Toynniaafl TRGA580054

P ¥ Qv I 4
F1ENTWI ﬂ%uua&ly‘im

o

=, 1 1 Ay, a & o,
BNIDN[YBY ﬂ’)']&dLﬁ%LLﬂULLﬂ%Lﬁ ﬂ?ﬂﬂﬂ&lﬂ@llﬂﬂlﬂﬂﬂ‘iﬂ

Llﬂz‘lﬂ‘ﬁ’] L%dﬂa?lﬂﬂﬂﬁ‘it?fiﬂﬁﬂﬂﬂ%‘izﬂﬂ PMN-PZT

AWKV Y F9NM
1. 6. Saqns Bafify  madeiland amsdnanenand
An1INIa LR ue sl
2. 6. 5. NI awwN@Es  AnadBNEnd amzIngrdaas

NWINYIFYLBYI I

SOST amg‘nﬁfﬂﬂﬁﬁﬁnmunam%aﬁfn AUHN13398

s

a; i = 1o @ = W
(@nainlwnssmiillueesdidse and. isududaavinamanalil)



naanssnusene

anziivolatverauwszgm Srinsmunasuaiuauunsidy (@ne.) Alalims
aﬁuagmmﬁ%’mm:ﬁwma‘%ﬁ dwmanuasasuinIdniulng Uizl wa, 2545
POVAUWTEAUAEATINTE 3. 1 Aunds mmsﬁ’ﬁﬁ‘%nwﬂmam‘sﬁ‘lﬁ‘lﬁmmﬁfumgu
Lga:ﬁ'}uu:ﬁﬂuqn@ﬁmﬁaﬁqn'l.ﬁ'm%wﬁfn%ﬁ’mamﬂ'ﬁi%’ﬂﬁ'uﬁu"l,@‘fasi'm”lajmnﬁ'm'ml.ﬁu"lﬂ
un 2878 MAFNT uazyaaInIveIRa sl fidnsidndidnlnsining ame
nenenaad undnendodslnl ATisdmsanuszenlumslfiedaila gunyol uaz
Aol TnrTsTunsussenuTIsmassurh ltnuisedssiiaansoduiinmsandse
HE laa 8 128U B TIWUUsTID AN ﬁﬁfhwﬁ'wmﬁa;ﬁ%’alﬁﬁnﬁmm
FuitdnFagaa9ldd Tasanns amgian 2wduaulna aiandy fgna uacqmadned
Nunglsad vaveugmitinaraTansy A7.gWA a1kuan Alelwarutiomiadaady
Lﬁaga'l,umsﬁ’m’lumuamﬁnéﬁmﬁi’uﬁuﬁu mammﬂuﬁwﬁ'ﬂﬂﬁ’ﬁmﬁmaﬁa:;j’ua:agj
saalumItnid ﬁﬂﬂﬁqmﬁmauanmwﬁﬁmu@lﬁ‘uﬂuﬁwauqmﬁm%’u aaim Bufifa
nIsun LLazgn"mﬁﬁﬁﬂé’aa:Lﬁﬂ dmiuauinuazanadile asasandiaslefiuanly
AIIARBANTIUTINITRUNN Fuitle

(a3, Ta@ny Budisy)
AIRIATINTT




UNARL

IWAIATINAT : TRG4580054
:; r=3 = £ ..:E ] Ay, Aa =y
#alasanns: AnTwavasaMuALLIDLNWAdeantia ladiinninuaz Wi
VanatasaTmindlussuy PMN-PZT
FawnIoy : a7 Jadny Bulisy use a. @3, N7 auwds
madT AN aninsienaans uniinmndmasslng
E-mail Address : rattikornyimnirun@yahoo.com

szuzialasents : 1 nangnaw 2545 fa 30 Tquinu 2547

Tuns3iuilavinnsanmdninaresa iy srdesutalasisnasn
waz i Banavasaenintussuy PMN-PZT lagldieSouaisianiin PMN-PZT 93
o . A ' ) as
gaaLEIu (1-x)PD(MgysND2z)05 - (X)Pb(Zry 5 Tio.48)05 8 x ANAL 0.0 0.1 0.3 0.5 07
0.9 Uz 1.0 lapATmInanasnlsduuuaitdy uasiharsiwninfedoylaluneaay
sulAmsnw wadinTsumafea dnsoclasatagame laswuheseninfieioy
O A da o a = & 'Y e,
vl,ma.lum‘nmﬂunﬂuimaaﬁmamﬂmmuLwa‘sawa"ln@'ﬂﬂuﬂﬂ'iaﬁ'mqamﬂua:auum
o A a - 4 A
Mamomwiasuidasldaydadinoddlszsnoureninana PMN waz PZT uaziile
FNTAN N ENTNRVAIAVIABULLLNWLA IR A LA SL A NAINUBIRITLTINGN PMN-
A o B w ' 0 o & ™ o
PZT finnyndudy wuiim al'lﬂam'azm'mmugo 0-5 MPa % a13t513n PMN-PZT 713)
& ' o ! A a a a A o v o &
a5 PMN  luasddsznaunannuitaziidiasiladidnainaasadaionuiduiiniv
luamefasioniin PMN-PZT Ay PZT  lwassdvznaunanazddasiladidnasn
a' J d 4 A‘ J’ [ = a =y -1 d' d' u&’ ¥
VN AR UL A WLA LT uﬂmmsg;‘gLaﬂma‘lﬂamnmnammnﬂaﬂuuﬂmﬂ"lmunu
IAUTENOURAN  FMTUNRTAIAM NS RLUURNWLALIRaRNDS WAL SN atiw wudins
A o & oo o o = ] cl'd Ja' qr ]
WREBRYUaI89 I UIa eI Tad I Ua 519100 PZT st eninmsiiuamuids wuda
g: 1 nd 34 J’ c‘ AI ~= 1
PUNATDIIIRUBLANAIa NIl aa NS wIINTY lasfilaRanTand P, P, uaz Eq
] A n: J 1 [) = S A 1 =l
WU LTAMUAWANDY A1 P, uaz P, aziinmianasatnadinlada luvmed a1 Eg azd)
= = 9 e @ o ' 2 & =
NIIRARINUILANTD Y WAFIRTUITLTIINN PMN-PZT AIUNFNIBgUUILINY
ol ' o o o A, - o - P @
wWRpuuUasuaIm P, P uas Ec nuanudwluszauidandraiaaiaSoufiouiuas
a = ' { e a {
3N PZT NHaNISANEILEAI I ARIINIR R uAYa9N i laltt N1 FoNLRZANT
nNaFMNIG IR gITaIuda il Reuyasantid ladidnasnuas Wi ndinavas
RIBNAN PMN-PZT mMeladninauasnrriuauniuuunsasn

AMAN : ANUARLLLLNWAD, FNURLlaSldnnInuaz IWFFana, PMN-PZT




Abstract

Project Code : TRG4580054
Project Title :  Effects of Uniaxial Stress on Dielectric and Electromechanical
Properties of Ceramics in PMN-PZT System
Investigators : Dr. Rattikorn Yimnirun and Prof. Dr. Tawee Tunkasiri
Department of Physics, Faculty of Science, Chiang Mai University
E-mail Address : rattikornyimnirun@yahoo.com

Project Period : July 1, 2002 to June 30, 2004

In this siudy, effects of uniaxial stress on the dielectric and electromechanical
properties of ceramics in PMN-PZT system are investigated. The ceramics with the
formula (1-x)Pb(Mg4;sNby3)03 - (X)Pb(Zre.s2Tip.46)03 when x=0.0, 0.1, 0.3, 0.5, 0.7, 0.9
and 1.0 are prepared by a conventional mixed-oxides method. The physical properties,
phase formation behavior, and microstructure studies indicate that the ceramics obtained
are perovskite materials. Their physical properties and microstructures are proportionally
dependent of the PMN and PZT contents in the composite. The dielectric properties
under the uniaxial stress of the PMN-PZT ceramics are observed at stress levels up to 5
MPa. It is found that with increasing applied stress the dielectric constant of the PZT-rich
compositions increases slightly, while that of the PMN-rich compositions decreases. On
the other hand, changes in the dielecttic loss tangent with stress are found to be
compositional independent. For the study of effects of uniaxial stress on the
electromechanical properties, it is found that while the stress level is being increased the
size of the hysteresis loop of PZT ceramic decreases drastically. When considering P,,
Ps, and Eq it is clear that P, and Pg decrease significantly with increasing stress, while
Ec only drops slightly. In other PMN-PZT compositions, changes in P,, Pg, and E¢ with
stress are relatively small when compared to PZT. This study clearly shows the
influences of the domain wall motion, degradation and depoling mechanisms on the
variation of the dielectric and electromechanical properties of PMN-PZT ceramics under

the uniaxial stress.

