3:3, (0) 3:4, (d) 4:2.20, (€) 4:4 uag () 5:5
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devhmsiieneinalasnisiisuiiousandulaeluaszuinansalusdnselnadu
dovhnsuwuealednsmdnuuiFougeslawunlniuaiigumgiisnd 600 °C 1uan 4
Falus Fuanslunmit 4.6 Wednmuuunisidsavuresisiiendildluiiisuiuioya
M55 UY83 BZT (JCPDS No. 36-0019) wuih fismsdulnsluaszninansalussnsislnadu

WU 3:3 wag 4:2.20 hansuduNan BZT ladaau waziiiawlanUasuiindutios

* Bazr Ti 0
® BaCO l
o 710 J

(d) 1000 C
*

*
i *
| % *
o 9| * o *
} . '11 0 e
b~ * \ nrtaapinenastnpieanaiperted
o

(c) 800 C

o
3
ot
£
v
g
L
(a) as-synthesis
3 JCPDS file No.36-0019)
! = oL _\N\JX g
H = 1 s = Y o= S
i [Waa'seay -2 B B
20 30 40 50 60 70 80

20 (degreey)

= [ = v a = 3 @ |
A9 4.7 wamsasvaeulnnasadnsagmnaiia XRD veeran Ba(Zr,sTi,)0; Tudnsndiu
' a ' s 1 e’l’ v v o L3 A o
Ineluasgninensalussndelnadu 3:3 ful (@) arsiildannnisdauasien uazansivinism
waaloifigamgil (b) 600 °C, () 800 °C ua (d) 1000 °C

ANAINA 4.7 WAAHANITATINNATIASNWEN Ba(ZrgsTip7)0; Muwnaiia XRD lasldy

L% 1 1 a 1 =) 1 U J o 4: v
dasrdrnlasluasyrinainsaluninaalnaduwindu 3:3 10uiladinInLu U ULYIS5 I

ondldluiiisuiudoyaumsgiuves BZT JCPDS No. 36-0019) wufinilsnumsiia 20
Winfu 22.08, 31.38, 38.64, 44.84, 50.58, 55.82, 65.46, 69.98, 73.98 uay 78.58 Lan3lut

(3

2 o o v oA a < v ¢
Wiuhasidaasizild fe wussuwesliaunlnniuanilasiasisuuugnuianinesevialng

. . ' & v o ¢ v v )
(Cubic perovskite) TagnuInnLUUNSIagluusdlenduasasilaainnsdauasizings

hﬂéfvhmSLmLmalszsﬁuaxmsﬁiﬁ%’uﬂ']'sl,ml,mal%u"luqmmﬁ 600 way 800 °C zwudia
wanUaouvesuuiSoumsusiun (BaCo,)  Fuuanmanmuuumsidenuussdidndiyy 20
Usvann 24.18, 34.24 uay 43.44 wavwwesladlsuaanlen (t-ZrO,; JCPDS no.79-1769)) @4

=3 L4

LLﬂﬂQﬂ’]WLLUUﬂ’]SLgEJ’JL‘Uu%lx‘iﬁLaﬂ‘?iﬁl‘l'll 29 Useuned 28.36, 30.42 way 57.88 [32, 33] wan
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v ! =t a oo Yo V. e £ = <
Wi mssanvesuwuiSsugasiaunlmmiuaiduasziladaliuians Sworalunaunain
gampdivimsuunaladaiiululagdieinswuaaleiiigumgligeiuien 1000 °C

' & a Y A dad & & v oa v o o

WUINIWUUUNITLAEAUUTDY XRD  UNITLENAIVDINAVIAVUDNYINEIUATAINULYNUDINAN
& v & et & = o a £ A O ow a a ¢

qqmuLLaﬂ\ﬂﬂL“unﬂﬂ')’]uLUUNaﬂﬂLWNgﬁﬂu DNYNUANUNALUANUADNUDILULTHUAITUDLUA

(3 1 = A £ v
uazigeslallisueanlenanad LaRHINANKUIS NS IALUA I ILUANF LA IZAlATIA1Y

a < a &
USZ‘!‘VISLWJJ&I']WUU
* Bazr Ti Yo *
.B‘Onja1
o 210’
v BaZiO . . * @1200°C
* * * .
A b A 2 k . il
(© 1000 C
*
-~
2
&
E.
w
=
&
.-
a JCPDS file No.36-0019
- SCIVREAL> \\ 8
3 2 "AA X 895N ¢
S & - s L™
e < I LJ .ﬁll'f
90 ("247) 30 (WISHESIEALSsANSUH RS, | 60 (743°) 70~ 75 (O

20 (degrees)

o 2/ &t B/ a = g @ |
NN 4.8 NaN139329d0ULASIATNINANABIMATIA XRD W09KEN Ba(ZrysTig )05 Wdns1du

[

Tnsluasywinsalundnsielnafuidu 4:2.20 Lasvhmswunalvifigumgiissil @) 600 °C
(b) 800 °C, () 1000 C & (d) 1200 °C

WievhnisianeinalasnisitSeuiisugamgivesdnsidiulasluasznininsaly

I
o

aanselnadu 3:3 lunmil 4.7 wuidadlifgaia wandasuvusgvisiivimsiuuaaledi

Vv
v

gaumglige Jnihmsusuasusnsdiuszuinansalusinselnaduseiidu  3:1.65 uay
4:2.20 3NN 4.8 LARINANTNTINATIAIIWEN Ba(Zry 5Tip )05 Mswmalia XRD lasly
Sasdulagluaswinensalusdnselnaduitty 4:2.20 Jadudnmdiusewinsnsalunin
siolnaduilnzauiian mnﬁu’uﬁﬂmﬁwmnmmal%ﬁﬁqmmﬁom q wuhansilaFunsn
waalwiifigaumadion 1wu flgaumail 600, 800 wax 1000 °C aznufiauUanUasuiuatn 3

=3 4

v = = (3 d' dy @ A
UsznaulumeiiauuanUasuvesuuiieumivaiun Jauananimwuunisideauusdidnd sy

a ¢ =4 ¥ o -
20 Uszainw 24.18 weslaflsueenled  Fauansnmuuunisideavuididndiiyy 20
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Usvanos 28.36, 3556 uay 58.89 wavuuiiouweslawg (BazZrO,) JIUaAINIWUUUNNS

-4 ) ¢ al v '
Geauuiaddndiyu 20 Uszana 30.63, 43.13 waw 58.06 [15, 32, 33] wansliiiiui g
o a o Vo i, i S 4 o - a
nanvaswuissIgaslaalnmuanduaswiladilivians Wevnisiugamaiilunisiun
waalwiu 1200 °C ‘LinuiawlanUasuveswuissuansuaiun woslaidousanlad uas
- Y] ' - - ) o das -
LULSEUWRSIALA MITINUINNINLUUNISIAEILULYDY XRD TIN15uenmivasiannduLaz el
v d d‘l 1 AU v o
ANULTNVRINATIZITY Uansdtaandniussugeslaunlnniunndansielauazyinnisien

waaloiigamail 1200 °C WWunan 4 Fludieuudansuariianndundngs

*
* Bazr Ti )0
e BaCO

* * (b) 4:2.20

1 A SN\ 427k And A ¢
g *
%E re *
et 257NN b

011

JCPDS file No.36-0019

(1

e (112)
022)

