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Abstract

The aging of Pb(Zrys5,Tig4s)O5 with 0.1, 0.2, 0.4, 0.6, 1.0 and 3.0 mol% of Cr,O3
addition and 3 mol% Nb,Os5 Pb(Zr; 5, Tig4s)O4 with addition of 0.1, 0.2, 0.4, 0.6, 1.0 and 3.0
mol% of Cr,O5 are prepared by conventional mixed oxide technique. After ball milling in ethanol
for 24 h, the dried slurry are calcined at 975 °C for 2 h. Then, the calcined powder are sintered
at 1250 °C for 2 hrs. The phases formation is observed by using X-ray diffraction (XRD)
technique, the perovskite phase is found in very composition of single doped Cr,O3; and co-
doped Cr,05 and Nb,Os. From microstructure analysis by using Scanning electron microscope
(SEM), the grain size tends to decrease while pores tends to increase with increasing
concentration of Cr,O;. In cases of co-doped Cr,O; and Nb,Os grain size tends to increase
with increasing concentration of Cr,O;. The aging has been measured at room temperature
after quenching from 600 °C above the Curie temperature and held about 2 hrs by dielectric
and hysteresis loop measurements. It is found that the dielectric aging of all compositions
reveal relaxor aging behavior. And polarization tend to decrease when increasing the Cr
concentration from 0.1-0.6 mol% in very composition of single doped Cr,O; and co-doped

Cr,05 and Nb,O:s..

Key words: Lead Zirconate Titanate, aging, Dielectric properties, Hysteresis loop
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{ o a £ { | ' i a a
El]ﬁ 2.2 ﬂ’lﬁwﬂizﬁ‘ﬂﬁﬂ’lﬂ%au@la LLE\lZﬂ’]ﬂ\‘iﬁvL@]aLaﬂ‘ﬂiﬂﬂla\‘iiz‘U‘UPZT
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31U 2.3 unupAIgnIevaIsITazaIuvaIuds (solid  solution) T8I LaaLTESlALLA

U U

(PbZrO;) uaz Laa MNua (PbTIO;) uaaslassasnsluluadiinfignunn e

2.2 ﬂ’liﬂ%ﬂﬂ?dLaﬂlﬁaiﬂ:ﬂL%@ll‘i’lﬂ'\t%@l‘[ﬂﬂﬂ’lilﬁa
widnaaimaslamalnnuuaaziquaud@nisiWindlunaio gdu udifanis
ﬂszqﬂ@ﬂﬁmumww:@?’mﬁfu %'iaﬁmsﬂ%’uﬂgoauﬁ'@maaLa@maﬂmmvlmmm@ﬁﬁimm%”m
& A A Ao A 4 @ \ A A
WNBIANE INALUL ABO, I@ymimamaomswamﬂi:ﬁqmLmﬂu LLaszﬂmamﬂVLaaau‘ngmmuw
& 1 I L= U Qs >
Tulosau A w3a B Gsudaiuansidedili(donor dopants) Laza13t38623U (acceptor dopants)
P A A Ao V) a A& | @ 9 o wa
lunsm‘*uaamimamaaa’maamﬂiz@Lmﬂuﬂu"laaauﬂgnLmuﬂuumulmgmvlﬂwaum
mavl,wWﬁvﬁamaﬂaﬁﬁé’aﬁuﬁﬂﬂﬁwﬁwmﬂ%’uﬂ‘ga LLazﬂi:qﬂ@‘T’ﬁ &Luﬂﬂiﬂitﬂqﬂ@ﬂ"ﬁ‘ﬂu%aﬁﬁﬂ%a
Aa ' A ~ A o o A Ao ' a
mﬂizqmemwm"l,aaauwgmmuﬂ Taog13L3067 1% ﬂawaﬂﬂmﬂizqummszﬁ;maavl,aaau‘n
Lﬂugnmzﬁmsmmyﬂizgmmﬁul@ﬂﬁaadwwadl,mm'laaau (cation vacancies)  &IUE1ILAD
o o A d'd c; 1 d' I a 1 a s [ 1
AU ﬂawaﬂmﬂsz'«g‘mnmﬂszqmaﬂaaaumLﬂugmﬁ]:um?mLmﬂi:fgmumﬂ@umﬂwamw
a . ' i A & A 2+
28aNTL1a% (oxygen vacancies) atndrulunsdivesaaimaslaiug Inniuaiu A fa Pb &1 B
A 4+ A 4+ o & A A A o o R A ] A [ )
Aazr wia T asuulunsdlvesmailemsiadiiviaiatasinvieandiau ai3y 2.4 (a) §u
= A A o R a [ 1 s [ % ' A
lunsdin313081313002 1AL AT 9319289180 a3 a3 24 (b) uazdadnIaIMILIUEAY
AIANTIN 1.1
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O Vacancy A Vacancy

. Q/ ,\spgibited
oxcae) Ne)
@060

(a) (b)

37U 2.4 anwunwissraInAniiinanmaida (a) @3U uaz (b) dalw

A o ' A AL A, A P
AN 2.1 @]’JaU’]\‘]ﬁ’]‘jlf'ﬂaLLﬂuﬂTﬂNﬂ’]’quausﬁmﬁlﬂzﬂqﬂmaﬂaz@amﬂl;ﬂui’]u

AWAUILNIN 813 OURT AT
o o 3+ 3+ 3+
Srumtha A @bk : La L, Bi, Nd
° ' o o 5+ 5+ 5+
FLng B @l : Nb ,Ta ,Sb
o o ) K+ Rb+
@AY A UEEENE ’
o @ 3 3 3 3 3 3 2 2
. . @3U : Co ,Fe ,Sc ,Ga ,Cr ,Mn  Mn Mg g
A B o
Cu

A o & a A oo & \ \ a & a
N3N 24 (a) lulanssiranesanalndniinsidadiiunu asieandauiulanin
dl dl £ dll £ a I3 v a n;d 1 d; Qs g: 1 1
indeunlags itasdaelasausandiaudulaviaiisvasuaafioniiannudaiiies dsuusasing
a a " v Qs o v { Qs U A g: 1 1
aanfianisiilesansandiauagdrafvsnuuasrildmansawaniddsunulaing Seragsening
AITUNUAILRUITNITDI0aNTLANIWIZLARAUN bAIN8NT ﬁﬂﬁmaa:gﬂﬁ'@L‘%Uaﬁﬂmjvlﬁd’]sm’j’]
o o A \ o o a & o [ , & A A
muldzmynfuazdnatiolunisyinlvlassainla gt o sin aUanLmelTuih NARauN
°11a<1me@muﬁa:gﬂﬁiﬁﬁ'@%ﬂ;}mmsnﬁwmﬂwaaﬂeﬂmﬂdw LRYRINA LARNIWE B NN TN
. . . o o & 4 .
wazNIFALEET INFUAENINARARY UARWINALELT (coercive field) AN T3 PZT AN
A o v o Ao wn st a " . o o A o o q o
mIdaddiunliaudamaritgnisonitHard PZT lunsasinudhunsidadasedali (donor
. A v @ A AN o &£ o a £ A ' £ '
doping)  dmalintislawuafonnldinedu uazdudszdninmadendagedu uddnisznay
a (% = 4; dﬁ Qa ' gd 1 « - d' A s %
EINALAZIWINALAISHANGIRI DISNBULTUHIENIN “Soft PZT” 1ihadsannmsidaaalvadln
813 PZT suazldviliiiasesinsvesunalaaan é’agﬂﬁ 24 (b) URZAMNITUTUYBITIIN
sandlauaaatuazildanududuvesganuunniasnvlilawniiafissnwiuaaaidn ns

A o A P AN v a & ] o v ! a a & a
ﬂNuGI@]LN%N&ﬂ’]WLﬂaauVIVL@LWNNqﬂﬂuﬂzaﬁwaﬂqlﬁﬂ’]aﬂ’]WUE’J;J ﬂ’]ﬂ’]igfyLaﬂmade@aLaﬂﬂﬁﬂ
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' . , o a £ ] a & ' o 9 v a
ﬂ"lﬂ']']&l‘l)’lq%LLflJ‘Llﬁ(ﬂViEJ% LLﬂzﬂWﬁNﬂizﬁﬂﬁﬂ?iﬂﬂ’lULW&J"IJ“H) LL@]’J’]"i]tvLﬂVl']lﬁ AlsznauLTing

883 [2 - 5]

9N 2.2 WRBUNBURNTRANS 9§ Va9 PZT 32#IN9 “Soft” uaz “Hard” PZT

Classification Effect

Reduces oxygen vacancies.
Increases domain wall mobility

High dielectric, piezoelectric constant.
Soft PZT
Increases elastic compliance.
High dielectric loss.

Low mechanical quality factor.

Easy poling, low coercive field.

Increases oxygen vacancies.

Decreases unit cell volume.

Decreases domain wall mobility

Hard PZT Low dielectric, piezoelectric constant.

High mechanical quality factor.

Low dielectric loss.

Hard poling and depoling, High coercive

field.