Keywords : Uniaxial Stress, Dielectric and Electromechanical Properties, PMN-PZT
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2. A2 0aNUUULAZIAETIILATas U aUSIDANLLUAWALITWIALANLRZTZULMTIA
gura ladiEnaSnuay Wi u@manoldaniizanudn
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2. 38n1snNa8aad

o s o ] Q‘: = K :1’
'lum‘snui‘f’tmmwuﬂamm:*:%ms‘[ma‘gﬂvlwau
1. Fuanedraluszun PMN-PZT droinafinlofiaaan (Solid-State Technique)
o [P A - = ' = o e .
wsaunummsﬂnmmwa.u"lm'nmm:amam‘nm‘mumqmmwgmmmnmmaa PMN-
PZT fn6ind9
o J = d‘ £ .dld
2. mms"ﬂugﬂLLa:ﬁnmmwumaﬁwam‘%ﬂmmﬂun'lmzuu PMN-PZT fidiaa1
2 =5 '
mqnmm:ﬁmmwmtmug@
3, ﬁ'lm‘a‘mnaauﬁ'num:mww:mamﬂmwLLa:Iﬂiaa%'ﬂoqanqﬂmaaLmiwﬁnﬁ
r=1 X/
wsnale
4. AANLUULRZINFIIATaINaaaRTILUUNNWALN
Qe (7] r=y 3 = Sy -3 -y Q4 d‘ =
5. aanlUL 98379 u,a:wnmq@qﬂnmﬂumﬁ@muudmaLanmnTﬂﬂ'l.mmmua
LCR-meter luniiasuiiaasnan

6. aammmm:é’ﬂﬁwqﬂnim"lumﬁ@lauﬂ'ﬁ"lwﬁu%ana f282997 N1

. Bt 1 ] nﬁ‘ L
Hysteresis lawldwanmsveeens Sawyer-Tower 881341 pifaldia P-E loop

. a A o @ ol o 4 o~ =< =&

7. m‘ﬁummsﬁﬁunmmﬂu"lmm:qﬂn‘mmwaﬁwu o lglunisanefg
anduarssnnUdRLuULnwandagua ladtanaInuaz WG nanasasieinglu
J2UyY PMN-PZT

8. aﬁﬂ‘mﬂNamsﬁnmLta:agﬂwaﬂﬁ"‘a%'m,l,azﬁ'@um ARDAINTDLARD UM 1%

1 A &
31' LUUNM T BUTIOI URZMIATIUHRINWLN anIIHRUN

[ ) i & et A:?
I@I HUTURZLDUNYDIULADTUUR aumma"lﬂu

21 asaduazgdnsainldlunisnaaas

2.1.1.  Laeeanlad (ead oxide: PbO) mwu’%qﬂ‘if%’aﬁa: 99.0 WRRlapUTEN
Fiuka Uszindaaiaimasuaud

2.1.2. woiladlouaanled (zirconium oxide: ZrOy) ﬂ?ﬂl]ﬂ%ﬁjﬂ%‘%'ﬂﬂa: 99.0
HRRlADUIHN Fluka Ussimesiaimatiang

21.3.  lnmudisusenlod (titanium oxide: TiOy,) mmu‘%qw‘ﬁr%’aua: 99.0 Wi lay
U3 Riedel-de Haén UssinerSaea

$ or

2.4.4.  wunilifouaonled (magnesiumoxide: MgO) aNuLTENTTouar 98.0
NRAlauL3WN Fluka Ussinasiaimauane



2.1.6.

2.1.7.
2.1.8.
2.1.9.

2.1.10.
2.1.11.
2.1.12.
2.1.13.
2.1.14.
2.1.15.

2.1.16,
2.1.17.
2.1.18.
2.1.19.
2.1.20.
2.1.21.
2.1.22,
2.1.23.
2.1.24.
2.1.25.

2.1.26.

2.1.27.

2.1.28.
2.1.29.

Tulawfipnaanled (niobium oxide: Nb,Os) mmu‘%qﬂ%‘?aﬂa: 99.9 Wa®
TaouIsn Aldrich Ussinenoassin
Twalaflauaanagad  (polyvinyl alcohol: PVA) wWialapuSsn Fluka
dszinasiamasiana
Lafiauaanaadd (ethyl alcohol) HAALANLSEN Merck Ussinainasain
\ndadTsdinen naalauLSEn AND 9% HM-300
nizdloswaadnwiaurhilaldaansny
anuataslaii
IUNINRNEEN
LS EINENENTUUY ball-milling
fintnaipwia 500 uaz 1000 Jaitas
UHINIUEITEWIN 6 1TUALUAT
LOUN AN TN {hot plate) nAalauu3En Schott Gerate GMBH

{ SLK4
daums wialapuIsn Griffin Grundy
Fauanans
ATNUARITINAILMEN (agate)
thwagiiu (alumina crucible)
WA HAalaguSEn Lenton Furnaces 3;14, 4280
LLﬂﬁuw‘Iﬂﬂ:ﬁﬂﬂ%'u5ﬂ§ugﬂmmmﬁumuguﬁnmq 10 HafLueT
iassaszuylalasan
ATEaENTIULIULS 400 800 WAz 1200
MW (silver paste)
IF3INTINRELNTIRENUNVESTIManS (Xray diffractometer) WAl
1315 SIEMENS §% D500
ﬂﬂ"adi}ﬂﬂﬁﬁﬁﬁtaﬂmﬂmtuuﬁmﬂﬂ@ (scanning electron microscope)
nRalaz USHY JEOL JSN 840A
LCZ-meter niale BUIEN Hewlett Packard ﬁ:% HP4276A
m’%aaﬁai’mmﬁ%amﬁ% & (Sawyer-Tower circuit)

LPIDINO AU TIMULUNULALT (uniaxial compressometer)




10

22  MSL@3BNE1T PMN-PZT Uazn13a3l9itae

Tugudaznsfansandoafuiunssiunmsasouaiin PZT PMN  uae
PMN-PZT  TawSuannmaadouss PZT uasns PMN  saedinauson loduuuandy
(conventional mixed oxides method) nniwhearnini idunsuiuludagiudi Jlas
Tuataedouniwsninuazanainnsimssninfieioalddeins XRD  uaz
SEM mudney ursmsTasuianismumwaaarniin

221 msessnasaaasiaa lnnwe ( Pb(zr, ,Ti, ,.)0;)

mMaesnuns PZT dedtuassanlaoduvuandy lasldasasdn fia PbO  zr0,
. & & o o - o o a o
WAETIO, uansasdulasdanmunaiiugasdsaunmsn 1 asik

PbO(s) + 0.52ZrOy(s)+ 0.48TiOy(s) ——> Pb{Zros2Tip.43)03(S) (1)

L““a:m'mmi%'qmimwﬁﬂﬁmﬁmm:awLLé"a'lei'lun‘i:ﬂaawmaﬁnﬁmﬁggnmLsnaﬂﬂ
e duanmueaasliiietinlumsnszanes wdhbad wafiniudromdnianaiadn
w2 luaflenlassuwaiesnaua1suuy ball-miling G 2.1) dlwrawn 24
dalas Mndur lrukedramaihlunusauinenudouniautunIus I umIuETS
LA usT'ni’,'lvhJauluﬁaumsﬁﬁqmﬂgﬁﬂszmm 200 % agean 24 4alad udruadae
AINUAFT (agate) ﬁwwaﬁimﬁluﬁ’aﬂagﬁm Lmuﬂa‘lmf“?iqmﬂgﬁ 850 °% 1fluaan 2
Tl é'f'mé'@mnﬁ%ulawaaqmﬁgﬁtﬂu 5 e/l (31 2.2) wielildnairndn pzT

p Y P! -
Eﬂ 2.1 WRAINMTUALLSN@IYLATBINRUFITUULD ball-milling
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850

120 W

5 eyl 5 a5/

.’,
AT (W)

U 2.2 unndamsinuas lmine PZT

222 nseisunsaauaniifaslnlowwa (PbMg,,Nb,)0, )

J‘ B4 = e . A | ad
e PMN - aniaToudiudinileaulud (columbite method) Faillwitnsuvuaas
& a = au A
uaan lasFuanmaadaassuaniiisululaiwe (MgNb,Og) Taugasdsaunisf 2

MgO(s) + Nb,Os(s) —»  MgNbyOg(s) (2)

nzuawmaaTsuuNnidonlulaiuaszvinlasitmssudsiumaesuns PZT
Fafldnsunudaluiade 1 Iﬂﬂtmuﬂa"lmﬁﬁqmﬂqﬁ 1100 °a5 futran 2 Halus dan
é’ﬂﬂnﬁ%ulmmaaqqumﬂu 5 cq/unfl (31 2.3) azldmauuniiionlulawa ntui
mﬁ”lﬁ'mﬁ’ﬂLﬁanmmmﬁﬂagmﬂ Maazunsdluaauaunadszans 100 pm

nmiwmhrsuanii@oalulawaunessiuwesanlod (Pbo) 1a1aTuum PMN &
LAAITIRANTT 3

3PbO(s) + MgNb,Og(s) ——> 3Pb(Mg;sNbas3)O4(s) (3)
3T WA U TIeSaang PZT defilandnuiuaaluiadad 1 3aniudnng