L (013)

pll.\)

— (002)

(001

w F1122)

24 012
24
2

20 30 40 80

20 (degrees)

o v o v a e ] °
2NN 4.9 HAN1IMSI98RULATIATINANANATA XRD VBINAN Ba(Zry5Tip )05 ¥IINI5LHA
ca a ) v I ' a '
waaleiigamgl 1200 °C Juan 4 Halus Teelddnsrdlasluaszwinansalusdnse
Inadussil (a) 3:1:65 uaw.(b) 4:2.20

& o ¢ v - ad o 9] wa o = - v ad
uenINLMIFUATIEY BZT medsnsuninduuudaludfdisiusouiisunuisnig
duanginnuisedaniusveuds (Solid state reaction) [19] Misiosldgaumgiilunisinn
uAaleils 1350 °C FadiedBmsenimivvudnluiflusidviivivangaumgilunisinias
fl150 °C
nsneingaTdmlagluaseninnsaluasindelnadu 4:2.20 lun1swwealein
a ) = = o a o =
gaumaiiAng 9 wulnhimsmsdnuuisueslawalnnuaiigamgil 1200 °C fianw
a ﬂ‘ d = o @ v ! -a ' sl v
Uigndinnfigaininisaauiinasandiulasluaveansalusindelnaduaadu 3:1.65 a

| v ]

AN 4.9 nunsnsidulasluaszuinansalunsnaalnaduwiniu 3:1.65 Wnanawlanyaay

[ dv 2 ¢
YDIUUFTIUANTUBLUALAAININUUUNSIRL IS EDNG TN 20 Uszana 24.20 [45] uana
' o Yo 1 a £ [ a & a 1 o o aaa L%
Nasnduaszrladilivians enadunamnanUFinuaswomashifissweiviuiiseniu

a 1 A o L 4 = - v 1
nsaluasn wallavinnisdaasizveandnuuissueasiawalnniuslasldsnsidrulaslua
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sewiensaluasnaelnadwiuduidu 4:2.20 wuldifaulanvasuveawuSsuaiduaiun
a Vet & o M v e a o v ey o £ -
vauvient ﬁmauaulm'mwaﬂLLULiEJmsua%IﬂLumlwmLummmLﬂswﬁlﬂummusqwﬁqqma
leansdnlngluaseninansalunsndelnadudy 4:2.20
MNTULAYIN1SEIUIA LI I AT AN AT NS 1AL A B S LA ST U ARE NI INALNISU DS
& X v o a9 oo A o
wWBLaas (Scherrer) nAMLUUNISEEIURSEndlaeaun1sAlgAuILad S nsA Ul

Tawansliluuni 3 Inenaflfannseuinuanfemns e 4.3

A13199 4.3 UanIAManAiTnITIRine WAL IUNRRENYB Ba(Zry 5Tiy7)Os

dnsrdnlagluasening geunnil a=b=c Crystal size
ninluminselnaduy Q) A) (nm)
3:3 Tail@n 4.0234 16.0697
33 600 4.0305 19.9120
3:3 800 4.0362 7.8683
3:3 1000 4.0343 28.6350
3:1.65 1200 4.0476 37.7176
4:2.20 600 4.0333 9.4116
4:2.20 800 4.0333 9.1137
4:2.20 1000 4_.0468 ) 21.2487
4:2.20 1200 4.0522 40.7136

IINHAVDINTANUMNALaNATN I TS LA lnatAueiuluaie 4.02 - 4.05 A
I 1 A =y 1 } 2573
AuBUANENYDS Ba(Zry5Tio7)0s wuhiinmsiasunvawuandnlunngamafiuduiuladaly
onndnlagluasswinnsalusindelnaduidu 4:2.20 deviugamgfinismuealeiinniu
o a8 . a Y 1 a 1 a a
1508 9 YUIANENTDY BalZrg5Tip)05 LuudltuinduurnluaTudeenainainaisivlaves
2 A a ¢ a & 4 o - a 2 do Py
nandflegamgilumsuaaludiiug@y TnodfievhnmsuSeuisvauaadnfiruwaldsu
a . 1 o o a v -
F5lluadl (sonochemical method) [34] wulauaRdn BZT fenunadlaannssnasunle]

a =

o/ UA 1 A 1 1 -1 A 2/ =)

wuusaludarhumsuealeifgamaiglivunlngnimdn BZT Mwdeuldanislelued
4.2.3.2 N389A1%H Ba(Zro 1 Tips)Os

INMIFUATISANINGN  Ba(Zrg 1 Tigo)Os  MenszuIunIsmlndisnsdiulnelua

1 a ] a L = [~ (Y} 1 1 a 1 al P

sendnnsalupinselnaduwindu 4220  Fadudnsrdruseninansalunindelnadud

P v o 1% = o & o o ¢ o
L‘Vill']gall'ﬂ?‘!ﬂ lﬂuqu']Wi?%ﬁﬂUIﬂiqﬁiq\TNaﬂﬂ'}EJLVlﬂUﬂﬂ'ﬁLaEJ'JL'UU”U@\?E\??‘L@W’U (XRD) »14
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o ' a a ¢ = o v ¢ o
LLaﬂ\ﬂUﬂ'\W'ﬂ 4.9 ﬂ']LLaVW]‘ﬁW']T]lJW\aiLLax‘UUWﬂNaﬂﬁﬂqlﬂ’\)']ﬂauﬂ']i‘ﬂa\n?jaLaai 5[2NABIgN

AN 4.4

* BaZr Ti )O
Pt
* BaCO
)
210 .
i (6) 1200 C
v BaZrO * . *
+ * 4 *
Koo it . : %
A ad e o L
-~ ®
3
)
-
E.
§ () 1000 C
= A
5 JCPDS file No.36-0019
a
) X T ) a = a
= = NNe &
2 = -~ Y o
. I 4 B\
20 30 40 50 60 70 80

20 (degrees)

- Y v - .
AN 4.10 HaN1IASAAVLIATIAS1HANAIINATA XRD 98IWaN Ba(Zr, 1 Tips)Os 1

[

) ' ' a al ° ¢ al a &

snsndiulasluasewinnsalunsndeinaduidu 4:2.20 u,asmn’rsl.muﬂa'l,‘aququumu
(a) 1000 °C: wag (b) 1200 °C