2.3 mslﬁaumumq
mnﬁaumumq BUNODINITUROULURIVIRNITAGN qmaﬁaqﬁunm ANSLRANANY
21y Aunuandaylunisdszyndldinue tlesnnand@d1sg vasanindnazgnianas
NNTHAA 131 s?ja@hLmhﬁa:l,l,mﬂ@mﬁ'uauﬂ'ﬁmaomﬁwﬁﬂLﬁagﬂﬁ’mﬂﬁmuﬁﬂm:mnm
faun asJNVLiﬁmumiL%aumqﬁmmmﬁﬂﬁd’auné’ﬂﬁﬁ’w @i”wmﬂﬁmw%”auquﬁu
A A A @ ° A L o o A 2 aa
aunniled mau,wmesmLﬂmuﬂlﬁagimauﬂw"lwmﬂszl,l,aaau w38 NITUEATIFI ) TIIDNS
| A= A al v A a . &
mmuﬂmmmLﬂamuuﬂaamnaawmq"l@LWﬂouﬁaﬂsmLﬂwuu
mn%aumumqmaamimmﬁﬂLa@LmaﬂﬂLumvlmmLu@lmmina%mﬂmuﬁunmﬁ
'y ° ' ° A A o o = ' ' & '
N9 Lmumaaamummzmmnaaumumq"lﬂmmwuﬂumuﬂawuﬂaoamaﬂamﬂuﬂas
14 sluﬂm;ﬂ'uﬂszmumil,ﬁammlmqLﬂuﬁm‘fﬂuﬁwaammﬂu’fa@;LWﬂSSLSﬂ‘ﬂ%ﬂﬁﬁmﬂ%a
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A3 (acceptor dopant) Robels Waz Arlt [6-7] VlﬁﬁﬁLauaLLU‘Llfﬁﬂaam%oﬂ%mmmmmﬂ%aumu
anqluaWSLW§Is§LSﬂﬂ%ﬂﬁL%ﬂéﬁ%ﬂ g@ﬁﬁLﬁ@maanniLﬁaugpwa%ungﬂuﬁnsrﬁuaﬂﬁdﬁﬁq Y84
ﬁﬂﬂoﬁuiowﬁhiﬂuﬂ$I@Uﬂwsﬂauaawmmaoaawwunwﬁaofﬁg Folsznaudinlosondarsuuas
F0971900NT12% MNTIABHITIVEIANULNNIDIHANT HINNNTUNIVBITOIII0NT L%
Tastuuauiany Qﬂﬁﬁﬂgluﬂﬁzhﬂﬂ 8134986750 wel Uchida waz lkeda [8] bosneda
Jlasfsufidelusnomninaareslauwa lnninailonafiesiialaas lusasrinlmia
Maurildnansdn wananimsaninaamailowalnnsafinmsdadslendousuaas
drannanudumuliifuanarsrululsinmnsieiuandisin uazlasfioafisoluans
wdnaawailamanniuaiuladatsldnmsfeuaunaanss LATIENwNILEONY8IENT
wndnaamaslamalnniueninisiedslandonssdusumtes wasiitisvasnisiaen
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unn 3

NIANBWNIIIVY

3.1 arsadiuazailnsol
1. aae8nlwe (PbO) mmu‘%q‘ﬂ'ﬁg 99.9% WAAlALLSHN Fluka Chemical
waslaheulasanlod (zro,) mwu'%qwfﬁf 99.9% WAAlABL3HN RdH laborchemikalin
Tnnudteylesenlad (Tioy,) mmu‘%a;m‘§ 99.9% WAAlABLSHN RdH laborchemikalin

lasiiswlavaanlod (Cr05) ANALIINT 99.9% HAGlABLIEN Fluka Chemical

2
3
4
5. lafiaueaanadas (Ethyl alcohol) mwu'%qwfﬁf 99.5% WAALAsLIEN Merck
6. unaw
7 q@qﬂmtﬁm‘%‘amﬁa
8.  LA3DILALOINTNETT
9. anuawwaslaiily
10. gauany wAalauy3shn Griffin Grundy
1. @ AN &@RTULHNENT NAAlasuIEM Lenton Fumances 34 4279
12, dasaglwwiaurhUadwiuiuans (alumina crucible)
13. Lﬂ%'ad X-ray Diffractometer(XRD) g’u Siemens-D500

Wiaugwiays JCPDS version 2004
14. ndasansIAUBIAnaTauLLY Scanning Electron Microscope(SEM) Haalasi3sn JEOL

3 JSM 840A
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3.2 NSTUIMNITLATUNHNS

LASHNEITNNNLAALTDILALA MNLUA Lead Zirconate Titanate ( PZT ) lag 8@3187%
yo9 waslaion / nnuflon r / Ti) wihd 52 7 48 Adm3setnlasdion (1) sanloduas
Tulawfow (v) sanlos dodTnanaanlsd ( mixed oxide method ) lagide lulaifuw (v)
ganlos 3 wWasisudlaslua waz lastlion () sanlsd 01, 02,4, 06, 1, 2 ua 3

Wasiaudlaslug AILHURINTLATBNAIFUR 3.1

L@]%Elllﬁ’]ilfﬁi’]ﬁﬂLEW]L‘EaﬂﬂL%@ﬂﬂﬂ’nu@ﬁ]’]ﬂﬁ’]iﬁdﬁ%
PbO+ZrO,+TiO, + Nb,O5 #38/ae Cr,0,

% ad 6
ALATHNRN AN L

!

NENAIELATEY Ball milling tHwanwn 24 5alud

!

auUN 120 avatmaldos 1waan 24 T2lu9

!

LWLAR LT 950 adetraldua 1Twina1 2 T lad

El]ﬁ 3.1 WNBRINILATLUN Lﬂ@]L‘ﬁﬂﬂﬂL%@leﬂﬂ’]Lu@

ﬁnﬂﬁfuﬁmﬂﬂum:ﬂaawmaaﬂﬁmiggﬂmmaﬂﬂLﬁy LRILANLANIBARAI L8N
Juatiolunminaedn Jachldafinuaih ldvinnmsuedesnananssisaias Ball milling 11w
LAWY 24 T2 LN LLﬁaﬁaﬁwvlﬂauiﬁLLﬁaﬁqmmgﬁ 120 avanaalSuaLdniaa 24 Ty N
ﬁwowauﬁvlﬁﬁlﬂuﬁaUagﬁmﬁ@miﬁaﬁﬂLLéf'sﬁ']"LiJLmLLﬂa"LGﬁﬁ@hmmVLWﬂ'lﬁqmﬂQﬁ 950

A o o & A ~ ~ v &R o A
NANTATER  GI80ATINMNIUU-RI9MANT 20 D9ALTALTUR /W L8299 83N L ke Tsan
=) { =) J v a

AUIN N NNATUAI8INAKA XRD
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3.3 NTTUIRNILAILNLLINNN

° i Ld o & . . . < gl {
el daluUuuy uniaxial pressing A33azszanm 2 N3y laowaw PVA Nl

v v @ & o { o Y o £
anututuiaas 3 lagimninaslUdszanm 2-3 noa inatdudisiodseawldmanenunadn
lapfFunuildaziansusiduununan (disk) NHvwaduuguinatslszanm 15 Hafwas
lasvinnsoaluuifunlansdronIassaszuulalasdn droanuau 1.5 au tdwaiuwiu 30

a =) dll 9/: dl 1 g J ¥ &R o g a U a v o

Awf laldunufikiunidaliugy (green body) udrdsihundaiesasludinagiivn usainly

a ¢ < A o £ A & A a a
wnBuiaed Wunawu 2 Tl lasldannwssgunniidu 20 ssanaaidosundl laody

'
¥ A

v v IQE/ J d a a w 1
mam'mwm’nmaul%meumumu‘lﬂauﬁaﬁqrwgw 500 B9FLTALTE LL&ZﬂG@‘m%Q&J@IGﬂﬂT}

|

Idwaiuwiw 1 T laudran iNatdwn13inaass PVA aan llanTuwlinale a1nuisvinniy

'
a

A o X, LI N PN a o v A &
LWNﬂqm%{}ul%gﬂmu@aqﬂﬂuﬂizﬂﬂﬂﬂﬂ’]qm%ﬂw 1,250 IFALDREDYUR FIRIUNNILNIDULADT

(2
A

TUITW

NINHNWATLAS o1l + 3wt% PVA

4

& v Y o
El(ﬂ"ll%gl] YAV 1.5 at

LT Waas 1,250 avatoaldor 1Hwaan 2 721U

A £ A a 6
Eﬂﬂ 3.2 LLN%NGT’]’]?L@]?EJ&IL‘ITT]NTW@LG@Lgﬁaﬂﬂl,%@lvlm‘ﬂ"ll,u@l

3.4 NIATIVFDUBWINW

3.4.1 nMIasdauananaRa XRD

ao Al o A kg o a & \ . . o

Tunuddpilalfinefiansiasunvassifend (X-ray diffraction technique) lagld
\A384 Siemens-D500 diffractometer a93U7 3.3 lun1samaseumrliauazdSunmuveanaiiia
& o (% (% A o [ a a . ¥
JulapadunannIannIznuaITIRenTaIUwAIIRQUANAANINTZIA (scattering)  WaziAL?

= dq, 1 s J [ v = dlﬂ/ a
wulasfiyulunmadsnvuuandiuly susgiulasewdnuazszwnunfsdannsznunaly
Taq lasunyadiimiisnuuisfenduasizqudazsianuiaziianuanizianzasdniuiag
u1g a9t WariaIesladniuaaia (detector) 3383TuTadandfinizidseanunnniaglu
duniieng g fazananinamasevldirisguuiuizgniaasziale lasfansanandayaves
AMUFNRUTITNINANVRILLINA (Bragg's angle) uazaNainvasiaTifianduatuuvating

E P | RV v ' a = g A
ﬂ’]ﬁLﬂﬂ’)LﬁJ%‘Y]ﬂi’Wﬂg Gﬁ\‘i@]\‘i‘ﬂvl(ﬂﬂﬂﬂ’llﬂLL&']’]’]&WSLL@]&&"H%@ "i]‘&:&lgl]LL‘]JTIJ“IJBGﬂ'TiLGEI’JLﬁJ%Y]L]J%
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ANEMILANIZLANA9INK 1Y F9RINITARILUDBE1INTIRBILLBIIRIandNasaFan lawn
wWisufisuiudayavesansziiadnagnfiaglugiudeyanaigiu (JCPDS files) Laayivmay
a dl a g v n::l o n:q’ a A:ll a v 1
siavasWaitiadnled lasisuannmsinsuasdunwandnfeTonldurunalale holder
N lINUS TR IFINITLINITUINULULATEY X-ray diffractometer kadLauAIBIlae s
lﬂl v A 6 1 ‘ﬂl o k3

Whnaauas (Cuk,) Nidssmendaianueiaauwdszanm 1.54 A aanunale step Uszanmw 5
asrndauwfi 3N 20 71 20 asen lUaudisdyn 20 760 asmn

Eﬂﬁ 3.3 Lﬂ%a\‘i X-ray diffractometer ju Siemens-D500

% 3 a 4

3.4.2 ﬂ'li@li')'i]ﬂﬂﬂtﬂiﬂﬁi’ldqaﬂiiﬁ%ﬂﬂ\‘iL°Ifi']3~lﬂﬂ
o a_d = v A v o_ o el o & & Y ¥ a . ¥
ninfiesonle feudisnasdmdmmnsurinduar wia laslfinadia sputtering &7
ﬁaﬁnLmﬁﬁﬂﬁaﬂﬁi’rﬂﬂﬁ'}msmaﬁme:ﬂmaﬁwqamiﬂﬁﬁasmiffaaﬁgammﬁ&ﬁﬂmammu