ﬂ"[@'i”l.ﬂl,w'm.ﬂa“lﬁnﬁﬂqmﬁqu 900 ° LuIaI I 2 T lag dudannIiwassamngil
1w 5 oqunfl (U 2.4) 9zldmg PMN
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oUUNHE (°1)

2y

1100 a
120 ¥

5 eyt 5 i

>
LAY (W)

3t 2.3 uswdimsenuas loiawindealulaiwe

A A
RN ( %1 )

900

120 W

5 iy 5 Cag/yun

»
A (W9)

31 2.4 unndamawuaalaning PMN
223 msesaansansasiama lnniua-laausnidaalulawa

) A r-| T ﬂIJ s ar 0 ) (-3
R PMN wazid PZT Miasenldnsausznaunulassanaulasluasiigiu fia
0.7PMN-0.3PZT, 0.5PMN-0.5PZT, u80.3PMN-0.7PZT shwmsnay PMN-PZT  lglw
* _ Ly - ] o & = Qs o =4 L A
namlaswamadnuditlalduinlaswuersmuntanansdn udilbuetlondrenIasnas
§13UUY ball-milling tDwiaiuwnw 24 Tl uiavih iudsdramvi ldsusenusna
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u W o Y ' v o 3 At A Y o
TOUNWTEUNUNIUSIBUVINIVRITIULLIAS u’]vlﬂau'Luﬂaum'SﬂquﬂﬂuE]Enﬂu:aﬂ 24 'ﬂ']{&!\?

LY [ & ., =i [ 2
WRILANNBATNLA mnuummwaumﬁﬂu‘lﬁmﬂmﬁamﬁ@lagmﬂ'lﬂﬁmmmﬁ@lmgmﬂ
“ v o o as o e
Wwnasuazlnfdsenudoazunsslusanidawadszann 30 ym

224 MRa3u3E38n PMN PZT uazPMN-PZT

o M e a A o o oo, o e
WIne PMN PZT UazPMN-PZT fleanitmueioulumadaficium saviinisee
& y W P A ” o a . ar
Au31l (pressing) drnniRndlanzuazindssaaszuylalasin (hydraulic press) dauwy
fimmalfin (uniaxial pressing) @331 2.5 duauGn 0.5 au iluawin 30 Tufl lag
% P YT ¥ e = )\ A 2
1 PVA  Aflanudutuiasas 5 lesthwinuduasdamiien (pinder) \Watelfoynia
d y o P [Py AA e s-.' ' \ o o A o a
raudanu aladwnunfisnwuziiluuiunan (disk) iduanunadasludioegiing
v q s Ey ” = Y %) ' & =
wialdie PZ naudunuuscloslimseglwinauduunuazdusiiveins PZ Bndunils
A o |c‘ = [ ﬂlI A []
wdi tneluweannans laswudngonni 500 oo 1fuaawin 1 51 lus tia'ls PVA
2 P’ & a e e [y av & A
unBwaaingamgdl T, Wwnanu 2 Talus dsdanmalwassasgunniidiu 5 ©
s (31 2.6) aldmnaianin PMN PZT uasPMN-PZT lagldgangilumaendwasd
A ] s 3 o Y A:t LY ° ﬂ‘: S @/
Auansdrany nuwmhasaninieiaslanniiandiinlnie (electrode) daun13nn
v - . As & [ P woog s
NI (silver paste) NRIIFaIAIMIaITITIETN uaai Il lanaIaae
-9 2 s ‘3‘ -
angd 750 °1 iuiiaiuin 12 wfl MYaaTIMILw/asrasgann i 5 camif
A’ = A [ 9 L5 L] T, 1
uanamnigsianinfdumamui ldgninanessaantimamenw 1w mve
¢ (shrinkage), UBTAURUILIUL (density)

-9 A s (=Y o o4 Qi J
325 LLuwuw‘Iaﬂ:LLa:meamzuﬂa‘[man'l:ﬁ'mmun'rsamugﬂ
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500

=
VIAT (W)

3t 26 wnulimanBuwaaian o
4 o on
s T, A gaunnAnliGuaas

2.2.5 N7 aﬂﬂﬁﬂilﬁ‘s’]ﬁﬂﬁ!ﬁ #INAdA XRD

lassgsanrassnaninfiedau ldaurnarasavidlesnisianeiannssd

P d & a o ' d A
\and (x-ray) Sesfianupadnanlussauifaanuszpzrinessnitsesaanzaasiin Wa
=) =Y = =, o e :'i’ o
Fimandannsznuirninasianinizds (scatter) lunnfiennlasfifasuaouazinagw
LT | d, [ di Qo A a 3 ni "~ c?‘
20 AufiRannizny sk naTedans19dy (detector) ssfiduniaufiiomadiun
fawnnasamauldhidiansvnanewlawsziiinnarile Tasgandguuas
Y iy A e a
anuasItuiumassluwndnngmiuaesaigl 2.7
v oo & a oy o ” &
@A nuwIngaszusIuiNWaiu (in phase) asiflwldanunguasunsn
; A e A = Y -~ [y
(Bragg’s law) TIURANGIFNNTA 4 Fazaasannudszinnueslassaiendnle

nd =2d sin 8 )

o -
Mg n fe 1,23,
& A
A a8 93E1IaaU (wavelength)
d @8 TrEr¥eTEnIaTEwIL (interplanar spacing)
%

- & . :
a8 JAULRLILUY (diffraction angle)
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Powdered
sumple

—e -3~ X-ray
source

S,
X-ray detecior

31} 2.7 WHBAWNTOTAROUINRAIBNALin XRD
PUABUATUATTTINFMTUATIIRAUGILINATiA XRD

a - 51 =] k7 [ ] et ¥ .='¢'i‘ =
1. shasaniinieiorldumalunnuansdiagng (sample holder) lagfinui
maam‘im’ﬂﬁna:ﬁaaarﬂmzmmﬁmﬁ‘uﬁ‘uuﬁumﬁ;msﬁ"mma
] b et [ A
2. laudusnidatnsluiedas XRD

' ]
= 24 =

3. SulauaTaq XRDI@ulﬁ':gutiumuw 20 flu 20° nazyuganipiida 20
vl 60°

4, mz”l,@i'gﬂnﬁ'lwgammé’nﬁ'uﬁ’ixmwmmLﬂ'uﬁ'mam 20 s laundSoufisunu

L3

o as a
’LFE]%JQIML“NJJ JCPDS iNasT1zgauan U1y LW HUDIRTILBTIAN

WallidassfansulantssnazmantadmwratSunaasudandsanlavfadn
[ A s N v e ' )
wWasiarud lManauns (5) danaretnaliiiwindinidh Pbzro, Wuasudanisau

fa = = & I r
YunaSouisuiuilefisudueana Pozro, = e x 100 (5)

PbZr(O, + max inn
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2.2.6 NIRTIVFBUANUANIIAILNIND2SAIIDIINN

2.2.6.1 MISHIAINITHAAINEILH (firing shrinkage)

i infidunnmudiinasiaianmsramasasriinndanisanlas
mﬁ'@mmﬂLé'umuguﬁnmaua:m'xwmmaqLsni'lﬁﬂﬁgariammwé’amnm%uma%
nnswhdAsalandundisumsi 6

vV =7Tr 2 xd (6)

A =
a V. de USinasuaawsan
r fe sadvaaedn

4 fa anunuwvadani

azldSinasaunsin (V,) Lasn@nnsin (V,) udismuimmeniasasnisnadd
ABITIAN AIFNANT 7

Vv
§=|1"2 | 100
Vi (7)

WWa S &8 feuazwasmInasudilFinasanaiin
v, a8 USunasvasimninnaniin
y, fa Uaieasninnaun

2.2.6.2 NMTHIATAMANWILIY (density)
NMIRIAIATNABIMUBY I TIE FramIlEnannITuniivasinwad Archimedes
lassiharninfiedouldduluinswduiaa 2 2lue Aelilmduluanea udasinluds

WUl (ws) uastaunsdlon (w,) wiildeuludavmaiiunaiwiu 24 Talus
PMURERITIAEN UM (W) LEIFUI BRI A UR MUY DT T A NGIFNNIT 8

(8)
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A a . 3
Wa  Ppo A9 aAMuRMILLUesin