- v = b, v a v

PMNANN-4,10 UARINANIIATINATIASINEN Ba(Zrg 5Tip 205 Maenaila XRD 1naldy

L2 1 =~ \ 1 LY ; o o A
snsdlneluaseninansalunsnaalnaduviadu 4:2.20 - 9nnuuuIanIsIaLAa ledn

a

gumgl 1000 °C uay 1200 °C wudnfigumgdl 1000 °C wufirwdanyasuvesiuiFey

9 v

& ea

ATSUBLUA BILAMINIWUUUNISLAE UL AL DN 29 Usen 24.18 - uaz 34.24 W

19

v o a

~ P & ¢
wlanuasuvasiwesiatisuoanles  JauansnInuuun1sidenuuiddngiyy 20 Yszunw

24.5, 28.36 uaz 30.42 uazwuiieuwaslaiug Fauaninanauumsiienuussdidngiyy 20
Usranm 43.13 way 54.06 (15, 32,.33]
° U a a [ = ” ‘J [ 1
INNTATUIUAANTINITINADIUATVUIANANVDY  Ba(Zrg ; Tig)Os7N0nI 1@ UlAY
' a ' - = 2 ' sl
luasgvinansalundndelnaduidu 4:2.20 Tunawdn Ba(Zry, Tigs)05 WUIINSIHILAR L1
QUUANZUUNENITTVLIAIMYTU wavAILaNATNITITNDIVBY Ba(Zry 1 Tip,)0; I3iiAtBY
' . a1 P o g P o
N91983 Ba(Zry5Tip 705 IneiiA1useune 4.02 A 11893109 Ba(Zry Tig )O3 3¢dn15ununves
P q % . o 4
waslaleu ((REZr )] = 0.0860 uluwns) Whluwnunlnmidlen ((RTi )] = 0.0745 wilu

w3 [35] ludSunaiitesndn Ba(ZrgsTiy7)Os
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A13197 4.4 uassruanfirnnsfimesuasuunnndnuad Ba(Zry; Tips)Os

sndnlaeluasyning gl a=b=c Crystal size
nsnlussnsialnadu O 0y - (hm)
4:2.20 1000 4.0243 21.3987
4:2.20 1200 4.0196 23.4572

4.2.4 nsasvngalienanuaiftemaiiasiutu (Raman spectroscopy)
a L4 a '3 [ ¢ v - [=3 .
PNMIAATIBINMIATIIRgILleNanwnlsamaliaT I uYeREn Ba(Zry ;i )05 1u
L% 1 t =Y 1 fA o
dndulneluasvinnsalunindalnadu 4:2.20 uasmwealedfigaumgil 600 °C, 800 °C,
Y] | o o 1 -1
1000 °C waz 1200 °C Wunian 4 Falus lunmdl 4.11 wusanuiiafigumls 178 cm
-1 o o &
(A{(TO)) uas 300 cm™ (A(TO) /E(TO) Fululnusfiuansnisduves BO, (ne B fe v
. % { -1 &
e () TulaseadrauuusennssBnsea (Octrahedral) wasiifia 515 e (A(TO,)
¥ QU n.'/ o/ 3 -1 d" 2/ [ n.'/
HAARBINUNITEUYBINUSY Ba-O uag 717 cm - (A,(LOY/E(LO)) #N@ammanInunNIsauYe
woslaleueanlan (Zr0g) [36, 37) Fsduduinansfidunseils Ao ndnvesuuSuuaadla
WRINNUUR (Ba(ZrysTig7)0s) lpalevinismunalaifinamgl 600 °C wuilpiuanUaes
¢ o Y -1 { o | a &
VBIUTHUATUBLUR (BaCO,) Mavadu 155 cm [38, 39) wazilevhnsifigninglgetu
> o} o ~ < ¢ 1 T a &
Wu 800 C dwnanuiiaulanvasuvasuuiieumisuaiuney unitafivsuenanudu

a

L 1 y 2 X 4 X
Ba(Zrg3Tip )05 UUNANULUN (Intensity) FITULALLUBHIYUNAUFITUN 1000 °C fin

Y

wanUaenvesuwuiSeunisuaiunanatazidamunaleifianmgil 1200 °C ldwufie

L4
a a

1 A L3 14 d‘ 4
uwandaou JeegUldimdniduaneildfundnuuseusesiawnlmiunuianiidornig
< = ) 1 d u
wuaalviigumgfl 1200 °C w4 Hlaw Inonasenadesiunavosnisnvday
Y s v = = s a a s v =
lenanvaimenseitensiuesudunusaanlnsinesuasranisnsvaeulassaiawdn

mewailn XRD
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A, (TO) E(T0)
A1) Ay

N/

A (1o

A (LOYELO)

() 1200 °C

(¢) 1000 °C

(b 800 °C

Raman Intensity (a.u.)

(@) 600°C

100 200 300 400 300 600 700 800 900 1000

Raman Shift (ecm™ ")

i 4.11 HANITATIANGIlendnuaMIEWATATININTBINEN Ba(ZrysTip;)0; ludnsidu
Tneluaszwinansalustndslnadu 4:2.20 vimswataalwiigamad (a) 600 °C, (b) 800 °C,
(©) 1000 °C waz (d) 1200°C \Jutian 4 Falan

NN 4,12 uanssmaUNadIves Ba(Zr, 1Ti»)0s Mdatasnzilalneldsnsidau
Tneluasewiansnlumsnsislnadu 4:2.20 Wazyihnswuaaleifigumni 1200 °C iua 4
Falue wufiawlanvaswosnuSenasusiunit 155 an ' druarnasuves Ba(Zr, 5Tio7)O5
Snsndau 3:1.65 uazfidnsidru 4:2.20 Mimswuaalsuiigumaiidiertud 1200 °C 1y

a1 4 Pl lanuiiaulanUaouvediuiseunsusiunidesdnsIdiu

ALTO) .‘\.ﬂ‘m E(Toy

.\ltlll )

A‘(].U!UI.O}

X#0.3.4:2.20

X=0.3,3:1.65

Raman Intensity (a.u.)