§89N31@ (Scanning Electron Microscopy %38 SEM) ﬁﬁLLﬁ@ﬂugﬂ 3.6

gﬂﬁ 3.4 ﬂﬁﬂﬂﬁ;amiﬂﬁ’éLﬁﬂmammudaam’m (SEM) 3% JSM 840A
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') ] Aa & a S a s
3.5 N13IaAladlanasnuaz9Indainasda
vtuanidn laansld silver paint ud i ldinnamngil 650 asenimaiGus iuian 1
Tl #asnuudah ldInafen auwluin 20 kviem Namngil 120 asenioaiGos 1w
~ & 2 o o A & a = A o a
25 Wil nuudsvimaiadnladidneainuazrudaineifaanszuy ai3uN 3.5 uaz 3.6

jUN 35 uuialadianasn

gﬂﬁ 3.6 STULINIUTRINITH
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UNn 4

NRIWIdBLAzaNUIuHE

4.1 mdanziilavaseniin Pbzr, ,Ti, )0, iin1313a Cr,0,

mﬂmﬁmﬁzﬁn’mﬁ@LWaLwaiawavl,ﬂ@Tmugﬂﬁ 41 VaRTING Pb(Zry s, Tioss)Os N3
n13138 0.1 mol%, 0.2 mol%, 0.4 mol%, 0.6 mol%, 1 mol% Waz 3 mol% Cr,0; WU LialWg
TINVDITONLDTATOUNE (rhombohedral) wazlaaszlnuaaing (tetragonal) @14 JCPDS Sialas
L8 T} 73-2022 uay 70-4264 MNEIGU

= sl T & gogTsT
-

-— ~— | ~— (9] 8N NN
S == == S % =¥
— ~ | e — ~L ———
| 73-2022 I | Ll

—
= <ola - as =
Shus "l | N N o 25 —-=
| 70-4264 | \‘

["‘—-—._

| 3 mors o
1 m'ol% ) ( /k
M,

0.6 mol%

110.4 mol%/ \ HH_

0.2 mol% || J /\\

I B I ! I E T ! I ! I ' ! ! I

20 25 30 35 40 45 50 55
20

Intensity (arb. units)

3N 4.1 usasnafiaswasana induad s iin Pb(Zr s Tioss)Os NHMN3L38 0.1 mol%, 0.2

mol%, 4 mol%, 0.6 mol%, 1 mol% az 3 mol% Cr,O4
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lagmsfsanmsiiawaiinvassenvadasawina  (rhombohedral) uaziaaszlnuaa
W& (tetragonal) 2=WANTMIATN lattice index (020) #nuTanNUaTasouna aauaaszlnuaatWa

TWINTIHIAN lattice index (002) LAz (200) ﬁdgﬂﬁ 4.2

(020)
73-2022 |

(002) (200)
70-4264 L

3 mol% NI A

osmate SN
| 0Amal% YN e
Q2mol% SN

42 45 48
20

Intensity (arb. units)

gﬂﬁ 4.2 LRAINININTN lattice index (020) E1vsUTaNLaTaTaWNE LaztaaszlnuaatWs

WAT9N lattice index (002) Laz (200) VBILTINNN Pb(Zr 55 Tig 45)03 ik Cr,0,

NNMTUTEIN TN N ETa N U TATALAIWALAAIZNAWAR  WUU  Lorentzian 1@

ﬁﬁmmﬂwﬁwagwmmnﬁmLuu 425°— 46° % LEAIAILUN 4.3 TagaTMINATIEAMININATN
(1)

|
% = R(200) x100 (1)

Fr(200) + IFr(002) + Fr (200)

A A o a
W g 08 AMULNVYDILDATON LD TATORNR

ler A8 ANUTNYILDALAATENOUOALNE
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Intensity (arb. units)

43.0 431.5 440 442 45.0 45.5
26

gﬂﬁ 4.3 wEaIN Uz SN oW aIa N U T aLas WRLANIZNDUAR

LUY Lorentzian

30 \/.
[ ]
S’\i / \
[ ]

+— -\
E [ |
S 20-
o
L u

10 T T T ////I T T

0.0 0.2 0.4 0.6 1 2 3

Cr content (mol%)

31N 4.4 usaInanIUIAINNIIR8284 Cr,0; damatiasenUadasaalla
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nnmMyezEnaiaWaineTena indaugUn 4.3 vauTIINT Pb(Zrs;Tigs)05 Nl
3438 Cr,05 0.1 Mol%, 0.2 mol%, 4 mol%, 0.6 mol%, 1 mol% waz 3 mol% WUINLLa3LTUe
N . . S 4
ya37anvaTaseaina Juwiliuanadlusiinisida Cr,0; MATI9 0.1- 0.6 mol% waztNNInLladl
3438 Cr,05 W19 0.6 - 1 mol% WALNAUAAAIBNATILNBANITEa 3 mol% NTBINUD
' A < Y ' Aa P o +6
Newin cr Alanmsialasawluiatuldnaiodl wazanaiaiwg Pb,Cros [9-11] G9azldt Cr
A o o J o o & A o q o A A AaA o )
loaau Tevili losaudvihdidu a1aifadalw (donor) e ssilenfidwindszaunnitlesau
A A A +4 A H A g v A « A o @ A £ A
ngnunuh fa zr wia T Saduwwwliundululumadeiuiumadsiusessenuedaten
o g o . +5 . @ a &
wa luanTi3ea 1A 153 Nb - [12-13] wdnaunLNITanadzadnsiiatnaTasuadasoalnanuaa
Flug19naiie Cr,0; 0.1-0.2 mol% LdutsniinsazasvasmaiFagigandiianisriiazans
@ A ' AdaA A £ & oA a . A o o
Baoadsasg  SulunImNinsitannd ik A1aiiasanniia oxygen vacancies TNl
a A +3 ° ' A +4 A H v
anIzuInmMITaITUTzaNMIUNKA 284 Cr - luduniizes fa zr wia Ti vhlvwiae
v 6 A Q o v A ) =)
lasdgivadtnasana bnatianisiuuuaznaavinbiiiaan i nillusevvadasoaiwe [14-15]
) a & 4 I
lus29m3138 Cr,05 0.6 - 1 mol% waziiaNITaaaIvadtNaIaNUaTasaaNadnAId Terinaziiu
) a a v { v & d £ a { =
WaLTwdsInuAaiianIazae ldrasmadeNiosas S9azdang ldnninawanindniiawaian

A9lUN13438 Cr,05 3 mol% uiate 4.2

A 3 a . i
4.2 M31azilaaganssaiansfin Pb(zr, ,Ti, )0, Ndn13138 Cr,0,

nnsaaTzilansaiiantiadvesdairsfiniaaisaslaiua lnniiue
Pb(Zr 5,Tig 48)03 ninmT3e Cr,053 0.1 mol%, 0.2 mol%, 4 mol%, 0.6 mol%, 1 mol% La: 3
mol% lagiiananuidutuvaInisiiada 0.2 mol%, 0.6 mol%, 1 mol% uaz 3 mol% iNaiilu
o o a { a & ¥ .
dIUNUBBINIANBIANBUTINTUTa M InUAzINTUNLAAYY lauld Scanning  electron

i o P o a A a X oA A
microscope ( SEM ) @937l 4.5 3NaNHMAL 0N THTDITTINNULALINTUAAATY Wuduialing
PN a A o 9 oA & £ A A &
WadSunawasansideald da Cr (1) sanled 1n2u nsuveaondnaziivwmaiana luuue
AfazwIBNIRONLTIN MR N TY
a [ @ . . = '
nnmyieTzilasaieganialasls Scanning electron microscope ( SEM ) Tawudn
a v o o ‘&l Qs { a tg/ ¥

azadinsmandnfiuw livaaaiuaziwiuusasgniuiidiwauandu anansuciiiadui
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1. Cooling stage
2. Thermal equilibrium stage
3. Rapid aging stage
4. Stable stage
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AN7197 4.1 WFAIWANNT Fitting curve L4479 Stable stage VasrIToNAntaatTaslalua lnniue
PD(Zry.5,Tio45)05 NINN3138 Cr,04

Cr mol (%) & A
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3.0 1,744 -45.65

PNNANTHN 4.1 WUIBATNTAARI (A) Fuwilduaaadlugiiusn anaiieadunain s
a +5 +6 A { +4 A+, v a K o Y d '
\fia Cr w38 Cr Wlaunuil zr wia Ti' vhl#ifia Pb vacancy Tavhldaanaifauaueny ud
A ~ a A o Y Aa +3 A o v a A A A
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RONSNN VoI TTNRNLEALTASLALUA INNLUA Pb(Zr, 55T 4s)0s NIINNTL38 Cr (I11) 200 Lo

Cr mol (%) Tc €max Y
0.1 384.6 12,660 1.518
0.2 386.1 12,466 1.522
0.4 383.2 14,980 1.551
0.6 388.2 14,521 1.670
1.0 390.1 6,473 1.680

3.0 384.7 6,297 1.591




42
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mﬂmﬁLmﬂzﬁmﬂﬁ@LWaLwaiawavlﬂﬁmugﬂﬁ 414 V0 TIIING Pb(Zrg s5,Tig4s)05 N3
n13138 3 mol% Nb,Os Ltaz 0.1 mol%, 0.2 mol%, 0.4 mol%, 0.6 mol%, 1 mol% L8z 3 mol%
Cr,0; e INvaITaNUaTaTawWE (thombohedral) uaziaaszlnuaalWa (tetragonal) ANy
JCPDS  §euiaafl 73-2022 uay 70-4264 LieRansonmaiaiaiivaassenvsdasauns
(rhombohedral) waztaaszlnuaatns (tetragonal) 2:WA13H12N lattice index (020) f1rIUToN
vadaseuna duiaatelnuaatwa 32 NNTN lattice index (002) WAz (200) é’ogﬂﬁ' 4.15
waz 4.16 wuinofiruduassenvadasaaa Juwliudniulugrsnside cro, ugas 0.1-

. 5 - o X e
0.6 mol uaduw lituaaadlainI TR alNNABILTII 1-3 mol%

o o \ T o

— — | = ~— gC\I NN

o ~— ‘T ~ T — — QO

~ ~— I ~ — ~L.L
Pr— — — —_—~
oo SIS - NTO =X
ec i |\ T SR8 —

‘ S et St

pa

0.6 mol%

0.4 mol% ||| H N\ A | l

J\w 0.2 mol% |
% 0.1 mol%}

T T T T T T T

20 25 30 35 40 45 50 55
20

U 4.14 WEAIMTAAN RN TENR INGVBITINTN Pb(Zry 55 Tious)Os NHIN1TE38 3 Mol% Nb,Os

Intensity (arb. units)
=
3
o
3

bae 0.1 mol%, 0.2 mol%, 0.4 mol%, 0.6 mol%, 1 mol% waz 3 mol% Cr,04



47

(020)
73-2022

(002) (200)
70-4264 C

0.6 mol% A

VTSN NP IP POV P STOSTSPURIRUSPY V ITS

0.4 mol%

0.2 mol%
0.1 mol%

42 45 48
20
gﬂﬁ 4.15 UEAININANTN lattice index (020) UTUTaNLBTATOWNE UaziaaTzlnuaalna