Pe  Aa anunnutinaadrsinin

[]
=Y

wy  f dmunedusTinnTluanng

b
) a4

w,  Aa ihwinessndnATIluemamailon

L

b

oW ]
@

ws A8 dminvedsndnnTluiih

B

A & ]
227 n1seasvdsvlanesialenaastansaididnasenuundainiia
(SEM)

awmdumsdnmlenaivmaameavesianinfieioyldzdasarsaudions
lindesgansimiBilinasaunuugainma (SEM) tuaaunisnaiouananindmiv
[ hg o, & ]
ATIFAUNTIY NRBIIRVNITARDLANATDRULUFBINTIA (SEM)

1. ﬁﬂm‘m‘inﬁm%mlvlﬁ’mﬁflmmﬁ:a’mﬁamLﬂ%aaqam%’ﬂfﬁﬁﬂLﬂunm 30 Wil
LﬁaﬁﬁﬂLﬁﬁédﬁﬂﬂiﬂlﬁ'ﬁqﬂaan"l.ﬂmnﬁ?mﬁﬁn

2. dhwrniinldeudsgdauaaniwng 24 dalug Warnldiarinudts

3. snrniinldiswaiinas sdanhldGeausurismaaniad (stub) Aumdnagas
wih lagsaldusnomndusnwoepasfionta (ree  surface) uaz o8N
(fractured surface) 214 @T’mgluum*ﬁ'mm:aml.ﬁn’ﬁ@rs'maau

4. Ymsiafevfnrraswniindarenessnlasldinadia sputtering tduiauin 4
wifl dauazth ldeamaseudiandasansieddilinasauuuugeinma (SEM)

23 MSOANULLLALIASI19IATAIAD DAL FILAWULLLNWLALY (Uniaxial Stress

Compressometer)

Tumsaanuuunazdoshaeissliafefnmdninanasanuduiuuunmdarin
mmmz@'ﬁﬁ’u‘lﬁ%’@ﬁ%’nm%asﬁaé’mnuﬁ'uuummmﬁm (Uniaxial Stress
Compressometer) (a931 2.8 uaz3y 2.9) Falsznaudinuvisnasniomsanseusnsin
3% (base) UYHNAUWRINTINTZUBNTIUAIGU (ram) Uazuvisnaswiasruadndngas
wis (@931 2.10) %aﬁwﬁ'ﬂﬁﬁmzm’wmamﬁaqd’mgmﬁ‘umamﬁaqmué’uﬁu oty
Trmasmisssiudenadoudluuwinnuaoiaue uasilasiuusadamilosonusenad
N9ziINUEINAINY a'rst,m’]ﬁﬂ"?'im“%w”lﬁazgm Hizrisawandaiuduiiausn
ﬂaaﬁ’umsgmvtﬁugﬂinwaammﬁnLﬁaamﬁﬂtl.‘m \&0% (shear deformation) S93TAMNATN
ﬁﬂﬂié%ﬁttﬂﬂ@iﬁdﬁ%ﬂlE]d“flﬂél.ﬁﬁ%ﬁﬁl.‘ﬁi’]ﬁﬂ GrusnBualumanuIn 1 7 g uaz )




18

suidvasmsiriinezaniaaniaia (spring loaded cell) FedurianuuTiamiava
wiin Smansodatueiasiiatannniouen 15w LCZ-meter  1itatasnnefi ladiin
@In (dielectric constant) LLa£3997 Sawyer-Tower Lﬁa'i'mmu%ama‘%'%a (hysteresis loop)
(uawn

U 2.8 1f 7840 8ALTILULUNULALT (uniaxial stress compressometer)

g To LCZ meter

v

Ram

A

Spring loaded pin

v

Insulator

Sample

Y

Base |

..y T0 LCZ meter

W T L A A A |

31 2.9 BHULMANLEAILATAIN LN e AN BNTWATaIA NS BULULLAKLR 87

L= ' .
WI8 uniaxial stress compressometer
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Qs A r-| St o . .
31] 2.10 uansanwaenslnasasll adaussunuunuiayy {uniaxial stress

compressometer)

lunsnasasfednsnBninasesanutduuuunnwasdaauiae s]maai’a@;‘tfu
mmmﬁﬂﬁﬁgﬂuam'azmwmﬁuﬁ’sLmz'luﬁmq:m']mﬁugo Tagfiluanmeanuisudioy
Igunsnllunmmanasurasdiagy 2.11 Tauldnannisvasawiin (Cantilever Beam) @4
maﬁ'l"ﬁ’ay:'lwﬁ'w 0-3500 n3u Taeifisvaaulanisns 500 N3 uasasanIAignIIzay
Lﬁi&gdi\:’l’ﬁlﬂ%&é’ﬂ‘szuu‘la'[man‘fﬁ'lﬂﬁ'Lmé’ﬂ'[,mm 0-10 MPa qauaadlugyl 2.12

,J [ | @ o'
U 2.11 mslfiadesfiedaussuuuunudmlugnnzanuiiuei
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v af s . o 9
U 2.2 ms'l:mmmﬁaammuuuLmumm'luann:ﬂ'rmmuga

24  NITIMEI192997 Sawyer-Tower

W e ¢ oA =2 fany A o a & A
tumsaanuunuasiasivgdnaclifed@nmani@daneidaluiagwilsdidaain
& Loy e [ LY 17 | s A A | o,
wi anaizdI901darT197997 Sawyer-Tower  (Asuaaslugfl 2.13) dailwasesiie
A Q.4 Lo | A A ] ] A o s A‘ ﬂ‘
nyalumyiesuifdmmaida laofideine gAlElumsidetuaadlugun 2.14

R, ) Cs

CO > CS

;a‘ﬂ 2.13 LRI Sawyer-Tower Circuit
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Ve R1

R> *Z

31 2.14 UgA9993 Sawyer-Tower Aldlumnaasd
Ri=68MQ R=10kQ) Co= 0.1 UF GCe= PZT, Go>>Cy)

. . [ 4 r
midagunala g lwiaas Sawyer-Tower Wuuaadlugun 2.15 laofl v, uaz v,
o E A ' v oA e & a A A
1NN 2.13 Wuhe msdaisugnmuwInanLazuwIAIadaaadalaglnl tRafez
AW e w W a a A A
LRAIHAT LOANANITIALRASU U0 aFa larlall muam'lugﬂﬂ 2.16 lagfAunuuan
= A a4 ' ' an =i ' as ' &
2o WITNOT TRLBMIBUNUAIANNANANTNANATANENTABEN (C,) LAZUALAY
= ) f f . . aw P v
manamaamawauuﬁﬁwaLmumﬂ'numaﬁn{fﬂnmaumlﬁuﬂszq (Co) Tauusein
o a a & a ' o ° ° ' [V
lavandudszafitialuuummaaisdis Ssmensmiriddmammdlnatlanotun
= an ) A & A an
wWisuwdasluuuesadasng ldanaunis P=CW/A il A luiunintrdavasans
10819(C,)  (Meazmdaalunianun @)

31 2.15 waamsiegunyalluasey Sawyer-Tower
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31U 2.16 usasanEazaIUBsmaTEauuwwineseaadalarlal

a & 1 1 s, a & a
25 mIdnmdninaanaaRLUULNBAEIReaNT R lasEnasnuazliHSing

gadd@TiETniaamasiama inniwa-tanuanigdunlulawe

A0 lumsflasfnmnsanialadidnadnvesmaosfin PMN-PZT st ansimmfinasetos
Hunaididninse laonsldniiin siver  paste) miifvsasdwasasiain
ﬁauﬁazﬁﬂﬂtmﬁqmﬂgﬁ 750 o5 (luszaziam 5 wdl e iifiasah i uasln
miflasinmsaiagameIsauas IS nagasm s in PMN-PZT %34 s13ia91dn
szdperhun g (Poling)  TasmsliamwalWinseuaasslussey 4 kvmm fuss
mm‘ﬁnﬁqm%qﬁ 120 %5 1dusznziian 30 wif

TumsnasaslddnmBniwaresnnuifusuuunmdsrsluanneanuidudines
am'a:m’lmﬁ'ugdﬁﬁdamsnﬂﬁauuﬂmamﬁ%ﬁLﬁnﬂ%ﬂmaamwmwﬁn Fagusialasidn
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Abstract

Effects of uniaxial stress on the dielectric properties of ceramics in lead
magnesium niobate—lead zirconate titanate {(PMN-PZT) system are

investigated. The ceramics with a formula

(x)Pb(Mg1/3Nb2/3}03—~(1 — x)Pb(Zrg 50 Tig.48)O3 or (x)PMN=~(1 — x)PZT
when x = 0.0,0.1,0.3,0.5, 0.7, 0.9, and 1.0 are prepared by a conventional
mixed-oxide method. Phase formation behaviour and microstructural
features of these ceramics are studied by x-ray diffraction and scanning
electron microscopy methods, réspectively. The dielectric properties under
the uniaxial stress of the PMN-PZT ceramics are cbserved at stress levels
up to 5 MPa using a uniaxial compressometer. It is found that with
increasing applied stress the dielectric constant of the PZT-rich
compositions increases slightly, while that of the PMN-rich compositions
decreases. On the other hand, the dielectric loss tangent for most of the
compositions first rises and then drops with increasing applied stress.