X-0.1,4:2.20

100 200 300 300 300 500 " 700 B00 500 T000
Raman Shift (cm™")

AW 4.12 wansnagaiendnuaiiemalinsunuvesadniviinisuunalifigamal
-

1200 °C Huaan 4 $alus (@) BaZry 1 Tig)O5 lusnsndrulasluaseninenssluminselnady
4:2.20, (b) Ba(Zry Tiy )05 8957871 3:1.65 Wae (c) Ba(ZrysTiy )05 719M51dU 4:2.20
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4.2.5 N5ATIVADUANFININYIABNTDIYaNTIAUBIANATEULULEBINTIA (Scanning
electron microscope, SEM)

MNANT 4.13 (@) waz (b) uanenIn SEM lunsduasiedt Ba(Zry5Tip )05 Tu
Sasdnlagluaseninensalusdndelnaduminiu 4:2.20 vhmsinuaaleviigumgd
1000 °C waz 1200 °C lngwuindeldgumpinismunaledivindu 1000 °C dniiled
dnwznmdsitliuiuouduiaiudufou (Agglomerated) lngvuneyniauszaunm 50 -
350 wilumsuazdanundnnmsraduuwisenfiuansdsigaia uwanUasuvenweslaiien
sanladvdouuiioumivaiuniniudmion Tnenailldaenndoatuna XRD fuansdenwd
4.7 levhmsunuaalusiflgamniasiudu 1200 °C wueynaLussuwesTawalimue
fvwalvgiu %aLﬁmmnmsswﬁaﬁumamé’nLéﬂwaamumﬂuaumﬂ‘ummimﬂmaﬁwm

sumAdephiv 1.1587 lulmawans waglinuipgaa wanasuveundeny

AW 4.13 uananm SEM vesnadnuuSonlalawalmmiuslusnsdulasluasewinnse
lun3nsialnaduwiniu 4:2.20 wuealedifiuinan 4 9lusil (3) Ba(ZrysTig,)O; Lmﬁqmmﬁ
1000 °C(b) Ba(ZrosTig7)O; W11 1200 °C (c) Ba(ZryTigs)Os fgaundl 1000 °C (d)
Ba(Zry 1 Tigs)Os Migaumndl 1200 °C
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o . 1
AN 4.13 (©) wag (d) WAAIAIN SEM UBINIHEAN Ba(Zry Tige)Os IMENUINMIHEAN
A o { = { U i
Ba(Zr01Tio )05 MNsteuAsleifigasmgR 1000 °C (nwil 4.13 (0)) fnwaizayniafiinie
iy Inellvunaveseyninegludaesening 50 - 350 unluiues Snvisdanuigaia
P ¢ & P ¢ | v d o
wlanUasuveswesladsueanladviouuiiouasveiunslusgie wasillovhnsniuea
laningamaiigadudu 1200 °C (aw (d) wud1 Ba(Zrg,Tigs)Os fimsvasunuiuauiiounia

nlngulnsrwineynawdewiniu 300 uiluluns

4.3 n1sanersaudRladidnnsn

Han1IRTITIRAEN weBNduImsLarAIn1sga densladidnyisnuns Ba(zrTi,,)0, i

YR ] o a v 4 !
dadunsAuszney () = 0.35, 0.30, 0.25 uag 0.10 figamgiiviesaudls 300°C NMAudsnee
wamaRan il 4.14 (e BZT Mldlunisnaaeuwnieniuainisufiseranusveuds)
§ 3/ 1 .U I 1 ] 4 U ¥
MNNanNlanuIidnaussrUsenau x = 0.35-0.25 liusingfiauansgrsnsideuinnniu
(Phase transition) Faluwaunainian Baz, 1,00, Tu¥iex = 0.35-0.25 zdidaenns
wWaswigaimananmleslsdidnnin (FE) lluwisdidnn3n (PE) ludrenianasiinduly
ad o N aaq ¥ o L TN '3 s =
RuniinANIY g inlavinisne [40] Mnduiliodndiussfussnavansnasauded

dnduesdusznau x = 0.10 wudiRiavesrian weandusinsavildnuasunas (Sharp peak)

v o5

< = ¥ o | '

lngfigrugiiuszann 95°C fidan neeuduivsgean (€.,) MUszana 17950 uazAng
o =y A ‘Ju ] U 1

gadavnaladiangin (tand) Yszunm 9.2 e ndidadiussdusznouding 82T §
USunveseeslalouanasyhlvinisindedaseasraufsnnudusadsunasilaseadna
Indifgefivlassadrevesiuielmiun (BaTioy) suludegamgllifiugauaufisgumniinng

o s =2 a o Y] a LY ° ¥ & o 1 : o o caa
wWasu  Ignmaianisidfeuigaianuudunay silidiuiiaeesdaningeuduimsng

s 1 1 QU v -Ju 1 4 4
NWMUELVAY  UazWUIIAIan TWeanduRmsues BZT fidadiussdusenauilazilBouniaq

(%) =

Putugaunnl ussglidfuiuannud dswandlunnd 4.14
ANuduRussniatanmgeanduimsuazAnisgadenidladidnninieusy

a o o 1 7 o o o a
gounnilvuad BZT dndiussalszneu x = 0.10 (Ba(Zry:Tips)Os) Mtuynsiiuansise

k) U

TiO, ALOs Zr0, wag S0, Tudns1diu 1% laglua (BZT-TiO, BZT-ALO; BZT-ZrO, was
BZT-SI0,) uanslunindl 4.15-4.18 awddiu avnuadilgwudn BZT -TiO, BZT-ALO; BZT-

) . A:l [ 1 v o ¢d a 1
ZrQ, uag BZT-SIiO, LL'ﬁﬂ\iﬁﬂﬂqsLUﬂEJ'NLLﬂa\T"JQﬂ']ﬂ%@Qﬂ']ﬁﬂ'W\lEJ@?J&QJWWﬁV]'EJ\ﬂJ%QlIQQﬂT‘I

AP

gamgiivies Bnnsnanmeendninifliduivediuigamgiuazainud Tns BZT-TIO, 3

v

a

Aanmeoudiimdgegalu 11000 figamgll 90 °C wasiimgaudumsladidnainidu 0.9

Y

1 U </ L3 A o J o
BZT-ALO; fifanweeudinindgegaidu 20000 figaumgll 95 °C wasdidmsgaydenilnd

9 U

wne3nilu 09 BZT-Zr0, franmeeuduimigeaaiiu 1700 faamail 100 °C uazdia

U 9

v &

nsgadonsladidnainidu 04 uas BZT-SI0, fmanmsenduinsgegaiu 1050
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a

gaumil 30 °C wazlinmsgaydenialadidnasnilu 0.9 Taenuinanznsiiuaiside ALO,

v 1
| v

whiluilinavilviraniweeuduinsasgaves BZT  iulu Jan1sanasusanianingoy
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Abstract

A new route for preparing barium zirconate titanate nanoparticles (BaZrg3Tig 7053 (BZT)) has been developed by ultrasonication of
BaCl; - 2H,0, ZrOCl, - 8H,0 and TiCly precursors in a high concentration of NaOH aqueous solution. The as-prepared powders were
identified by X-ray diffraction (XRD) as cubic perovskite BZT. The phase formation was confirmed by FT-IR and Raman
spectroscopy. The increase of NaOH concentration resulted in BZT powders with smaller particle size and less BaCO; contamination.
The microstructure of BZT powders prepared in 20 M NaOH examined by scanning electron microscopy (SEM) showed nanosized

spherical morphology with the average particle sizes of 51 + 6 nm.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Powders chemical preparation; Barium zirconate titanate