R13097N lattice index (002) Uz (200) VBILTINNN Pb(Zro s,Tigss)Os N138 Nb,Os UaZ Cr,0s

Intensity (arb. units)

25
20+

S

= n

S / .

o

. ]

L 10- \

n

5 T T T ////| T T
0.0 0.2 0.4 061 2 3

Cr content (mol%)

31N 4.16 ugaIHaNIULIFINIRDVRY Cr,0; damaiinsenvadasoalna



48
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Abstract

The aging of dielectric properties of Cr-Doped Pb(Zros;Tio4s)Os were investigated. The
composition of Pb(Zr ¢s2Ti 04g)O3 with 0.1, 0.2, 0.4, 0.6, 1.0 and 3.0 mol% of Cr,03
addition were prepared by conventional mixed oxide technique. The dielectric aging has been
measure at room temperature after quenching from high temperatures above the Curie
temperature. The dielectric aging of all compositions reveal relaxor aging behavior. The
aging rate of stable stage obeyed a logarithmic time dependence, while the aging rate
decreased with increasing Cr,Os at low concentration (0.1-0.6). Further increase in Cr,03

concentration, the aging rate turns to increased.
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Introduction

The solubility limit of Cr,O3 in ferroelectric systems have been reported to exist in multiple
valence state (Cr*, Cr™ and Cr*®) by Uchida et al. and Nejezchleb et al. [1,2]. The low
concentration of Cr,O3 forms the intergranular phase which releases the Cr*> and Cr*®. He et
al. also report a result of electron spin resonance (ESR) showing the Cr ion coexisted in both
Cr*® and Cr*™ of Cr,03 addition in PMN-PZT system [3]. Furthermore, the addition of Cr,O3
in PZT ceramics have been known as a stabilizer the aging rate of resonant frequency [1,4].
However, not much information in the effect of Cr,O3 addition on the dielectric aging. So, in

the present study, the dielectric aging of Cr,O3 addition in PZT ceramics are investigated

Experiment

The Pb(Zros2Tio4s)O3 ceramics with addition of 0.1-3 mol% Cr,O3; are prepared by a
conventional mixed oxide technique. After ball milling in ethanol for 24 h, the dried slurry
are calcined at 975 °C for 2 h. Then, the calcined powder are pressed into disks 10 mm in
diameter. The pellets are placed inside a closed alumina crucible covered. the addition of 3
mol% PbO for each composition in order to compensate for lead volatilization which is
expected to take place during sintering at 1250 °C for 2 hrs. The dielectric properties of the
sintered ceramics are studied with an automated dielectric measurement system. The
computer-controlled dielectric measurement system consists of a precision LCR-meter
(Tonghui, model T2819A). The dielectric aging has been measured at room temperature after
quenching from high temperatures (600 °C) above the Curie temperature and held about 2

hrs.
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Results and discussions
The dielectric properties measured at 100 kHz of 0.1-3 mol% Cr,O3 doped PZT ceramics are
shown in Fig.1. The Curie temperature remains nearly unchanged, while the dielectric

constant at Curie temperature or maximum dielectric constant (€max) tend to decrease with

increasing Cr concentration. The results of decreasing of dielectric constant of Cr,O3 at high
concentration is probable due to the creation of oxygen vacancies that pins the movement of
the ferroelectric domain walls. The ferroelectric and paraelectric transition is determined for
the character of phase transition. The analysis of phase transition is determined on the

variation of inverse dielectric constant with temperature by using equation 1,

nl/&E=1/& )=ImC+)In(T—T,) (1)

where y is a diffuseness coefficient, if » =1 indicates a Curie-Weiss transition whereas,
= 2 indicates a diffuse phase transition. From Fig.2 and Table 1, the curve fitting of  0.1-3
mol% Cr,03 doped PZT ceramics are determined for . The value y of all compositions are

above 1.5 that may be interpreted as a diffuse phase transition.

The decrease of the dielectric constant with time of 0.1-3 mol% Cr,O3; doped PZT
ceramics are shown in Fig.3. For determining of aging rate, the decrease of the dielectric
constant of each composition is plotted as both variation of time and variation upon logarithm
of time (Fig.4). The variation of dielectric constant with logarithm of time reveals relaxor
aging behavior, that is possible due to the form of intergranular phase in small amount of
Cr,03 addition. An aging procedure can be divided into four stage cooling, thermal
equilibrium stage rapid aging stage and stable stage (Fig.5). In cooling and thermal
equilibrium stage, the aging behavior is depended on the history of aging process of the
samples. Nevertheless, in rapid aging stage and stable stage the dielectric aging is obeyed a

logarithmic form [5] , follow the equation 2,
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m(t)=m(t )+ A4 log(L)
t (2)

0

where tp is an moment when the measuring process started and A is the aging rate.

Table 1 shows the aging rate of stable state, which indicate that the aging rate tends to
decrease at low concentration, that is possible due to the high valency of Cr (+5 or +6)
replace the Zr or Ti ions and in such a way creates Pb vacancies which enhance the domain
wall mobility. Further increase in Cr concentration, the aging rate tends to increased, possibly
due to the Cr ion is presented as Cr®*, and incorporated into site of (Zr,Ti)4+ as an acceptor,

resulting in the excessive oxygen vacancies, which pin the domain walls movement.

Conclusions

The dielectric aging of of 0.1-3 mol% Cr,O3 doped PZT ceramics reveals relaxor aging
behavior, that is possible due to the form of intergranular phase in small amount of Cr,0O3
addition which is confirmed by the diffuseness coefficient of all compositions are above 1.5.
The aging rate of stable stage tends to decrease at low concentration, that is possible due to
the high valency of Cr*> or Cr*® from the intergranular phase replace the Zr** or Ti** ions and
in such a way creates Pb vacancies which enhance the domain wall mobility. Further increase
in Cr concentration, the aging rate tends to increased, possibly due to the Cr ion is presented
as Cr** and replaces the Zr** or Ti* ions, in such a way creates oxygen vacancies, which pin

the domain walls movement.
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Figure Captions

Figure 1 Dielectric properties of Cr doped PZT ceramics measured at 100 kHz

Figure 2 The curve fitting of inverse dielectric constant with temperature of 0.1-3 mol%

Cr,03 doped PZT ceramics.

Figure 3 Dependence of dielectric aging of Pb(Zrys,Tig43)O3 doped with 0.1-3 mole% Cr

content on time

Figure 4 Dependence of dielectric constant on the stages on aging time.

Figure 5 The variation of time and variation upon logarithm of time on dielectric aging of
Pb(Zros2Tip.48)O3(a) 0.1 (b) 0.2 (c) 0.4 (d) 0.6 (e) 1.0 and (f) 3.0 mol% of Cr,03 addition

(The triangle trips direct their axis)

Table Captions
Table 1 The fitting parameter of diffuse behavior.

Table 2 The fitting parameter of a logarithmic behavior of stable stage
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Abstract

The aging behavior of 3 mol% Nb,Os Pb(Zros2Tip4s)O3 with addition of 0.1-3 mol%
Cr,03 prepared via the solid-state reaction technique have been investigated. The aging
rate increased with increasing Cr concentration from 0.1 to 0.6 mol%. Further increase in
Cr concentration, the aging rate decreased dramatically. From ferroelectric hysteresis

loops measurements, the decrease of polarization existed in all of concentrations.

Introduction

The characteristics of PZT ceramics can be modified by simultaneous donor and acceptor

ions for specific applications. For example, MnO,—Nb,Os co-doped PZT ceramic exhibits

better properties than single Nb or Mn doped PZT with higher k, and Qm [1].

Pb(Zros,Tip4g)O3 is a composition near the morphotropic phase boundary (MPB) that is

essential to allow the strong polarization for piezoelectricity at room temperature. Nb-doped
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PZT compositions are famous because they were used in many applications such as
piezoelectric sensors, actuators and transducers due to its high remnant polarization, high
coupling factors high dielectric constants and dielectric loss while low Qn and aging effect.
Uchida et al. and Nejezchleb et al.[2-3] pointed out that Cr,O3; releases more than one
valence state like Mn, which makes it interesting in the effect of co-doped of niobium and
chromium on PZT ceramics. Furthermore, the addition of Cr,O5 in PZT ceramics have been
known as a stabilizer the aging rate of resonant frequency [1,4]. In this study, the 3 mol%
Nb,Os doped Pb(Zros,Tio.4)O3 with addition of 0.1-3 mol% Cr,03 ceramics are investigated

in term of dielectric and ferroelectric aging.

Experiment

The 3 mol% Nb,Os doped Pb(Zro5,Tio.4s)O3 with addition of 0.1-3 mol% Cr,O3 ceramics are
prepared by a conventional mixed oxide technique. After ball milling in ethanol for 24 h, the
dried slurry are calcined at 975 °C for 2 h. Then, the calcined powder are pressed into disks
10 mm in diameter. The pellets are placed inside a closed alumina crucible covered. the
addition of 3 mol% PbO for each composition in order to compensate for lead volatilization
which is expected to take place during sintering at 1250 °C for 2 hrs. The dielectric properties
of the sintered ceramics are studied with an automated dielectric measurement system. The
computer-controlled dielectric measurement system consists of a precision LCR-meter
(Tonghui, model T2819A). The dielectric aging has been measured at room temperature after
quenching from high temperatures (600 °C) above the Curie temperature and held about 2
hrs. Ferroelectric hysteresis measurements are measured by using a modified Sawyer-Tower
circuit, high voltage power supply (TREK 610D, Trek), and computerized control and data

acquisition.
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Results and discussions
The temperature dependent of dielectric properties measure at 100 kHz of 3 mol% Nb,Os
doped Pb(Zro52Tip.48)O3 with addition of 0.1-3 mol% Cr,O3 ceramics are shown in Fig.1.
The Curie temperature slightly changes with increasing the Cr,Oz; concentration of the
composition rage 0.1 to 0.6 mol%. Further increase in Cr,O3; concentration, the Curie
temperature tends to decrease with increasing Cr,O3; concentration. The variation of Curie
temperature is believed that the solubility of the dopant. At low concentration of Cr doping
(0.1-0.6 mol%), the slight change of Curie temperature is due to the partial solubility of Cr
doping. The Curie temperature decreases at higher concentration, possibly due to more
solubility of Cr doping. The maximum dielectric constant tends to decrease with increasing
Cr,03 concentration from the concentration of 0.1 to 1 mol%. Further increase in Cr,03
concentration, the maximum dielectric constant increase dramatically. It is believed that the
high value of maximum dielectric constant is due to the effect of the charged mobile from the
high solubility of dopants and energy activation that reveal the high value of dielectric loss at
3 mol%.