1. Introduction

Lead magnesium niobate (Pb(Mg, 3Nbz;2)05 or PMN) and
lead zirconate titanate (Pb(Zr;_,Ti,}Os or PZT) ceramics
are widely used in devices like piezoelectric actvators and
electromechanical transducers [1-3]. These two types of
ceramics possess distinct characteristics that, in turn, make
each ceramic suitable for different applications. As a
prototypic relaxor ferroelectric, PMN has advantages of having
broader operating temperature range, especially over the room
temperature range. This is a direct result of a diffuse
paraelectric—ferrcelectric phase transition in the vicinity of
room temperature. In addition, as a result of their unique
microstructure features PMIN ceramics exhibit low loss and
non-hysteretic characteristics. However, the PMN ceramics
have relatively low electromechanical coupling coefficients,
as compared to PZT. This is the main reason for rather
unsuccessful applications of PMN ceramics in actuators and
transducers. In contrast to PMN, PZT ceramics have found
several actuator and transducer applications due to their high
electromechanical coupling coefficients {1, 2]. However, PZT
ceramics are fairly lossy as a result of their highly hysteretic
behaviour. This makes them unsuitable for applications

0022-3727/03/131615+05830.00 © 2003 10P Publishing Ltd  Printed in the UK

that require high delicacy and reliability. Furthermore, PZT
ceramics normally have very high Curie temperature (T¢) in the
vicinity of 400°C. Usually, many applications require that T
be close to ambient temperature. Therefore, there is a general
interest to reduce the T of PZT ceramics to optimize their uses.
Forming a solid-solution of PZT and relaxor ferroelectrics
has been one of the techniques employed to improve the
properties of ferroelectric ceramics. With the complementary
features of PMN and PZT, it is of special interest to investigate
a solid-solution of PMN-PZT ceramics, which is expected to
possess more desirable features than single-phase PMN and
PZT [2,4-6].

Furthermmore, these ceramics are often subjected to
external mechanical loading when used in specific applica-
tions, such as in acoustical transducers [7, 8]. A prior knowl-
edge of how the material properties change under different load
conditions is crucial for proper design of a device and for suit-
able selection of materials for a specific application. Despite
this fact, material constants used in any design calculation are
often obtained from a stress-free measuring condition, which
in turn may lead to incorrect or inappropriate actuator and
transducer designs [9-11]. It is therefore important to deter-
mine the properties of these materials as a function of applied
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stress. Previous investigations on the stress-dependent dielec-
tric and electrical properties of other ceramic systems. such
as PZT and PMN--PT have clearty emphasized the importance
of the subject [12.13]. However. there has been no report on
the study on the PMN-PZT system. Therefore, this study is
undertaken to investigate the influences of the uniaxial stress
on the dielectric properties of ceramics in PMN-PZT ceramic
composites.

2. Experiments and measurements

The Pb(Mg;;3Nba;3)03~Ph{(Zry.5:Tip.12)O3 ceramic COMpOos-
ites are prepared from PMN and PZT powders by a mixed-
oxide method. Perovskite-phase PMN powders are obtained
via the weil-known columbite method [14]. PZT powders,
on the other hand, are prepared by a more conventional
mixed-oxide method,

The columbite method is employed in preparing a
perovskite-phase PMN. In this method, the magnesium niobate
powders are first prepared by mixing starting MgO (>98%)
and NbyOs (99.9%) powders and then calcining the mixed
powders at 1050°C for 2.5 h. This vields a so-called columbite
powder (MgNb,Og). The columbite powders are subsequently
ball-milled with PbO (99%) for 24 h. The mixed powders are
calcined at 800°C for 2.5 h to form a perovskite-phase PMN.
With a more conventional oxide-mixing route, PZT powders
are prepared from reagent-grade PbO (99%), ZrQ, (99%), and
TiO3 (98.5%) starting powders. These powders are ball-milled
for 24 h and later calcined at 850°C for 2 h.

The (x)Pb(Mgi/3Nbgs3}03—(1 — x)Pb(Zrg.s2Tig.45)03
{when x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic
composites are prepared from the starting PMN and PZT
powders by a mixed-oxide method at various processing
conditions. Initially, the PMN and PZT powders for a given
composition are weighed and then ball-milled in ethanol for
24 h. After the drying process, the mixed powders are pressed
hydraulically to form disc-shaped pellets 15 mm in diameter
and 2mm thick, with 5wt.% polyvinyl alcohol (PVA) as a
binder. The pellets are stacked in a covered alumina crucible
filled with PZ powders to prevent lead loss. Finally, the
sintering is carried out at a sintering temperature for 2h
with 5 min °C~} heating and cooling rates. The firing profile
includes a 1 h dwell time at 500°C for binder burnout process to
complete. For optimization purpose, the sintering temperature
is varied between 1000°C and 1300°C depending upon the
compositions.

The densities of the sintered ceramics are measured by the
Archimedes method. The firing shrinkage is determined from
the dimensions of the specimens before and after the sintering
process, The phase formations of the sintered specimens
are studied by an x-ray diffractometer (Philips analytical).
The microstructure analyses are undertaken by a scanning
electron microscopy (SEM: JEOL Model JSM 840A). Grain
size is determined from SEM micrographs by a linear intercept
method. For dielectric property characterizations under a
uniaxial stress, the sintered samples are lapped to obtain
parallel faces, and the faces are then coated with silver paint as
electrodes. The samples are heat-treated at 750°C for 12 min
to ensure the contact between the electrodes and the ceramic
surfaces. The samples are subsequently poled in a silicone
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oil bath at a temperature of 120°C by applying a de field of
25kVem™! for 30 min and field-coaled to room temperature.

To study the effects of the uniaxial stress on the dielectric
properties, the uniaxial compressometer is constructed. The
details of the system are described elsewhere [15]. The
dielectric properties are measured through spring-loaded
pins connected to the LCZ-meter (Hewlett Packard, model
4276A). The capacitance and the dielectric loss tangent are
determined at frequency of 1kHz and room temperature
(25°C). The dielectric constant is then calculated from a
parallel-plate capacitor equation. e.g. & = Cd/egA, where
C is the capacitance of the sample, 4 and A are the thickness
and the area of the electrode, respectively, and gy is the
dielectric permittivity of vacuum (8.854 x 10-'2Fm~"),
Though the hysteretic behaviour is expected in the materials,
as seen in other ferroelectric materials [12], it should be
mentioned that with the limitation of the cumrent design of
the uniaxial compressometer the reversibility of the dielectric
properties with stress is not obtainable in this experiment,
The modification of the experimental set-up to measure the
reversibility is underway and the results will be presented in
future publications.

3. Results and discussion

The optimized density of sintered (x)PMN-(1 — x)PZT
ceramics is listed intable 1. Itis observed that the compositions
with x = 0.1 and 0.3 show relatively lower density than
other compositions. This suggests that the addition of a
small amount of PMN to the PMN-PZT compositions results
in a significant decrease in the density of the ceramics.
Further addition of PMN into the compositions increases the
density again. A similar result was reported in a previous
investigation [4]. The SEM investigations (shown later in
figure 2) reveal supporting evidences that the ceramics with
these two compositions contain very small and loosely bonded
grains. It should, however, be noted that the composition with
x = 0.1, which contains sub-micron size grains, is not well
sintered. Clearly, this is a reason for the much lower density in
this composition. Asshown in table 1, the average grain size of
all the mixed compositions is much smaller than that of the pure
PZT and PMN materials. The reason for the changes of the
density and the smaller grain sizes in the mixed compositions
is not clearly understood, but this may be a result of PMNs
role as a grain-growth inhibitor in the PMN-PZT composites.
More importantly, it should be pointed out that dense ceramics

Table 1. Characteristics of PMN—PZT ceramics with optimized
processing conditions.

Grain
size

range
(erm)

2-7
0.5-2

Average
grain
size
(pem)

Firing
shrinkage
(%)

335+ 11
18.6 £0.1
30.8+£27 053
383+01 05-5
404+09 14
38.8+0.1 1-4
399406 2.4

Density
(gem™)

759+ 0.11
6.09+0.11
745+ 0.10
7.86 + 0.05
7.87 +£0.07
7.90 £+ 0.09
7.82 % 0.06

Ceramic

PZT
0.1PMN-0.9PZT
03PMN-0.7PZT
0.5PMN-0.5PZT
0.7PMIN-0.3PZT
0.9PMIN-0.1PZT
PMN
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for PMN-PZT composites are very difficult to obtain as a result
of a narrow range of sintering behaviour of PMN material [4].