1. Introduction

In recent year, environmentally friendly lead-free barium
zirconate titanate ceramics (Ba(ZryTi;~,)O; (BZT)) have
been extensively studied due to their potentiality for
tunable microwave applications e.g. phase shifters, reso-
nator, antennas, MEMS based sensors and actuators {1-3].
BZT has great benefits for such applications as it exhibits
high dielectric constant, low dielectric loss and particularly
high tunability. BZT with perovskite structure (ABO3) is
formed by a complete solid solution of ferroelectric
BaTiO; and paraelectric BaZrO;. Substitution of Titt
ions (ionic radius=0.745 A) by chemically more stable
Zr** ions (ionic radius=0.860 A) on the B-sites leads to
stability of the system and single diffuse phase transition
temperature [3,4]. The dielectric properties of Ba(Zr,.
Ti;— )O3 ceramics are found to depend on Zr concentra-
tion. It has been reported that for Ba(Zr,Ti; _,)O5 with x

*Corresponding author. Tel.: + 66 23298400; fax: + 66 23298428.
E-mail address: kspanpai@kmitl.ac.th (P. Seeharaj).

in the compositional range of 0.26 < x <0.42, the solid
solution exhibits typical relaxor-like behavior in both bulk
and thin film materials [4,5].

BZT powders can be prepared by various methods includ-
ing solid state reaction [1] auto-combustion [6], sol-gel [7],
hydrothermal [8] and co-precipitation [9] techniques. For the
wet chemical processes, it has been suggested by Reddy et al.
[9] that a strong alkaline condition (>15M NaOH) is
favored for the chemical equilibrium of reaction of the BZT
formation. In addition, precipitation of oxides in highly basic
solution was found to increase the purity of products [10]. In
order to improve sinterability and dielectric properties, BZT
powders are expected to be nanosized with homogeneous
distribution of the composition [4,9]. Among the various
preparing methods, sonochemical synthesis based on irradia-
tion of high-intensity ultrasound (20 kHz to 10 MHz) into a
liquid medium seems to be an interesting method to fulfill the
requirements. Sonochemistry yields the benefits of an acoustic
cavitation phenomenon i.e. the formation, growth and implo-
sive collapse of the bubbles stimulated by ultrasonication.
This phenomenon can create an extreme condition (intense

0272-8842/$ - see front matter © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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local heat ~5000 K, high pressure ~20 MPa and rapid
heating and cooling rates > 10K s~%) [11,12] initiating a
wide range of chemical reactions and resulting in novel
materials with unique properties. To the best of our knowl-
edge, the study on preparation of BaZry;Tip-Os nanoparti-
cles by a sonochemical method in a highly basic solution has
not been reported yet. Therefore, the effects of ultrasound
irradiation and concentration of alkaline solution on the
phase formation and morphology of BZT were investigated in
this work.

2. Material and methods

The stoichiometric amounts of barium chloride dihydrate
(BaCly-2 H;O, Fluka, 99% purity), zirconium oxychloride
octahydrate (ZrOCl,- 8 H,O, Sigma-Aldrich, 99.5% purity)
and titanium chloride (TiCly,, Waka, 99% purity) were
dissolved in de-jonized water. The mixed solution was added
into a sonication chamber containing 15 or 20 M (mol/)
sodium hydroxide solution (NaOH, Carla Erba, 97% purity).
A pH of the synthesis solution was maintained at pH ~ 14
during the reaction. The irradiation process was carried out
by direct immersion of a high-intensity ultrasonic probe (Ti-
horn (Sonic and Material Inc.,, VC 750), 2.5 cm diameter,
20 kHz, 150 W/cm?) into the reaction solution under flowing
of argon gas for 30 min. After the reaction finished and
cooled down to room temperature, products were separated
and washed with de-ionized water until the washed solution
was neutralized (pH~7) followed by drying in an oven at
100 °C for 24 h. Phase characterization was carried out using
an X-ray diffractgmeter (XRD, Bruker D8 Advance, CuKo
radiation 1.5418 A, 26 =20-80°), Fourier-transform infrared
spectrometer (FT-TR, Perkin-Elmer GX 8500, KBr mixing,
measuring in the range of 400-4000 cm™') and a Raman
spectrometer (Thermo scientific DXR, measuring in the range
of 100~1000 cm™"). The microstructure was examined by a
scanning electron microscope (SEM, Hitachi 54700).

3. Results and discussion

XRD patterns of as-prepared powders obtained after
ultrasonication in different concentrations of NaOH solu-
tion for 30 min are shown in Fig. 1. The XRD patterns
showed well-defined diffraction peaks and the major peaks
were identified to cubic perovskite BZT phase (JCPDS no.
31-0174) indicating that well-crystallized BZT powders can
be achieved by ultrasonication in > 15 M NaOH solution.
Diffraction peaks assigned to BaCOs; phase were also
detected in the XRD patterns. The formation of BaCO,
was probably a result of the open-air synthesis system.
This contamination was suggested to be eliminated by
using a closed system or washing the products with formic
acid [13]. The calculated crystallite sizes using Debye-
Scherrer equation were 13.9 4+ 0.02 nm and 16.1 + 0.02 nm
for BZT powders prepared in 15M and 20 M NaOH,
respectively.
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Fig. 1. XRD patterns of as-prepared BZT powders obtained from
ultrasonication in (a) 15 M NaOH and (b) 20 M NaOH aqueous solution
for 30 min. .
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Fig. 2. IR spectra of BZT powders prepared using (a) 15 M NaOH and
(b) 20 M NaOH solution.

The phase identification of BZT powders prepared by
the sonochemical method was further investigated by FT-
IR and Raman spectroscopy. IR spectra of BZT powders
prepared using 15M and 20 M NaOH (Fig. 2) showed
strong absorption bands at 540 cm ! corresponding to the
characteristic absorption bands of the perovskite phase
(vibration of BOg octahedra, when B=Ti or Zr) [6] along
with absorption bands of the carbonate phase at
1450 cm ™! [14].

Room temperature Raman spectra of BZT powders
prepared by ultrasonication in different NaOH concentra-
tions (Fig. 3) compared well with literature reports [4,13].
The characteristic Raman modes of BZT were observed at
185, 220, 300 and 512 cm ™! (A1(TO) modes) associating
with the asymmetry within the BOg octahedra along with
the modes at region 600-800 cm ™! assigned to the locally
distorted ZrOg octahedra and a signature of the ferro-
electric relaxor phase. The bands related to BaCO; were
also observed at 135, 155 and 694 cm ™! [14,16]. As shown
in Fig. 3, these bands exhibited less intensity in the spectra
of BZT prepared using the higher NaOH concentration.
This observation is in good agreement with the XRD
investigation (Fig. 1) in which low intensity of BaCO;
diffraction peaks was detected in the XRD pattern of BZT
prepared from 20 M NaOH. These results suggest that
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Fig. 3. Room temperature Raman spectra of BZT powders prepared
using (a) 15M NaOH and (b) 20 M NaOH solution.