From a insert of Fig.1, The analysis of phase transition character is determined on the

variation of inverse dielectric constant with temperature by using equation 1,

ln(l/é'—l/é'max)ZlnC +YIn(T—T) 1)

where y is a diffuseness coefficient, if » =1 indicates a Curie-Weiss transition whereas,

= 2 indicates a diffuse phase transition.

The curve fitting of 3 mol% Nb,Os doped Pb(Zros,Tip45)O3 with addition of 0.1-3 mol%
Cr,03 ceramics are determined for diffuseness coefficient. The parameter of diffuse behavior
of all compositions are summarize into Table 1. The obtained value, diffuses coefficient is

above 1.5, is be interpreted as a diffuse phase transition.
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The decrease of the dielectric constant and dielectric loss with time of 3 mol% Nb,Os
doped Pb(Zros2Tip.4s)O3 with addition of 0.1-3 mol% Cr,O3 ceramics at frequency 100 kHz
are shown in Fig.2(a)-(b). For determining of aging rate, the decrease of the dielectric
constant of plotted as both variation of time and variation upon logarithm of time. (Fig.3(a)-
(F)) An aging procedure can be divided into four stage : cooling, thermal equilibrium stage,
rapid aging stage and stable stage. In cooling and thermal equilibrium stage, the aging
behavior is depended on the history of aging process of the samples. Nevertheless, in rapid
aging stage and stable stage the dielectric aging is obeyed a logarithmic form [5], follow the

equation 2,

m(t)=m(t )+ A4 log(L)
t ()

0

where tp is an moment when the measuring process started and A is the aging rate.

Table 2 shows the aging rate of stable state, At low content, the aging rate increases
with increasing Cr concentration from 0.1 to 0.6 mol%. Then a drop of aging rate is observed
when the concentration is further increased. For the aging rate increases at low
concentrations, It is believed that the aging rate increases because of more complex defected
dipoles from the multiple valency (+3,+5,+6) of Cr. While the aging rate decreases when
increasing Cr,Os, that is possible due to the Cr ion is presented as Cr®* causing oxygen
vacancies, which are reduced from the compensation of donor (Nb5+) and acceptor (Cr**)
dopants.

The aging of P-E hysteresis loops at room temperature and at 25 Hz are shown
in Fig.4, the remnant polarization of all samples are decreased with aging time. Moreover, At

the highest concentration of Cr doping (3 mol%), the observations indicates the hard

behavior.
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Conclusions

The aging behavior of 3 mol% Nb,Os Pb(Zro s, Tip.4s)O3 ceramics with addition of 0.1-
3 mol% Cr,0O3 have been investigated. The aging rate increased with increasing Cr
concentration from 0.1 to 0.6 mol%. It is believed that the aging rate increases because of
more complex defected dipoles from the multiple valency. Further increase in Cr
concentration, the aging rate decreased dramatically. that is possible due to the Cr ion is
presented as Cr®* causing oxygen vacancies, which are reduced from the compensation of
donor and acceptor dopants. From ferroelectric hysteresis loops measurements, the decrease
of polarization existed in all of concentrations and at the highest concentration, the

observations indicates the hard behavior that confirms the form of Cr’".
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Figure Captions

Figure 1 Temperature dependent of dielectric constant and loss tangent of 3 mol% Nb,Os
doped Pb(Zro52Tip.48)O3 with addition of 0.1-3 mol% Cr,O3 ceramics measured at 100 kHz.

The insert in shows the curve fitting of inverse dielectric constant with temperature.

Figure 2 Temperature-dependent of (a) dielectric constant and (b) dielectric loss of 3 mol%
Nb,Os doped Pb(Zrys2Tip.48)O3 with addition of 0.1-3 mol% Cr,O3 ceramics measured at 100

kHz.

Figure 3 The variation of time and variation upon logarithm of time on dielectric aging of
Pb(Zros,Tip.48)03(a) 0.1 (b) 0.2 (c) 0.4 (d) 0.6 (e) 1.0 and (f) 3.0 mol% of Cr,03 addition

(The triangle trips direct their axis)

Figure 4 The Evolution of of P-E hysteresis loops of Pb(Zrys,Tio4s)O3(a) 0.1 (b) 0.2 (c) 0.4

(d) 0.6 (¢) 1.0 and (f) 3.0 mol% of Cr,03 addition.

Table Captions
Table 1 The fitting parameter of diffuse behavior.

Table 2 The fitting parameter of a logarithmic behavior of stable stage.
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ABSTRACT

The 3 mol% Nb,Os doped Pb(Zry5,Tip43)O3 with addition of 1-3 mol% Cr,O3 prepared via the
solid-state reaction technique have been investigated. The XRD shows that a sample is primarily in
both tetragonal and rhombohedral phases coexist and the amount of rhombohedral phase decreases
that is due to the donor (Nb) dopant reduces the number of oxygen vacancies and leads to a lower
amount of rhombohedral phase. The maximum dielectric constant tend to decrease with increasing
Cr doping concentration from 0.1 to 1 mol%. Further increase in Cr concentration, the maximum
dielectric constant increase dramatically. The hysteresis loop measurements, the electrical coercivity
and the remnant polarization do not show a systematic trend at low concentration of Cr doping. It is
possibly due to the partial solubility of Cr doping. The observations clearly indicate the hardening
behavior at higher concentration because of more solubility of Cr.

INTRODUCTION

PZT ceramics are almost always used with dopants, modifiers, or other chemical constituents to
improve and optimize their basic properties for specific applications [1-2]. Nb-doped PZT
compositions are used in many applications such as piezoelectric sensors, actuators and transducers
due to its high remanent polarization (P;), high dielectric constants (&), high coupling factors (k)
and reduced aging; while the dielectric loss is still high with low Q.. Chromium is considered as
hard doping in PZT ceramic with high Q; while the dielectric constant and k, are low. However,
the characteristics of PZTs can also be modified by simultaneous donor and acceptor ions. For
example, MnO,-Nb,Os co-doped PZT ceramic exhibits better properties than single Nb or Mn
doped PZT with higher k; and Q.,, lower permittivity, and excellent temperature stability [3]. In this
study, the 3 mol% Nb,Os doped morphotropic lead zirconate titanate (PZT) ceramics with addition
of 1-6 mol% Cr,0O; are investigated and characterized in terms of dielectric and ferroelectric
properties.

EXPERIMENT

The 3 mol% Nb,Os doped Pb(Zrjs,Tip43)O3 ceramics with addition of 1-3 mol% Cr,Os; were
prepared by a conventional mixed oxide technique. After ball milling in ethanol for 24 h, the slurry
was dried and calcined at 975 °C for 2 h. Then, the calcined powder was pressed into disks (d =10
mm). The pellets were placed inside a closed alumina crucible covered with lead zirconate
(PbZrOs) powder to compensate the PbO volatilization. In addition, 3 mol% PbO was added to each
composition in order to compensate for lead volatilization which is expected to take place during
sintering at 1250 °C for 2 h. The x-ray diffraction (XRD) was used for structure and phase
formation analysis. The microstructure was observed by scanning electron microscope (SEM). The
dielectric and ferroelectric properties were determined by automated LCR-meter and Sawyer-Tower
circuit, respectively.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 222.123.18.99-23/07/09,17:30:59)
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RESULTS AND DISCUSSION

As shown in the XRD patterns in Fig.1, the phases show a coexistence of rhombohedral and
tetragonal phases in the compositions, which can be matched with JCPDS file 73-2022 for
rhombohedral phase of PZT and JCPDS file 70-4264 for tetragonal phase of PZT. The undoped
sample is primarily in both tetragonal and rhombohedral phases; the amount of rhombohedral phase
decreases with increasing the molar percentage of Cr. It is well known that both a Nb and Cr induce
the rthombohedral phase when increasing dopant concentration. But, there is different mechanism
between them. The rhobohedral phase increases with increasing Nb concentration; likely due to the
electrostatic interaction in the NbOg octahedral [4], while the rhombohedral phase increases in Cr
doped system because the oxygen vacancies make the lattice shrink [5]. But, in this (Cr,Nb) co-
doped PZT, the rhombohedral phase decreases; possibly due to the donor (Nb) dopant reduces the
number of oxygen vacancies and leads to a lower amount of thombohedral phase.
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Figure 1 XRD pattern of 3 mol% Nb-PZT based ceramics with 0 — 3 mol% Cr,0;.

As shown in Fig. 2 (a)-(f), the grain size of Nb doped Pb(Zrys5,Tigp43)O3 ceramics with varying
Cr,03 concentration tends to decrease with increasing doping concentration. That the grain size
slightly decrease at low concentration of Cr is believed to be due to the solubility limit of Cr doping
by the increased concentration of oxygen vacancy in the matrix [6]. Above the limit, the excessive
Cr ions segregate at grain boundary and inhibit the grain growth. The grain size then increases at
higher concentration of the doping. Both of Nb and Cr impede the grain growth, which explains the
decrease of the grains from 0-0.6 mol% Cr doping. After that the grain size increases, which can be
attributed to the more solubility of Nb (donor dopant) and Cr (acceptor dopant) in the system,
resulting in the balancing of the excessive oxygen vacancies which leads to enhanced grain growth.
The similar observations have been reported in other systems [7-8].
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Figure 2 SEM micrographs of 3 mol% Nb-fixed PZT ceramics with addition Cr,Os (a) 0.1 mol%
(b) 0.2 mol% (c) 0.4 mol% and (d) 0.6 mol% (e) 1 mol% (f) 3 mol%.
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Figure 3 Temperature-dependent dielectric constant (solid) and dielectric loss (transparent) as a
function of Cr concentration for 3 mol% Nb doped PZT ceramics (measured at 10 kHz).