The phase formation behaviour of the sintered ceramics is
revealed by an x-ray diftraction (XRD) method. The XRD
patterns, shown in figure 1, show that the sintered ceram-
ics are mainly in perovskite phase. From the XRD pattern,
PZT ceramic is identified as a single-phase material with a
perovskite structure having tetragonal symmetry, while PMN
ceramic is a perovskite material with a cubic symmetry [16].
All PMN-PZT ceramic composites exhibit pseudocubic crys-
tal structure, as reported in previous investigations [4, 5, 15].
However, some impurity phases (PbsNb2O7 and MgO) are also
present on the XRD patterns of the composites with x > 0.1.
A large amount of the secondary pyrochiore phase (PbyNb2O5)
is clearly present on the SEM micrographs (figures 2(d)—(f)).
‘These impurities phases are believed to precipitate mostly on
the surface areas of the specimens [17). Further XRD inves-
tigation at different depths of the specimen reveals that the
impurities diminish in the interior areas of the specimens.

The microstructures of the specimens sintered at 1150°C
are observed with the SEM, as shown in figure 2. Clearly, the
morphology of the grains is composition-dependent. PZT and
PMN ceramics exhibit more uniform microstructure than those
of the PMN-PZT composites. It should be noted that some of
the grains are observed to be in irregular shapes with some
open pores. This is a result of a Pb-loss during the sintering
process. Grains of the PMN ceramics are mostly in spherical-
like shape, while grains of the secondary pyrochlore phase
(PbaNb;O7) exhibit a pyramidal morphology. Generally, the
microstructures of PMN-PZT ceramic composites are seen as
depending on compositions, and usually show mixed features
of the two end-members. The grain size varies considerably
from <1 to 7 um, as tabulated in table 1.

The experimental results of the uniaxial stress dependence
of the dielectric properties of the ceramics in PMN-—PZT
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Figure 1. XRD paiterns of the sintered (x)PMN—(1 — x)PZT
ceramics.

system are shown in figures 3 and 4. TFhere is a significant
change of both the diclectric constant and the dielectric loss
tangent of the ceramics when the applied stress increases from
0 to 5SMPa. The changes of the dielectric constant with
the applied stress can be divided into two different groups.
For PMN-rich compositions (PMN, 0.9PMN-0.1PZT. and
0.7PMN~0.3PZT), the dielectric constant generally decreases
with increasing applied stress. However. it should be
noticed that only PMN and 0.9PMN-0.IPZT compositions
show definite decreases in the dielectric constant. while
the dielectric constant of the 0.7PMN-0.3PZT composition
initially increases then decreases with very little difference
in the dielectric constant between applied stresses 0 and
5MPa. On the other hand, for PZT-rich compositions (PZT,
0.1PMN-0.9PZT, 0.3PMN-0.7PZT, and 0.5PMN-0.5PZT),
the dielectric constant rises slightly when the applied stress
increases from O to | MPa, and becomes relatively constant
when the applled stress increases further, ‘The dielectric
loss tangent for most compositions, except for PMN and
PZT, is found to first increase when the applied stress is
raised from O to I1MPa, and then decrease with further
increasing stress. However, for PZT ceramic the dielectric
loss tangent increases monotonously with increasing stress,
while PMN ceramic exhibits a slight increase in the dielectric
loss tangent followed by a drop, the turming point being
around 2 MPa,

To understand these experimental results, various effects
have to be considered. Normally, the properties of ferroelectric
materials are derived from both the intrinsic contribution,
which is the response from a single domain, and extrinsic
contributions, which are from domain wall motions [18, 19].
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 & uniaxial stress, the domain structure of ferroelectric
ceramics may undergo domain switching, clamping of domain
walls, de-aging, and de-poling [19].

In this study, the results for the case of PZT-rich
compositions can easily be explained with the above
statements. When the compressive uniaxial stress is applied
in the direction parallel to the polar axis (poling) direction,
the stress will move some of the polarization away from the
poling direction resulting in a change in domain structures
[18]. This change increases the non-180° domain wall density.

.Hence the increase of the dielectric constant is observed.

The de-aging mechanism is also expected to play a role
here. However, the stress clamping of domain walls and
the de-poling mechanisms are not expected at this relative
low stress level used in this study [12,19,20}. Therefore,
a combination of the domain switching and the de-aging
mechanisms is believed to be a reason for the slight increase
of the dielectric constant with increasing applied stress in
the PZT-rich compositions, as shown in figure 3. Since
PMN is a relaxor ferroelectric material, the situation is very
different for PMN-rich compositions. The stress dependence
of the dielectric constant of the compositions is attributed to
competing influences of the intrinsic contribution of non-polar
matrix and the extrinsic contribution of re-polarization and
growth of micro-potar regions [12,21]. Since the dielectric

e
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Figure 2. SEM micrographs of (x)PMN—(1 — x)PZT ceramics sintered at [150°C: (a) PZT, (b) 0.1PMN-0.9PZT, (¢) 0.3PMN-0,7PZT,
(d) 0.7PMN-0.3PZT, (¢) 0.9PMN-0,1PZT, and (f) PMN (Py indicates pyrochlore phase).
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Figure 3. Uniaxial stress dependence of dielectric constant of
PMN-PZT ceramics.

response of both contributions is affected by the applied stress
in an opposite way, the behaviour of the composites depends
on the ratio between the micro-polar region and the non-
polar matrix. Since the measurements are carried out at
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Figure 4. Uniaxial stress dependence of dielectric loss tangent of
PMN-PZT ceramics.

the room temperature, the micro-polar regions dominate the
dielectric response of the composites [21). Therefore, the
dielectric constant of the PMN-rich compositions decreases
with increasing applied stress, as seen in figure 3.




Dicleciric properties of PMN-PZT ceramics

The cause of the stress dependence of the dielectric loss
tngent is a littde more straightforward than that of the diclectrie
constant. As depicted in fgure 4. an increase in Jomain wall
mability clearly enhances the dielecteic loss tangenst in some
compusitions. while the de-aging in the materials normally
causes the decrease of the diclectric Toss langent observed in
some compositions {19, 20].

These results clearly demonstrate thai the contribution of
cuch mechunism 1o the dielectric responses of the PMN-PZT
ceramic depends on the compositions and the stress level,

4. Conclusions

In this  study, the  {x)PhtMg,;aNba )01 — 1)
Pb(zru__-;:Tin_.m)O_: {(when y == 0.0, 0. l, 03. 05. 0.7,
0.9, and 1.0) ceramic composites are successfully prepared by
aconventional mixed-oxide method at various processing con-
ditions. The phase formation behaviour and the microstructure
features are studied using the XRD and the SEM techniques,
respectively. The measurements of physical properties reveal
that the properties are relatively composition dependent. The
dielectric properties under the uniaxial stress of the PMN-PZT
ceramics are observed at stress levels up to 5 MPa using a cal-
ibrated uniaxial compressometer. The results clearly show
that the dielectric constant of the PMN-rich compositions
decreases. while that of the PZT-rich compositions increases
slightly. with increasing applied stress. On the other hand,
the dietectric loss tangent for most of the compositions first
rises and then drops with increasing applied stress. This
study undoubtedly shows that the applied stress has signifi-
cant influences on the dielectric properties of the PMN~-PZT

CEramic composites,
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ABSTRACT

The dielectric properties of (1-x)Pb(Zro.s2Tio.45)Os—(x)Pb{(Mg;3Nb,;3)0s (when
x=0,0.1,0.3,0.5,0.7, 0.9, and 1.0) ceramics prepared by an oxide-mixing method are
determined by means of an automated dielectric measurement set-up. The dielectric
constant and dielectric loss tangent of the ceramics are measured as functions of both
temperature and frequency. The results indicate that the dielectric properties of the
pure phase PZT and PMN are of normal and relaxor ferroelectric behaviors,
respectively. The dielectric behaviors of the 0.9PZT-0.1PMN and 0.7PZT-0.3PMN
ceramics are more of normal ferroelectrics; while the other compositions are obviously
of relaxor ferroelectrics. However, with a higher degree of disorder the PMN-
modified PZT shows more diffuse phase tramsition nature than the pure PMN. In
addition, the transition temperature decreases and the maximum dielectric constant
increases with increasing PMN content in the system. The rate of transition

temperature change, however, depends significantly on the Zr/Ti ratio of PZT.