V 6 4mm x50.0k SE(U)

Fig. 4. SEM images of BZT powders prepared using (a) 15 M NaOH and
(b) 20 M NaOH solution.

using higher concentration of NaOH (20 M) can reduce
the formation of BaCO; impurity and it could be due to
the effect of pH condition. Since at high hydroxide ion
(OH™) concentration, the chemical equilibrium of the
reaction favors the BZT formation over the carbonate
formation [9].

Fig. 4 shows SEM images of BZT powders prepared using
different NaOH concentrations. The BZT powders showed
spherical morphology with the average particles sizes of
137+ 14 nm and 51 + 6 nm for the powders prepared using
15 M and 20 M NaOH solution, respectively. As can be seen
in Fig. 4, especially for the powders prepared using 15 M
NaOH, the BZT particles were aggregates formed by
epitaxial growth of primary nanocrystals. This result is
consistent with the calculated crystallite size obtained from

the XRD study (13.94+0.02nm for 15M NaOH and
16.1 +0.02 nm for 20 M NaOH). Similar observations have
been reported by Dang et al. in the preparation of BaTiO; by
the sonochemical method [17,18]. The unique morphology of
the oxides was suggested to be due to the effect of ultrasonic
irradiation. The smaller particle size obtained from BZT
powders prepared using 20 M NaOH is consistent with the
lower intensity of XRD peaks shown in Fig. 1. The decrease
of particle size observed in BZT prepared using 20 M NaOH
solution could be a result of the higher concentration of
hydrolyzed metal species leading to supersaturated solution,
thus the nucleation process is more favorable than the grain
growth process [10].

4. Conclusions

Barium zirconate titanate nanoparticles (BaZrg 3Tig ;05)
were successfully prepared by a sonochemical method in a
strong alkaline environment (15M and 20M NaOH
aqueous solution) using BaCl, - 2H,0, ZrOCl, - 8H,0 and
TiCly as precursors. The as-prepared powders were char-
acterized to cubic perovskite BZT with a nanosized
spherical shape. The concentration of NaOH solution
was found to affect the phase formation and morphology
of the BZT products in which using higher NaOH
concentration resulted in BZT with smaller particle size
and less BaCO; contamination. BZT powders prepared by
ultrasonication in 20 M NaOH showed well-crystallized
materials with the average particle sizes of 51 + 6 nm and
the crystal sizes of 16.1 + 0.02 nm. These results indicate
that the sonochemical method could offer a new approach
to produce BZT nonoparticles.
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BaZry3Tip ;03 (BZT) nanoparticles were prepared by glycine-nitrate autocombustion
method. The effects of synthesis condition and calcination temperature on phase forma-
tion and microstructure of the BZT were investigated. XRD and FT-IR study indicated
that BZT with cubic perovskite-type structure can be obtained from the synthesis condi-
tion using glycine-to-nitrate molar ratio of2:3 and calcined in air at 1000°C for 4 h. The
microstructure examined by SEM and TEM showed that BZT had agglomerate particles
consisted of primary spherical nanocrystals with the crystallite sizes of 8-20 nm.

Keywords Autocombustion; glycine-nitrate; BaZrg3Tip;03; nanoparticles

Introduction

Barium titanate (BaTiO3;) ceramics are the well known lead-free ferroelectric materials.
The dielectric properties of BaTiO3 (perovskite-type oxide structure (ABOs)) can be mod-
ified by doping a variety of additives e.g. zirconium or strontium [1-3]. For example,
the replacement of titanium cations (Ti**) by higher chemical stability cations, zirconium
(Zr**), in BaTiO;3 leads to the materials with diffuse phase transition and shift in the
Curie temperatures [4, 5]. The incorporation of zirconium is, therefore, benefits in im-
proving the structural and temperature stabilities, lowering dielectric loss together with
inducing microwave tunability. These advantages make barium zirconat@ titanate ceramics
(Ba(Zry Ti;x )O3 (BZT)) having potential for using in dynamic random access memory
(DRAM) and tunable microwave dielectric applications [1-3].

To produce BZT powders, chemical synthesizes such as autocombustion [6], co-
precipitation [7], sol-gel [8] and sonochemical methods [9] are preferred for the advantage
of mixing the stating materials in a molecular level. These methods provide great benefits in
reducing the impurity formation and phase heterogeneity, resulting in BZT materials with
good sinterability and optimizing the dielectric properties [5, 7]. Combustion synthesis is
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a self-propagating high temperature technique. It is a rapid, effective, energy saving and
low cost technique for preparing multi-component oxides with a precise stoichiometry. The
precursors used for combustion synthesis of metal oxide powders are typically a mixture
of high oxygen content metal salts e.g. metal nitrates and an organic complexant, acting
as a reducing agent, e.g. urea, glycine and citric acid. In this method, the heat generating
from exothermic and redox reactions during the combustion (can be >2000 K) (10] pro-
vides the energy for initiating and propagating the chemical reactions. The large amount
of gases released from the combustion process rapidly cools down the product stimulating
the nucleation process and inhibiting the substantial crystal growth [11]] These phenom-
ena result in high purity and homogeneous nanopowders with (or without in some cases)
requiring low calcination temperature and short soaking time [1]. For preparing BZT by
combustion technique, organic complexants such as urea [12] and citric acid [6] have been
used as sources of fuels for combustion, however, glycine which is an inexpensive fuel and
provides more negative heat of combustion than urea and citric acid (heat of combustion
of glycine = —3.24 kcal/g, urea = —2.98 kcal/g and citric acid = —2.76 kcal/g [13]) has
not been reported for preparing BZT yet. In addition, the use of glycine could benefit in
increasing the solubility of metal complexes and preventing selective precipitation during
evaporation process [14].

The work described the synthesis and characterization of BaZrg3Tip705 by glycine-
nitrate autocombustion technique. The effects of glycine-to-nitrate ratio and calcination
temperature on phase formation and microstructure of the BZT were examined by TG-
DTA, XRD FT-IR, SEM and TEM.