From Fig.3, the dielectric constant and dielectric loss at room temperature tend to decrease with
increasing Cr concentration. The creation of oxygen vacancies, which pin the movement of the
ferroelectric domain walls and result in the decrease of dielectric properties. The maximum
dielectric constant tends to decrease with increasing Cr doping concentration from 0.1 to 1 mol%.
Further increase in Cr concentration, the maximum dielectric constant and dielectric loss increases
dramatically. It is believed that the high value of maximum dielectric constant is due to the effect of
the charge mobiles from the high solubility of dopants. Possibly, it behaves more like a semi-
conductor with higher electrical loss [9]. The Curie temperature slightly changes with increasing the
Cr concentration of 0.1 to 0.6 mol%. Further increase in Cr concentration, the Curie temperature
tends to decrease. At low Cr content, the slight change of Curie temperature is probably due to the
partial solubility of Cr doping. The Curie temperature decreases at higher Cr content, possibly due
to more solubility of Cr doping.
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Figure 4 P-E hysteresis loops as a function of Cr concentration for 3 mol% Nb-PZT based ceramics
(measured at 50 Hz).

The ferroelectric hysteresis behavior of 3 mo% Nb doped Pb(Zrys,Tip45)O3 with addition of 0-3
mol% Cr,0; is shown in Fig. 4. The electrical coercivity (E.) and the remnant polarization (P;) do
not show a systematic trend, possibly due to the partial solubility of Cr doping. At higher
concentration of Cr doping (1-3 mol%), the observations clearly indicate the hard behavior with
strong asymmetry when further increase Cr content is increased further.

CONCLUSION

Effects of chromium doping on phase formation, dielectric and ferroelectric properties of Nb doped
PZT ceramics are investigated. The XRD results, SEM micrograph, dielectric and ferroelectric
properties are all consistent. The partial solubility at low concentration of Cr reveals the slight
change or decrease in grain size, dielectric constant and Curie temperature, while the hysteresis
behavior does not show a systematic trend. At higher Cr concentration, the grain size and dielectric
constant tend to increase, the Curie temperature decreases dramatically and the hard behavior is
revealed because of the more solubility of Nb and Cr.
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Effects of Iron Addition on Electrical Properties and
Aging Behavior of Barium Titanate Ceramics
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In this study, the influences of Fe addition on phase formation and electrical properties
of Ba(Ti1_,Fe, )O3 with x = 0 to 0.02 were investigated. In addition, aging behavior of
the ceramics was al so investigated. The XRD analysis showed that the crystal structure
of Ba(Ti1_, Fe, )O3 changed fromtetragonal to hexagonal as Fe concentration increased
to x = 0.015, causing a noticeable decrease in the dielectric properties. From ferro-
electric hysteresis (P-E) loops measurements, with increasing Fe content the saturation
polarization decreased, while the coercive electric field increased at low concentration
(x<0.01) with tetragonal structure. At x > 0.015, with paraelectric hexagonal phase, no
P-E hysteresis loop was observed at room temperature. Room temperature aging study
showed that the ferroelectric P-E hysteresis |oops became constricted |oops during ag-
ing in Ba(Ti1_, Fe,)O3 with ferroelectric tetragonal phase. The dielectric constant also
decreased during aging.

Keywords Fe-doped BaTiOs; Hexagonal; Dielectric properties; Ferroelectric proper-
ties; Aging behavior

I ntroduction

Barium titanate, BaTiO3z or BT, based materials are well known electroceramics that find
applications as dielectric materials in capacitors and as positive temperature coefficient of
resistance (PTCR) thermistors [1-3]. At temperature above 130°C, barium titanate has a
paraelectric cubic phase. In the temperature range of 130 to 0°C the ferroelectric tetrag-
onal phase with a c/a ratio of ~1.01 is stable. Between 0°C and —90°C, the ferroelectric
orthorhombic phase is stable. On decreasing the temperature below —90°C the phase tran-
sition from the orthorhombic to ferroelectric rhombohedral phase occurs. In addition, the
hexagonal polymorph, first reported by Bourgeois in 1883, is reported to be thermodynam-
ically stable above 1460°C, but can be kinetically stabilized at room temperature by doping

Received August 3, 2008; in final form December 31, 2008.
*Corresponding author. E-mail: tang_ji@yahoo.com

[838]/166



Downloaded by [Chiang Mai University] at 08:23 23 February 2012

Electrical Prop./Aging Behavior of Barium Titanate Ceramics  [839]/167

with various transition metal ions on the Ti-sites, e.g. Fe, Mn, Co, Ni, Cu that can also lead
to the formation of the hexagonal polymorph at room temperature [4, 5].

Aging effects in general is the gradual change of material properties with time at
constant thermodynamic boundary conditions. It is usually regarded as an unwanted effect.
In the case of ferroelectrics, aging has been puzzling researchers since its discovery in the
1950s [6]. Aging effect is vastly different between acceptor-doped (lower-valence doped)
and donor-doped (higher-valence doped) ferroelectrics. Strong aging effect is observed
in acceptor-doped ferroelectrics [7]. Hysteresis loop becomes an interesting double (or
constricted) loop after aging in ferroelectric state [6, 7]. By contrast, such an effect does not
exist in donor-doped ferroelectrics, and the hysteresis loop remains of a normal (rectangular)
shape even after aging [7]. Therefore, in this study the influences of acceptor Fe addition
on phase formation, electrical properties and aging behavior of Ba(Ti;_xFex)O3 ceramics
were investigated.

Experimantal

Ba(Ti;_xFex)O3 powders with x = 0.0 to 0.02 were prepared by a conventional mixed-
oxide method. Raw materials BaCO3 (Fluka, 99.0% purity), TiO, (Riedel-de Haén, 99.0%
purity) and Fe,O3 (Fluka 99.0%) were mixed and vibro-milled in ethyl alcohol for 1 hour
and then oven dried overnight at 120°C. After drying, the powders were calcined at 1250°C
for 2 hours with 5°C/min heating and cooling rates [4]. The calcined powders were pressed
into disk-shaped by uniaxial hydraulic press at pressure of 0.5 tons to form the green
pellet of 1 cm diameter. The green pellets were placed on the alumina powder inside an
alumina crucible then heat treated at 500°C for 1 hour to eliminate the PVA, followed by
sintering at temperatures 1450°C for 2 hours with 5°C/min heating and cooling rates [5].
Phase identification of Ba(Ti;_xFex)O3; powders and ceramics was performed by X-ray
diffraction (XRD). The densities of the sintered ceramics were measured by Archimedes
method [8]. For the electrical properties measurement, the sintered pellets were polished
to obtain parallel faces, and the faces were then coated with silver paint as electrodes. The
dielectric properties were measured through the LCR-meter at frequency of 100 kHz in
the temperature range from —130°C to 200°C. Prior to aging study, all the samples were
deaged by holding at 250°C for 1 hour and followed by a quick cooling to room temperature.
Aging study was carried out by measuring electrical properties as a function of time. Room
temperature dielectric properties at 100 kHz were then measured as a function of aging
time, and the ferroelectric hysteresis (P-E) loops was also obtained as a function of time
with a modified Sawyer-Tower circuit at room temperature. The frequency of the P-E
measurement was fixed at 50 Hz.

Results and Discussion

The XRD patterns of Ba(Ti;_xFex)O3 powders and ceramics at different Fe concentrations
are shown in Fig. 1(a) and 1(b), respectively. Undoped and Ba(Ti;_xFex)O3 powders were
characterized as tetragonal phase (t-BaTiOs3), as seen in Fig. 1(a), and listed in Table
1. However, in this work the presence of Ba,TisO;, is not observed in Ba(Tiy_xFex)O3
powders, contradicted to the reported by Wang et al. [9, 10]. It is possibly due to higher
calcination temperature used in this study. Previously, Keith et al. [5] reported that Fe-doped
BaTiO3; powders were not obtained in single-phase hexagonal polymorph until x > 0.10.
For Ba(Ti;_xFex)Os ceramics, the XRD patterns show that the crystal structure changes
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Figure 1. XRD patterns of Ba(Ti;_yxFex)O3 with x = 0 to 0.2 (a) powders, (b) ceramics.

from tetragonal to hexagonal as Fe concentration increases. The samples with x = 0-
0.01 show only the tetragonal phase, while at x > 0.015, the hexagonal phase (h-BaTiO3)
suddenly appears, then increases with increasing Fe substitution. In this study, the high
sintering temperature of 1450°C may be the cause for presence of the hexagonal phase (h-
BaTiO3) because Fe substitution in BaTiOg is expected to lower the sintering temperature
of the Ba(Ti;_xFex)O3 ceramics. Hence, the hexagonal phase was observed at x > 0.015.
In addition, Langhammer et al. [11] reported that the formation of pure hexagonal phase
of Cu-doped BaTiO3 sintered at 1400°C occurs at a minimum copper concentration of
between 0.2 and 0.3 mol% and increases with increasing Cu content. This is possibly due
to Fe is particularly effective in producing larger solid solution ranges than Cu [5].
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Table 1
List of the phases present, dielectric constant (e,), loss tangent (tan §), Curie temperature
(T¢) and 1stand 2nd phase transition temperatures (T1) and (T,) of Ba(Ti;_xFex)O3 powders
and ceramics

Composition Phases  Phases & tans

(x) powder ceramic (25°C/100 kHz) (25°C/100 kHz) T,(°C) T1 T»
0 t-BaTiO3 t-BaTiO3 1143 0.0477 1245 10.1 —85.6
0.005 t-BaTiO3 t-BaTiO3 1026 0.0272 1153 7.2 779
0.010 t-BaTiO3 t-BaTiO3 981 0.0247 1048 04 —75.2
0.015 t-BaTiO;3 t-BaTiO3 317 0.0249 95.6 —4.4 —65.6

h-BaTiO3
0.020 t-BaTiO3 h-BaTiO3 87 0.0177 —_- - =

The room temperature dielectric constant of Ba(Ti;_yxFe,)O3 ceramics measured at
100 kHz decreases from 1044 to 87 and loss decreases from 0.0365 to 0.0177 as Fe con-
centration increases. The decrease of the dielectric properties as Fe concentration increases
can be explained in terms of the change in crystalline structure from ferroelectric tetragonal
to paraelectric hexagonal phase, as discussed earlier and shown in Fig.1.