Keywords: PMN-PZT; Mixed-Oxide; Dielectric Properties




1. Introduction

Among the lead-based complex perovskites, lead zirconate titanate (Pb(Zr,.
x11x)O3 or PZT) and lead magnesium niobate (Pb(Mg3Nb23)O3; or PMN) ceramics
have been investigated extensively, both from academics and commercial viewpoints
[1-3]. With the complementary features of PZT and PMN described in many
publications [4-10], the solid solutions between PZT and PMN are expected to
combine the properties of both normal ferroelectric PZT and relaxor ferroelectric
PMN, which could exhibit better piezoelectric and dielectric properties than those of
the single-phase PZT and PMN. Furthermore, the properties can also be tailored over a
wider range by changing the compositions to meet the strict requirements for specific
applications [9-11]. Recently, there have been several investigations on PMN-PZT
system [4-10, 12-14]. Many of these works have been on the PMNZT system, in
which the starting oxide. precursors are mixed together to form stoichiometric
compositions of Pb(ZryTi1.x)os(Mg13Nb23)0203 (where x = 0.43-0.49) [13], and the
ternary system of xPb(Mg13Nb,3)03—PbTiO3-zPbZrO; (x +y +z=1) [4, 5, 15]. Thus
far, these previous works have only been focused on a few compositions in the vicinity
of the morphotropic phase boundary (MPB) such as 0.125Pb{Mg;;Nby;3)0s—
0.435PbTi03-0.44PbZrO3 and 0.5Pb(Mg;3Nby/3)03-0.375PbTi0;-0.125PbZx0; [1, 8,
12] and of the end members such as 0.11Pb(Zrg 53T 47)03-0.89Pb(Mg;3Nb,3)03 and
0.82Pb(Zry 52Tip.45)03-0.18Pb(Mg;3Nby;3 )O3 [9-10, 14, 16]. However, there has been
no systematic study on dielectric properties of the ceramics within the entire
compositional range between PMN and PZT at MPB composition; e.g.
Pb(Zros2Tig.43)O3. Therefore, as an extension to the research on the PMN-PZT
ceramics, the overall purpoéé of this study is to determine the temperature and

frequency dependence of the dielectric properties of ceramics in the (/-




x)Pb(ZI‘o.52Ti0_4g)O3-(x)Pb(Mg1/3Nb2;3)03 (when X = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1)

binary system prepared by a conventional mixed-oxide method.

2. Experimental

The PMN-PZT ceramics used in this study are prepared from PMN and PZT
starting powders with a conventional mixed-oxide method. Initially, perovskite-phase
PMN powders are obtained via a well-known columbite method, while PZT powders
are prepared by the mixed-oxide method. With the columbite method, the magnesium
niobate powders are first prepared by mixing starting MgO (> 98%) and Nb,Os
(99.9%) powders and then calcining the mixed powders at 1050 °C for 2.5 hours. This
yields a so-called columbite powder (MgNbyOg). The columbite powders are
subsequently ball-milled with PbO (99%) for 24 hours. The mixed powders are
calcined at 800 °C for 2.5 hours to form a perovskite-phase PMN. With a conventional
oxide-mixing routé, PZT powders are prepared from reagent-grade PbO (99%), ZrO;
(99%), and TiO; (98.5%) starting powders. These powders are ball-milled for 24 hours
and later calcined at 850 °C for 2 hours. Subsequently, the (/-x)Pb(Zrgs2Tip4s)Os—
(x)Pb(Mg)sNby3)03 (when x =0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic composites
are prepared from the PZT and PMN powders by the mixed-oxide method at various
processing conditions. For optimization purpose, the sintering temperature is varied
between 1000 °C and 1300 °C depending upon the compositions [6]. The physical
characteristics of the ceramics are then determined with the following procedures. The
densities of the sintered ceramics are measured by Archimedes method. The phase
formations of the sintered specirf;ens are studied by an x-ray diffractometer (Philips

Analytical). The microstructure analyses are undertaken by a scanning electron




microscopy (SEM: JEOL Model JSM 840A). Grain size is determined from SEM

micrographs by a linear intercept method.

For electrical properties characterizations, the sintered samples are lapped to
obtain parallel faces, and the faces are then coated with silver paint as electrodes. The
samples are heat-treated at 750 °C for 12 min to ensure the contact between the
electrodes and the ceramic surfaces. The dielectric properties of the sintered ceramics
are studied as functions of both temperature and frequency with an automated
dielectric measurement system. The computer-controlled dielectric measurement
system consists of a precision LCR-meter (Hewlett Packafd, model 4284A), a
temperature chamber (Delta Design, model 9023), and a computer system. The
capacitance and the dielectric loss tangent are determined over the temperature range
of —150 and 400 °C with the frequency ranging from 100 Hz to 1 MHz. The
measurements are carried out on cooling continuously. Before each cooling run, the
“samiples are first heated up to 400 °C and then cooling run is performed at the rate of 3
°C/min. The dielectric constant is then calculated from g, = Cd / g0A, where C is the
capacitance of the sample, d and A are the thickness and the area of the electrode,

respectively, and g is the dielectric permittivity of vacuum (8.854 x 102 F/m).

3. Experimental results

3.1 Physical Properties
Fig. 1 shows the phase formation behavior of the sintered ceramics. The XRD
patterns indicate that the sintered ceramics are mainly in perovskite phase with small

impurity inclusions. From the XRD pattern, PZT ceramic is identified as a single-



phase material with a perovskite structure having tetragonal symmetry, while PMN
ceramic is a perovskite material with a cubic symmetry [8]. All PMN-PZT ceramic
composites exhibit pseudocubic crystal structure, as reported in previous investigations
[4, 5, 13]. However, some impurity phases (Pb2Nb20O7 and MgQO) are also detected on
the XRD patterns of the composites with x > 0.1. The secondary pyrochlore phase
(PbaNbyO7) is clearly present on the SEM micrographs as cubic particles, resulting in
very heterogeneous microstructure (Fig. 2 (c-d)). The optimized density of sintered (I-
x)PZT—(x)PMN ceramics is listed in Table 1. The density of the ceramic compositions
with x = 0.1 and 0.3 is 6.09 and 7.45, in the units of g/cm’, respectively, which is
relatively lower than that of the other compositions (varied between 7.59 and 7.90, in
the units of g/cm’). The SEM investigations (Fig. 2) reveal supporting evidence that
the ceramics with these two compositions contain very small and loosely bonded
grains. It should, however, be noted that the composition with x = 0.1, which contains
sub-micron size grains, is not well sintered. Clearly, this is a reason for the much lower
density in this composition. -As shown in Table 1, the average grain size of all the
mixed compositions is much smaller than that of the pure PZT and PMN materials.
The grain size varies considerably from <1 pm to 7 um. The reason for the changes of
the density and the smaller grain sizes in the mixed compositions is not clearly
understood, but this may be a result of PMN’s role as a grain-growth mbhibitor in the
PMN-PZT composites, as described in the earlier work by Koval et al. [8]. In that
study, it was found that the PMN modification reduced the rate of grain growth in
XxPMN-(/-x)PZT ceramics. The average grain size decreased from 2.2 pm for x =
0.125 to approximately 1 um for the compositions with x = 0.5 [8]. In the present
study, the average grain size decreases from 5.23 pm in PZT to <2 pum in PMN-PZT

compositions. More importantly, it should be pointed out that dense ceramics for




PMN-PZT composites are very difficult to obtain as a result of a narrow range of
sintering behavior of PMN material, in which a perovskite-type structure is formed
between 850 and 950 °C whilst a pyrochlore structure is formed between 750 and 850
°C [4]. This is particular critical in ceramics with high PMN content, which show very
heterogeneous microstructure as a result of the secondary pyrochlore phase. This could
very well be a limit of the mixed-oxide method at high PMN content, even when used
in conjunction with a columbite-precursor method. As a result, many investigators
have alternatively prepared better PMN-PZT ceramics by carefully controlling the
Zx/Ti ratio [8-10], by using a combination of wet-dry methods, or by doping with other

elements [4-5, 12, 14].

3.2 Dielectric properties

The dielectric properties, e.g. dielectric constant (g;) and tan 8, of the (/-x)PZT-
(x)PMN are measured as functions of both temperature and frequency, as shown in
Fig. 3 (a-d). Except for PZT, the maximum dielectric constant increases steadily with
increasing PMN content (s, increases from ~3700 in 0.9PZT-0.9PMN to ~ 10700 in
0.1PZT-0.9PMN), as listed in Table 2. The PMN is expected to show larger value of
the dielectric constant, but the lower value is attributed to the detrimental effect of the
secondary pyrochlore phase [16]. The dielectric properties of PZT ceramic, as plotted
in Fig. 3 (a), change significantly with temperature, but are nearly independent of
frequency, except in the vicinity of the phase transformation temperature. This is a
typical characteristic of ferroelectric ceramics with a long-range ordered structure [1,
8]. The Curie temperature (T¢) for PZT ceramic is not determined in this study as a
result of limited range of the measuring set-up, though is widely known to be close to

400 °C [2, 3, 11, 18]. While PZT exhibits a normal ferroelectric behavior, PMN is a




well-known relaxor ferroelectric material as a result of a short-range ordered structure
with a nanometer scale heterogeneity in composition [8]. In typical relaxor
ferroelectrics [3, 11], both dielectric constant () and dielectric loss tangent (tan d)
exhibit strong temperature-frequency dependence below the transitton temperature, as
shown in Fig. 3 (d) for PMN ceramic. In this case, the temperatures of maximum
dielectric constant and dielectric loss tangent are shifted to higher temperature with
increasing frequency. The maximum value of the dielectric constant decreases with
increasing frequency, while that of the dielectric loss tangent increases. The dielectric

properties then become frequency independent above the transition temperature [1, 8].