Experimental Procedure

Barium zirconium titanate (BaZrsTip;03) nanoparticles were prepared by microwave-
assisted antocombustion method. Barium chloride dihydrate (BaCl,.2H,0, Fluka, 99%
purity), zirconium oxychloride octahydrate (ZrOCl,.8H,0, Sigma-Aldrich, 99.5% purity),
titanium chloride (TiCly, Waka, 99% purity), nitric acid (HNOs, Carlo Erba, 65%) and
glycine (NH,CH, COOH, Sigma-Aldrich, 99.7% purity) were used as starting materials. In
this method, nitrate acted as an oxidant and glycine fuel was used as a reducing reagent.
Stoichiometry of redox mixture for combustion was calculated based on the propellant
chemistry to give the equivalent ratio (total valencies of the fuel to oxidizer) [15]. Since
the total valencies of the reducing (NH,CH,COOH) and oxidizing species (HNO3), are
+9 and -5 (valencies of N = 0, H = +1, C = +4, and O = —2), the stoichiometric
condition for combustion is at fuel to oxidizer molar ratio (glycine-to-nitrate) of 0.56:1.
In this study, the glycine-to-nitrate ratios were varied at 0.56:1, 1:1, 2:1, 2:2, 2:3, 3:2, and
3:3. The precursors with required molar ratio were dissolved in a minimum volume of
deionized water and after obtaining a homogeneous solution, the mixture was heated in
a microwave oven (Shape R248, 700 W). Upon heating the aqueous solution turned into
a viscous gel and became swelling followed by an autocombustion in which producing a
short flane and gaseous decomposition products i.e. CO,, N,, Cl, and H,0. As the heat is
generated by the interaction between microwave and the materials in a molecular level, the
used of microwave irradiation resulting in uniform heating and shorter reaction time (in this
study, all reactions were finished within 30 min) compared the conventional combustion
method carried out in a hot plate. It should be noted that the autoignition reaction occurred
only in the conditions using glycine-to-nitrate molar ratios of 2:2, 2:3, 3:2 and 3:3. There
was no flame produced in the conditions prepared using glycine-to-nitrate molar ratios
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The microstructure of BZT powders examined by SEM is shown in Fig. 5. The BZT
powders calcined in air at 500°C for 4 h exhibited loose aggregated particles with spherical
morphology. The particle sizes were in the range between 50-100 nm. By increasing the
calcinations temperature to 1000°C, the higher degree of agglomeration and the increase
in particle sizes (70-120 nm) were observed as expected. The impurity phases of BaCOs,
Ba,TiO4 and t-ZrO, were also observed in the SEM images. TEM image of BZT powders
calcined at in air 1000°C for 4 h is presented in Fig. 6. As can be seen, TEM study agreed
well with the SEM analysis by showing agglomerate BZT particles formed by primary
spherical nanocrystals. The crystallite sizes of BZT observed by TEM were 8—20 nm.
These values were consistent with those estimated by XRD.

Summary

This study investigated the preparation of BaZrog 3Tip 703 nanoparticles by autocombustion
method using glycine as a fuel and nitric acid as an oxidizer. XRD analysis indicated that
cubic perovskite BZT with the trace of impurities can be obtained from the synthesis
condition using glycine-to-nitrate miolar ratio of 2:3 and calcined in air at 1000°C for 4 h.
The microstructure the BZT examined by SEM and TEM showed agglomerate particles
consisted of primary spherical nanocrystals. The crystal sizes of BZT obtained by TEM
analysis were 8-20 nm. These results suggested that nanocrystalline BZT can be prepared
using the glycine-nitrate autocombustion method.
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Spherical monosized barium zirconate titanate nanoparticles (Ba(ZrTi;_)O3 (BZT)
when x = 0.25, 0.30 and 0.35) have been prepared by co-precipitation in a strongly
alkaline solution (20 M NaOH) at 80°C. The phase formation of the as-precipitated
powders was characterized by XRD, FT-IR and Raman spectroscopy as a single-phase
BZT with cubic perovskite oxide structure. This indicates that crystalline BZT powders
can be obtained from the co-precipitation in 20 M NaOH without the requirement of cal-
. cination process. SEM analysis showed that BZT had nanosized spherical morphology
with uniform shape and size. The crystal sizes obtained by TEM analysis were 20-40 nm.

Keywords Co-precipitation; barium zirconate titanate; nanoparticles

Introduction

Barium zirconate titanate ceramics (Ba(ZryTij_x)O3 (BZT)) is one of the most promising
microwave tuneable dielectric materials to be developed for tunable microwave devices
such as tunable filters, phase shifters, antennas and actuators [1~3]. BZT with perovskite-
type oxide structure (ABO3) is formed by a solid solution of barium titanate (BaTiO3) and
barium zerconate (BaZrQ;). The substitution of isovalent cations, Zr*+, for Ti** results in
altering the crystal features together with broadening and shifting in the phase transition
(Curie temperature, T.) [3-5]. The dielectric properties and tunability of Ba(Zr,Ti;_x)O3
ceramics can be optimized by manipulating the Zr:Ti concentration. BZT with x in the
compositional range of 0.26 < x < 0.42 was reported to exhibit relaxor-like behavior
(diffuse phase transition) with high thermal stability, high electric field tunability and low
dielectric loss constant [4, 6].

Nanocrystalline BZT with homogeneous distribution of composition and uniform par-
ticle size and shape are required in order to improve the sinterability and dielectric properties
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of electroceramics [4, 7]. To produce materials with the desired properties, many factors
need to be taken into consideration e.g. nature of starting materials and processing routes.
Various wet chemical methods including co-precipitation [7], sol-gel [8], hydrothermal [9]
and sonochemical techniques [10] have been reported for preparing BZT powders. Com-
paring to the others, a co-precipitation is seemed to be a simplest and effective method to
produce BZT nanoparticles. As a strong alkaline environment is favored for the chemical
equilibrium of reaction of the BZT formation, BZT can simply be precipitated in a solution
containing highly hydroxide ion (OH™) concentration [7]. In addition, this method does not

. Tequire expensive reagents, complex procedures, sophisticate instruments and high tem-

perature calcination treatment steps. Reddy et al. has reported that nanocrystalline BZT
(Ba(ZrxTi;—x)O; for x = 0.10, 0.20 and 0.30) with mixture of shapes including spherical,
elliptical, acicular and cube with truncated edged shapes can be obtained by co-precipitation
in 15 M NaOH [7]. As increasing of hydroxide concentration was suggested to increase the
purity [11] and decreasing the particle sizes of BZT [10]. This study focused on the inves-
tigation of the phase formation and microstructure BZT (Ba(Zr,Ti;_x)Os; when x = 0.25,
0.30 0.35) prepared by co-precipitation in highly aqueous basic solution (20 M NaOH).