The temperature dependences of the dielectric properties of Ba(Ti;_xFex)O3 ceram-
ics at 100 kHz in the temperature range from —130°C to 200°C are displayed in Fig.
3. The dielectric peaks are slightly shifted with changing dopant concentration. For un-
doped BT ceramics, abrupt changes in dielectric properties are observed in the region of
the Curie temperature (T¢), and 1st and 2nd phase transition temperatures, representing
a normal ferroelectric behavior. The Curie temperature (T.), 1st (T;1) and 2nd (T) phase

Figure 2. The room temperature dielectric constant of Ba(Ti;_yxFex)O3; ceramics measured at 100
kHz.
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Figure 3. Temperature dependences of the dielectric properties of Ba(Ti;_xFe,)O3 ceramics (mea-
sured at 100 kHz). (See Color Plate XXIX)

transitions are observed at 124.5, 9.6 and —85.6°C, respectively. With tetragonal phase
(x=<0.010), the dielectric peaks are very clear and sharp at T., while board and shallow
peaks are exhibited at T; and T, phase transition temperatures. With increasing Fe con-
tent, the sharp phase transition from ferroelectric to paraelectric state at T, and 1st phase
transition temperatures (T1) shifted to lower temperatures, while 2" phase transition tem-
peratures (T,) is shifted to higher temperature, as listed in Table 1. As Fe concentration
increases, the crystal structure changes to hexagonal phase (x>0.015), and no dielectric
anomalies are observed within the temperature range —130°C to 200°C, similar to previous
investigation [12].

Figures 4 and 5 show the experimental result of the dielectric constant and hysteresis
loops of Ba(Ti;_yxFex)O3 ceramics in unaged state (determined after quickly cool down
to room temperature from 250°C) to aged state at room temperature up to 72 hours.
Figure 4 shows that the decrease in dielectric constant from unaged to aged states of
Ba(Ti;_xFey)O3 ceramics with x<0.010 (ferroelectric tetragonal phase) can be observed
more drastically than Ba(Ti;_xFeyx)O3 ceramics with x>0.015 (with paraelectric hexagonal
phase) which show almost no observable change in dielectric constant during aging. It
is evident that strong aging effect is observed in acceptor-doped BaTiO3; ceramics with
ferroelectric tetragonal phase. In contrast, such an effect does not exist in acceptor-doped
BaTiO3 ceramics with paraelectric hexagonal phase.

The room temperature ferroelectric P-E hysteresis loop of Ba(Ti;_xFex)O3 ceramics
were also observed as a function of aging time, as shown in Fig. 5. All unaged samples
with x<0.010 (just quickly cooled down to room temperature from 250 °C) show a normal
hysteresis loop. It is also observed that the coercive field (E;) increases as the Fe con-
centration increases. This seems consistent with the well-observed “hardening” effect in
acceptor dope ferroelectric [1]. After aging, the ferroelectric P-E hysteresis loops become
constricted loops, as seen in Fig. 5. Moreover, the remnant polarization (P;) and saturation
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Figure 4. Dielectric constant versus time from unaged to aged states in Ba(Ti;_xFe,)O3z ceramics
with different Fe concentration. (See Color Plate XXX)

Figure 5. Hysteresis loops evolution with aging time for Ba(Ti;_xFex)O3 ceramics with x = (a)
0.005, (b) 0.010, (c) 0.015 and (d) 0.020. (See Color Plate XXXI)
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polarization (Ps,;) of the samples are also decreased during aging. These results demonstrate
that aging effect in acceptor-doped ferroelectric BT ceramics is considered to be due to
the migration of oxygen vacancies (which is highly mobile) during aging [7]. On the other
hand, the ferroelectric P-E loops cannot be clearly observed in Ba(Tig ggF€0.02)O3 ceramic
with purely paraelectric hexagonal phase.

Conclusion

Addition of Fe into BaTiO3 can stabilize hexagonal polymorph at room temperature.
Hence, the crystal structure of Ba(Ti;_xFex)Os ceramics at room temperature changed
from tetragonal to hexagonal as Fe concentration increased, which caused the decrease in
the dielectric constant and loss. Aging behavior at room temperature showed the decrease
in dielectric constant of Ba(Ti;_xFex)Os ceramics with x<0.010 (ferroelectric tetragonal
phase) can be observed more clearly than in Ba(Ti;_xFex)O3 ceramics with x>0.015
(paraelectric hexagonal phase) with no observable change in dielectric constant after aging.
Moreover, the ferroelectric P-E hysteresis loops became constricted loops, and the remnant
polarization (P;) and saturation polarization (Psy) of the samples were also decreased
after aging in Ba(Ti;_yFey)O3 ceramics with x<0.010 (ferroelectric tetragonal phase). On
the other hand, aging effect cannot be clearly observed in Ba(Ti;_xFex)O3 ceramics with
paraelectric hexagonal phase.
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The tetragonal structured Ba(Ti;.xFe,)O3 ceramics where x =0, 0.005 and 0.01 were pre-
pared by conventional mix-oxide method. Aging of dielectric properties and ferroelectric
hysteresis loop was studied as a function of time. It was found that two aging stages
might be existed in the aging process. The effect of Fe doping in barium titanate is not
clearly seen in the aging of the dielectric properties while the effect obviously has influ-
ence on the P-E hysteresis loops. It is shown that the P-E loop of Fe doped compositions
become constricted after aging. The remanent polarization and coercive field decreases
as a function of time. The decreasing rate is higher for higher content of Fe dopant.

Keywords Barium titanate ceramics; electrical properties; aging

1. Introduction

Aging effect is the isothermal change of the materials properties over time. The effect is well
observed in ferroelectric materials, thus it is very important to the reliability of ferroelectric-
based devices [1]. In addition to a gradual decrease in dielectric constant, coupling factor
and piezoelectric coefficient, aging effect is as well observed as a gradual constriction and/or
shift of P-E hysteresis loop along the axis of electric field [1-3]. The widely accepted model
of aging mechanism is a gradual stabilization of the existing ferroelectric domains by defects
[1, 4, 5]. It is well established that doping barium titanate with lower-valent cations results
in strong aging effect, representing as the decreasing in the dielectric properties and the
constricted P-E hysteresis loop after aging [5, 6-8]. Such a strong effect is considered to be
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due to the restriction of the domain motion either by migration of oxygen vacancies into
the domain wall or by the reorientation of defect dipoles which consist of oxygen vacancies
and dopant cations on Ti sites [5, 9]. The acceptor or Fe-doped barium titanate systems are
particular of interest in this work. The formation of such defects which tend to promote
aging mechanism in Fe-doped barium titanate can be shown as the following equation.

Fe;03 % 2F el +30% + v, @)

Although the effect of acceptor dopant on aging behavior of barium titanate is well-
known, some aspects regarding aging rate and aging mechanisms are not well understood.
The aim of this work is to provide an extensive analysis concentrating on the effect of Fe
dopant on aging rate of the dielectric properties. Change of P-E loop upon aging are as well
investigated.

2. Experimental

In this work, Ba(TiyxFex)Os ceramics where x = 0, 0.005 and 0.01 were prepared by
conventional mixed-oxide method. The starting materials, BaCO3, TiO, and Fe,O3, were
mixed and vibro-milled in ethyl alcohol for 1 hour. The mixed powders were then calcined
at 1250°C for 2 hour after an overnight drying. Green pellets of 1 cm diameter were
fabricated by uniaxial pressing with pressure of 0.5 ton. Sintering of the pellets was carried
out at 1450°C for 2 hour with an intermediate soaking at 500°C for 1 hour as a binder
burn-out process. The density of the all samples was confirmed to be >95%.

The crystal structure of the ceramics was characterized by X-ray diffraction. For aging
studies, the prepared samples were thermally de-aged by subjecting to 250°C for 1 hour
and then rapidly cooled to room temperature. The room temperature dielectric constant and
loss tangent of the ceramics were measured as a function of aging time (1, 2, 4, 7, 12, 24,
72 and 168 hour) using an LCR-meter at 10 kHz. The ferroelectric hysteresis loop (P-E)
loops were also collected as a function of time using a modified Sawyer-Tower circuit with
a fixed frequency of 50 Hz.

3. Results and Discussion

Ba(Ti;.x Fex)O3 ceramics where x = 0, 0.005 and 0.01 show tetragonal structure from X-ray
diffraction. The compositions were chosen because previous works have shown that larger
amount of Fe content leads to the stabilization of hexagonal structure in which aging effect
cannot be clearly observed [10]. There have been reported that the hexagonal structure,
which is thermodynamically stable above 1460°C, can be stabilized at room temperature by
addition of transition metal ions [11]. Figure 1 shows aging at the room temperature of the di-
electric constant and the dielectric loss measured from all compositions. Itis clearly seen that
the dielectric properties decrease as a function of aging time as expected. The dielectric con-
stant slightly decreases as the amount of Fe dopant increases. As shown by Tangsritrakul et
al. [10], the crystal structure of barium titanate changes from tetragonal to hexagonal (para-
electric) as the Fe content increases and the decrease in dielectric constant was observed.

There have been previously reported that aging behavior of some perovskite materials
i.e. pure and Ti-rich barium titanate and based-lead zirconate tianate follows the logarithmic
law [3, 12, 13]:

P =P; — Alog(t) 2
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Figure 1. Aging at the room temperature of the dielectric constant and the dielectric loss for pure
barium titanate ceramics, 0.5 mol%, and 1.0 mol% Fe doped barium titanate ceramics. (See Color
Plate VII)

where P is the materials properties after aging time t, P; is the properties at pre-aged
state. In contrast, the aging of 9 mol% (Hf, Zr) doped barium titanate ceramics results in
a reverse S-curve instead of the linear logarithmic time dependence [12]. This suggested
that impurities or dopants have a strong influence on aging behavior. The logarithmic time
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Figure 2. Logarithmic time dependence of the dielectric properties for pure and Fe-doped barium
titanate ceramics. (See Color Plate VIII)
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Figure 3. Change of P-E hysteresis loops upon aging time for a) 0.5 mol% and b) 1.0 mol% Fe =
doped barium titanate ceramics. (See Color Plate IX)

dependence of the dielectric properties for pure and Fe-doped barium titanate ceramics
is shown in Fig. 2. It can be seen that the aging behavior for the full range of the aging
time does not correspond to the linear logarithmic law, noticed by change in aging rate
for both dielectric constant and loss after 4 hours. The evidence implies that there may be
two aging stages existed in the aging process: the first stage with higher aging rate and the
second stage with lower aging rate. It can be seen that the second aging stage follows the
logarithmic law, while the first stage shows unclear behavior. To confirm this, the necessary
experiments concentrating on the first aging stage, are under investigation. It is noted that
this is not the first time to report two aging stages in barium titanate materials. Wu et al.
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[13] have shown a similar aging behavior for pure barium titanate ceramics at 80°C and
suggested that there may be more than one aging mechanism involved dielectric aging in
barium titanate ceramics. The same authors also commented that the acceleration at the
initial aging is the contribution from the domain wall motion and ordering of defects. When
the contribution become exhausted, some other mechanisms become noticeable and slow
aging was observed [13].