Experimental Procedure

BZT nanoparticles (Ba(ZryTi;_x)O3 for x = 0.25, 0.30 and 0.35) were prepared by co-
precipitation in 20 M NaOH at low temperature (80°C). The stoichiometric amounts
of barium chloride dihydrate (BaCl,.2H,0, Fluka, 99% purity), zirconium oxychloride
octahydrate (ZrOCl,.8H,0, Sigma-Aldrich, 99.5% purity) and titanium chloride (TiCly,
Waka, 99% purity) were dissolved in de-ionized water. The mixed solution was slowly
dropped into a 20 M (mol/l) sodium hydroxide solution (NaOH, Carla Erba, 97% purity)
at a constant rate of 10 ml/min. The reaction was carried out at 80°C under flowing of
argon gas and a pH of the synthesis solution was maintained at pH~14. After the adding
process was completed, the solution was continuously stirred at constant rate for 15 min.
The precipitates were separated by centrifuge at 4000 rpm and washed with de-ionized
water until the washed solution was neutralized (pH~7) followed by washing with formic
acid (HCOOH, Carla Erba, 98% purity) to remove any possible carbonate contamination
[12]. The as-precipitates were then dried in oven at 100°C for 24 hours. Phase formation
and crystal structure of the synthesis powders was studied using X-ray diffraction (XRD,
Bruker D8 Advance, CuKe, 26 = 20-80°, the measurements were made relative to an
external silicon standard and the phases were identified using the JCPDS (ICDD) index, the
crystal sizes was calculated based on the Debye-Scherrer equation (D = KA/(Bcos@), where
D is a crystal size, K is a constant taken as 0.9, A is the wavelength of the X-ray radiation
(CuKq radiation 1.5418 A), B is a full width at half maximum of intensity of the diffrac-
tion peak and ¢ is the Bragg’s angle) [3], Fourjer-transform infrared spectroscopy (FT-TR,
Perkin-Elmer GX 8500, KBr mixing, measuring in the range of 400—4000 cm™') and Ra-
man spectroscopy (Thermo scientific DXR, measuring in the range of 100-1000 cm™).
The microstructure was studied using scanning electron microscopy (SEM, Hitachi 54700)
and transmission electron microscopy (TEM, Phillips TECNAI 20).

Results and Discussion

XRD studies of the as-prepared powders with different zirconium concentrations
(Ba(Zr,Ti;_x)O3 when x = 0.25, 0.3 and 0.35) obtained by co-precipitation in 20 M NaOH
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Figure 1. XRD patterns of as-precipitated Ba(Zr, Ti;_)Os for x = 0.25, 0.3 and 0.35 obtained from
co-precipitation in 20 M NaOH aqueous solution. (Color figure available online.)

solution are shown in Figure 1. The XRD patterns of all samples showed well-defined
diffraction peaks with the phases identified to be cubic perovskite BZT phase (JCPDS
no. 36-0019). No other diffraction peaks were observed in all samples. This indicates that
single phase crystalline BZT can be obtained by precipitation in 20 M NaOH solution.
By increasing of zirconium concentration, the XRD peaks are appeared to shift to slightly
lower angles. This shift in angle is consistent with the increasing of zirconium concentration
indicating the replacement of smaller titanium cations by larger zirconium cations (ionic
radii (8-fold coordination) of Ti*t = 0.745 A and Zr** = 0.860 A) [3]. The calculated
crystallite sizes using Debye-Scherrer equation were 36.8 4 0.02 nm, 28.3 £ 0.02 nm and
18.9 + 0.02 nm for Ba(ZI‘o_25Ti0.75)O3, Ba(Zro,3oTi0_70)O3 and Ba(Zr0,35Ti0,65)03 powders,
respectively.

The phase formation of the as-precipitated BZT (Ba(Zr, Ti; )O3 for x = 0.25, 0.3 and
0.35 was further studied by FT-IR and Raman spectroscopy. IR spectra of BZT powders
(Figure 2) showed the characteristic absorption bands of the perovskite phase (vibration of
BOg octrahedra, when B = Ti or Zr) at 540 cm™! [13]. It should be noted that absorption
bands observed at 3400 cm™! and 1600 cm~! can be attributed to the asymmetric vibration
of O—H stretching and O—H bending of physically absorbed moisture containing in the
samples or in KBr during sample preparation. .

Figure 3 shows room temperature Raman spectra of BZT powders prepared by a
co-precipitation in 20 M NaOH aqueous solution. The Raman spectra of all samples are
comparable with those have been reported in literatures [4, 5]. The characteristic Raman
modes of BZT associating with the asymmetry within the BOg octrahedra were observed
at 185, 220, 300 and 512 cm™! (A,(TO) modes) along with the modes corresponded to
zirconium substitution (locally distorted ZrQOg octrahedra) and a signature of the ferro-
electric relaxor phase at region 600-800 cm~!. The weak bands assigned to BaCO3 were
observed at 135, 155 and 694 cm™! [14, 15], this carbonate contamination was probably
formed during storing the samples. The results from XRD, FT-IR and Raman spectroscopy
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Figure 2. IR spectra of Ba(Zr,Ti;_4)O3 for x = 0.25, 0.3 and 0.35. (Color figure available online.)

confirmed that high purity crystalline BZT powders can be prepared by co-precipitation in
20 M NaOH solution without a requirement of further calcination process.
The microstructure of the Ba(Zrg 3Tig7)O3 powders examined by SEM is presented in

~ Figure 4. The BZT powders showed spherical morphology with high degree of uniformity

with respect to shape and size. TEM micrographs of BZT (Ba(Zr, Ti;_4)O3 for x = 0.25,
0.3 and 0.35) with particle size distributions are shown in Figure 5. As can be seen, TEM
study supported the SEM analysis by showing spherical morphology with narrow size
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Figure 3. Room temperature Raman spectra of Ba(Zr, Ti;_,)O; for x = 0.25, 0.3 and 0.35. (Color
figure available online.) /
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Figure 5. TEM images and size distributions of Ba(Zr,Ti;_,)Os for x = 0.25, 0.3 and 0.35. (Color
figure available online.)
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distribution. The BZT with spherical shape obtained from this study is different from that
has been reported by Reddy et al. [7]. As the dispersive force and electrostatic interactions of
ions are important factors to control the crystal formation, increasing hydroxide ion (OH™)
concentration of medium solution (20 M NaOH) could lead to the isoelectric condition
which is favored for the spherical shape formation [16]. The average crystal sizes observed
by TEM (26 +5nm,36+8nmand31+6 nm, for Ba(Zro_sti0.72)O3, Ba(Zro_éoTiojo)o;:,,
Ba(Zro35Tig.75)O3 respectively) were in that same ranges with those calculated by XRD.

,

Summary

This study investigated the preparation of spherical monosized barium zirconate titanate
nanoparticles (Ba(Zrx Ti; )O3 for x = 0.25, 0.30 and 0.35) by co-precipitation in a highly
basic solution (20 M NaOH) at 80°C using BaCl,.2H,0, ZrOCl,.8H,0 and TiCl, as the
precursors. The phase formation of the as-precipitated powders characterized by XRD,
FT-IR and Raman spectroscopy exhibited single-phase cubic perovskite BZT. These results
indicate that high purity nanocrystalline BZT can be prepared directly by co-precipitation
in 20 M NaOH without the need of any further calcination treatment. The microstructure
examined by SEM and TEM showed that BZT powders had spherical morphology with
uniform size and shape. The crystal sizes of BZT obtained by TEM analysis were 2040 nm.
This study exhibits that spherical nanocrystalline BZT with uniform size and shape can
simply be prepared via co-precipitation in 20 M NaOH solution. This simple, effective and
low cost procedure could probably be applied for producing some other perovskite oxide
materials.
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