Attempts to extract the aging rate of the second stage (from 4 hour to 168 hour) were
performed. It was found that the aging rates of the dielectric constant and dielectric loss
for pure barium titanate are 21.6 and 0.0027 per decade, respectively. There are not many
quantitative analysis of aging rate available, to our knowledge. The aging rates of the
dielectric constant (33 per decade) and the dielectric loss (370 per decade) for comparable
grain size barium titanate ceramic at 25°C in Wu et al.’s work [13] are much higher,
particularly for that of the dielectric loss. Beside the possible effect of difference in sample
preparation and aging temperature, the lower aging rates of the dielectric constant and loss
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Figure 4. Normalized a) remanent polarization (P;) and b) coercive field (E.) of for Fe-doped barium
titanate ceramics versus aging time.
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could be due to the fact that our aging rates are from the second aging stage when the strong
aging mechanisms disappeared.

The effect of Fe dopant on the aging rate was determined. The aging rates of the
dielectric constant for 0.5 mol% Fe doped and 1.0 mol% Fe doped barium titanate are 21.1
and 20.0 per decade, respectively. For the aging rate of the dielectric loss, the values are
0.0004 and 0.0001 per decade, respectively. Compared to those of the pure barium titanate
ceramics, no significant change in the aging rates was observed as Fe content increases. It
is noted that ~100 pm equiaxed grains is shown in 0.5 mol% Fe doped barium titanate
ceramics while similar size of elongated grains is shown in ~1.0% Fe doped barium titanate
ceramics. It is not clear whether the different grain morphology greatly affects the aging
mechanism. However, it is believed that the effect of dopant on the number of defect dipoles
or oxygen vacancies may mainly contribute to the strong dielectric aging in the first stage
and not shown in the second aging stage.

The ferroelectric P-E loops were also obtained in the aging study. It was found that the
P-E loop of the pure barium titanate ceramics remains rectangular after aging while that of
Fe doped barium titanate ceramics becomes constricted after a certain aging time. Figure
3 shows that the constricted P-E loop is present after 24 hour and 2 hour for 0.5 mol%
Fe and 1.0% Fe doped barium titanate ceramics, respectively. These are considered as the
results of the hardening effect in acceptor doped ferroelectrics [14]. It is clearly seen in
Fig. 4 that the normalized remanent polarization (P;) and coercive field (E.) of 1.0 mol%
Fe doped barium titanate ceramics decreases on aging much faster than that of 0.5 mol%
doped barium tianate ceramics. Creation of oxygen vacancies and defect dipoles result in
more reduction of the domain wall motion.

4. Conclusions

Pure and Fe-doped barium titanate ceramics show similar dielectric aging behavior. Change
in aging rate was observed in dielectric properties of all composition, suggeting more than
one of mechanisms involve in the aging. In the second aging stage, the linear logarithmic
time dependence of the dielectric properties is shown but the effect of Fe dopant was not
obviously seen. The constricted loops were observed in Fe-doped barium titanate ceramics
as aging. It is shown that there is stronger decreasing in remanent polarization and coercive
field in 1.0 mol% Fe doped ceramics as a function of aging time.
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EFFECTS OF IRON ADDITION ON AGING BEHAVIOR OF BARIUM
TITANATE CERAMICS UNDER COMPRESSIVE STRESS
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ABSTRACT

In this study, a room temperature aging behavior of Ba(Tigpo9Fe01)Os was investigated. It was
found that the dielectric constant decreased with time and ferroelectric P-E hysteresis loops became
constricted loops after aging. Moreover, the room temperature aging behavior under various stresses
was also observed. It was found that the relative changes of dielectric constant with time of
Ba(Tigp.99Fe0.01)O3 ceramics under stress were lower than those under the stress-free condition. For
P-E hysteresis loop measurement, it can be observed that P-E hysteresis loop of Ba(Tig.99Fe.01)O3
ceramics became constricted loops and remanant polarizations (P;), saturated polarizations (Ps) were
decreased after aging under all stress levels. These results suggested that the applied stress may
partly clamp the domain wall motion, and altered the aging behavior of the ceramics.

INTRODUCTION

Barium titanate, BaTiO; or BT, based materials are well known electroceramics that finds
application as dielectric materials in capacitors and as positive temperature coefficient of resistance
(PTCR) thermistors [1-3]. Aging effects in general are the gradual change of material properties
with time at constant thermodynamic boundary conditions. It is usually regarded as an unwanted
effect. In the case of ferroelectrics, aging has been puzzling researchers since its discovery in the
1950s [4]. Aging effect is vastly different between acceptor-doped (lower-valence doped) and
donor-doped (higher-valence doped) ferroelectrics. Strong aging effect is observed in acceptor-
doped ferroelectrics [5]. Hysteresis loop becomes an interesting double (or constricted) loop after
aging in ferroelectric state [4,5]. By contrast, such an effect does not exist in donor-doped
ferroelectrics and the hysteresis loop remains of a normal (rectangular) shape even after aging [5].
In addition, when used in various devices, the ceramics are usually subjected to stress, either self-
induced or external [6-8]. Therefore, in this study the influences of acceptor Fe addition on aging
behavior at room temperature and under various stresses of Ba(TigpgoFep ;)O3 ceramics were
investigated.

EXPERIMENTAL

Ba(Tip.99Feo.01)O3 powders were prepared by a conventional mixed-oxide method. Raw materials
BaCOj; (Fluka, 99.0% purity), TiO; (Riedel-de Haén, 99.0% purity) and Fe,O; (Fluka 99.0%) were
mixed and vibro-milled in ethyl alcohol for 1 hour and then oven dried overnight at 120 °C. After
drying, the powders were calcined at 1250 °C for 2 hours with 5 °C/min heating and cooling rates
[9]. The calcined powders were pressed into disk-shaped. The green pellets were sintering at
temperatures 1450 °C for 2 hours with 5 °C/min heating and cooling rates [10]. For the electrical
properties measurement, the sintered pellets were polished to obtain parallel faces, and the faces
were then coated with silver paint as electrodes. Prior to aging study, all the samples were deaged
by holding at 250°C for 1 hour and followed by a quick cooling to room temperature. Room

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
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temperature dielectric properties were then measured as a function of aging time. Aging behavior of
ferroelectric hysteresis (P-E) loops was also observed with a modified Sawyer-Tower circuit at
room temperature. The frequency of the P-E measurement was fixed at 50 Hz. In addition, aging
behavior under various stresses (50, 100, 150, 200 MPa) at room temperature was also observed.

RESULTS AND DISCUSSION

Aging behavior under various uniaxial compressive stresses (0, 50, 100, 150, 200 MPa) of
Ba(Tip99Fe001)O3 ceramics at room temperature was investigated. The experimental results of the
relative changes of dielectric constant and P-E hysteresis loops of Ba(Tigg9Fe ;)O3 ceramics in
unaged state (determined after quickly cool down to room temperature from 250°C) to aged state
under uniaxial compressive stress from 0 to 200 MPa at room temperature up to 72 hours are shown
in Figs. 1-4. The relative changes of dielectric constant of Ba(TigpgoFep0:1)O3 ceramics under
uniaxial stress from 0 to 200 MPa at room temperature are shown in Fig. 1. Interestingly, the
relative changes of dielectric constant of Ba(Ti99Feo01)O3 ceramics with time under stress is lower
than those under stress-free condition. In other words, the uniaxial stress may prevent the decrease
in dielectric constant during aging. Normally, when a mechanical stress is applied to a ferroelectric
material, the domain structure in the material will change to maintain the domain energy at a
minimum; during this process, some of the domains engulf other domains or change shape
irreversibly. Under a uniaxial stress, the domain structure of ferroelectric ceramics may undergo
domain switching, clamping of domain walls, de-aging and de-poling [11,12]. In this study, the
uniaxial compressive stress may clamp the domain wall motion. Hence, the relative changes of
dielectric constant with time of Ba(Tigg9Feg01)O3; ceramics under stress are lower than those under
the stress-free condition.

For P-E hysteresis loop measurement, it can be observed that P-E hysteresis loop of
Ba(Tip.99Fe001)O3 ceramics became constricted loops and remanant polarizations (P;), saturated
polarizations (Ps) were decreased after aging under all stress levels, as shown in Fig. 2 for 200 MPa.
These results demonstrate that aging effect in acceptor-doped ferroelectric BT ceramics is
considered to be due to the migration of oxygen vacancies (which is highly mobile) during aging
[5]. The relative changes of remnant polarizations (P;) and saturation polarizations (Ps) from unaged
to aged states of Ba(Tipg9Feg ;)O3 ceramics under uniaxial compressive stress from 0 to 200 MPa
are shown in Figs. 3 and 4, respectively. It is found that at 50 MPa the changes of both the remnant
polarizations (P;) and saturation polarizations (Ps) with time of Ba(Tigpg9Fe(01)Os ceramics are
slower that those at stress-free condition. As stress increases (from 100 to 200 MPa), it is found that
the decreases in the polarizations with time are more rapid than those at stress-free condition, as
seen in Figs. 3-4. The exactly description of this experimental result is not clear, but could probably
be due to an establishment of a “critical” stress (of 50 MPa) before an accelerated aging can occur.
Further investigation is underway.
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Fig. 1 Relative change of dielectric constant
of Ba(Tig.99Fep01)O3 ceramics with time under
uniaxial compressive stress at room
temperature up to 72 hours

Fig. 3 Relative changes of remnant
polarizations of Ba(Tigg9Fep ;)O3 ceramics
under uniaxial compressive stress from 0 to
200 MPa at room temperature up to 72 hours

CONCLUSIONS

Fig. 2 Hysteresis loops evolution with aging
time for Ba(Tipg9Feo ;)O3 ceramics under
uniaxial compressive stress of 200 MPa.

Fig. 4 Relative changes of saturation
polarizations of Ba(Tigg9Fep ;)O3 ceramics
under uniaxial compressive stress from 0 to
200 MPa at room temperature up to 72 hours

Stress-dependent aging behavior at room temperature of Ba(Tipg9Feo ;)O3 ceramics was
observed in this study. Since the uniaxial compressive stress may clamp the domain wall motion,
the relative changes of dielectric constant with time of Ba(Tigg9Feg01)O3 ceramics under stress are
lower than those under the stress-free condition. For P-E hysteresis loop measurement, it can be
observed that P-E hysteresis loop of Ba(Tigpg9Fep ;)O3 ceramics became constricted loops and
remanant polarizations (P;), saturated polarizations (Ps) were decreased after aging under all stress

levels.
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