The effect of PMN modification on the dielectric properties of PZT is then
investigated. When PMN is added to form the binary system with PZT, the dielectric
behavior is shifted towards that of relaxor materials, in which the dielectric properties
vary significantly with frequency below the phase transition temperature. The results
shown in Fig. 3 (a-d) clearly indicate such a trend. However, with relatively small
amount of PMN added, such as in 0.9PZT-0.{PMN and 0.7PZT-0.3PMN ceramics, the
dielectric properties exhibit a mixture of both normal and relaxor characteristics, for
instance as shown in Fig. 3 (b) in which the transition temperature is not shifted as
much as for other relaxor-like ceramics. Similar tendency has also been observed in
several prior investigations [1, 4, 8]. It should also be noted here that the dielectric
properties in all ceramics increase significantly at high temperature as a result of

thermally activated space charge conduction.

To assess the transition from the normal ferroelectric behavior to the relaxor one,

the degree of broadening or diffuseness in the observed dielectric variation could be



estimated with the diffusivity (y) using the expression In(1/g; — 1/€max) V8 {T-Tmax)'.
The value of y can vary from 1, for normal ferroelectrics with a normal Curie-Weiss
behavior, to 2, for completely disordered relaxor ferroelectrics [19-21]. The relation
between (1/e; — l/ema) and (T-Tmax) can be plotted on a log-log graph for each
composition and the slope of the graph represents the exponent vy for the composition.
The plots shown in Fig. 4 show that the variation for each composition is very linear.
The mean value of the diffusivity (y) for each composition is extracted from these plots
by fitting a linear equation. The values of y listed in Table 2 vary between 1.49 and
1.83, which confirms that diffuse phase transitions occur in PMN-PZT ceramics with a
high degree of disorder. It is expected that PMIN should have the highest degree of
disorder, but the calculation somewhat indicates that addition of PMN into PZT leads
to lower degree of disorder (the value of y decreases from 1.83 for 0.5PZT-0.5PMN to
1.49 for PMN). Since for a perovskite ferroelectric it is established that the diffuseness
could be also caused by the decrease of grain size [1], the observed difference of the
degree of the diffuseness could be a result of the grain size variation, Therefore, this
effect can partly be the cause of the increase of the diffusivity when PZT is added to
PMN since the average grain size decreases from 3.25 pm in PMN to 1.90 pm in
0.5PZT-0.5PMN. Additionally, the reason for the observation could also be attributed

to a formation of secondary pyrochlore phase in high PMN-content compositions.

Furthermore, as shown in Table 2 since the transition temperature of PMN is
very low (~ 8 °C at 1 kHz) and its maximum dielectric constant is very high (~7600 at
1 kHz), it is also expected to observe that the transition temperature decreases and the
maximum dielectric constant increases with increasing amount of PMN in the system

[8]. This is clearly evident in Fig. 5. Fig. 6 shows that the transition temperature (at 1




kHz for this case) moves towards lower temperature almost linearly with the average
rate of ~ -2.4 °C/mol% as the molar fraction of PMN in the composition increases.
However, it is noted that this relationship does not cover the compositions 0.9PZT-
0.1PMN and pure-phase PZT, which are expected to have the transition temperature
near 400 °C, shown in Fig. 6 as open circies. The reason is not clearly known, but
could be attributed to the pseudo-binary nature of this system, as described in the
earlier publication {6], in which PZT and PMN do not form a complete solid solution,
but rather a composite. Moreover, it could also be a discontinuity at the composition of
the morphotropic phase boundary, as previously described in literatures [1, 4, 5]. It is
very of interest to see that a previous investigation by Koval et al. [1] reported that the
transition temperature of PMN-PZT system moved towards lower temperature with the
rate of -4.1 °C/mol% of PMN in the composition. The difference is believed to be the
influence of the Zr/Ti ratio in PZT because in the work by Koval et al. the Zr/Ti ratio

is 47/53 while in our study the ratio is 52/48.

4. Conclusions

The (1-x)Pb(Zro.52Ti0.48)O3—~(x)Pb(Mg1sNb23)O3 (when x =0, 0.1, 0.3, 0.5, 0.7,
0.9, and 1.0) ceramic composites are prepared from PZT and PMN powders by a
mixed-oxide method. The dielectric properties of the ceramics are determined as
functions of both temperature and frequency with an automated dielectric
measurement system. The dielectric measurement takes place over the temperature
range of —150 °C and 400 °C with measuring frequency between 100 Hz and 1 MHz.
The results indicate that the dielectric properties of the pure phase PZT and PMN

follow that of normal and relaxor ferroelectric behaviors, respectively. The dielectric




behaviors of the 0.9PZT-0.1PMN and 0.7PZT-0.3PMN ceramics are more of normal
ferroelectrics, while the other compositions are obviously of relaxor ferroelectrics.
However, it is very interesting to see that the addition of PMN into PZT leads to lower
degree of disorder, even though PMN should show the highest degree of disorder. It is
also observed that the transition temperature decreases and the maximum dielectric
constant increases with increasing amount of PMIN in the system. The rate of transition

temperature change, however, depends significantly on the Zr/Ti ratio of PZT.
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Table 1. Characteristics of PMN-PZT ceramics with optimized processing conditions,

Density Grain Size  Average
Ceramic Range Grain Size

(g/em’) (um) (pm)
PZT 7.59+0.11 2-7 5.23
0.9PZT-0.1PMN  6.09+0.11 0.5-2 0.80
0.7PZT-03PMN  7.45+0.10 0.5-3 1.65
0.5PZT-0.5PMN  7.86 +0.05 0.5-5 1.90
0.3PZT-0.7PMN  7.87 £0.07 1-4 1.40
0.1PZT-0.9PMN  7.90+0.09 1-4 1.50
PMN 7.82 £0.06 2-4 3.25
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Table 2. Dielectric properties of xPMN-(/-x)PZT ceramics (at 1 kHz).

Dielectric Dielectric
Tc Properties Properties Diffusivity
Ceramic (at Twax) (at 25°C) ()]
& tan & & tand (at 1 kHz)
WY
PZT - >20000 0.010 1100 0.006 -
0.9PZT-0.1PMN - ~3700 0.020 700 0.020 -
0.7PZT-0.3PMN 160 3800  0.030 1400 0.030 1.62
0.5PZT-0.5PMN 115 6100  0.045 2200  0.040 1.83
0.3PZT-0.7PMN 71 10100 0.057 5600  0.057 1.80
0.1PZT-0.9PMN 16 10700 0.077 10300 0.001 1.56
PMN -8 7600  0.073 6000  0.001 1.49
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List of Figure Captions

Fig. 1. XRD diffraction patterns of the sintered (/-x)PZT-(x)PMN ceramics.

Fig, 2. SEM micrographs of ({-x)PZT-(x)PMN ceramics sintered at 1150 °C:
() PZT; (b) 0.9PZT-0.1PMN; (c) 0.3PZT-0.7PMN; and (d)
PMN (Py indicates Pyroéhlore Phase).

Fig. 3 (a). Temperature and frequency dependences of dielectric properties of
PZT ceramic

Fig. 3 (b). Temperature and frequency dependences of dielectric properties of
0.7PZT-0.3PMN ceramic

Fig. 3 (c). Temperature and frequency dependences of dielectric properties of
0.3PZT-0.7PMN ceramic

Fig. 3 (d). Temperature and frequency dependences of dielectric properties of
PMN ceramic

Fig. 4. Variation of In (1/&; ~ 1/emux) v8 In (T-Tmax) of (I-x)PZT-(x)PMN
ceramics in the paraelectric region at 1 kHz.

Fig. 5. Temperature dependence of dielectric constant of (/-x)PZT-(x)PMN
ceramics (measured at 1 kHz)

Fig. 6. Curie temperature of (/-x)PZT-(x)PMN ceramics (measured at | kHz)
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Fig. 1. XRD diffraction patterns of the sintered (/-x)PZT-(x)PMN ceramics.
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Fig. 2. SEM micrographs of (/-x)PZT-(x)PMN ceramics sintered at 1150 °C;
(a) PZT; (b) 0.9PZT-0.1PMN; (c) 0.3PZT-0.7PMN; and (d) PMN (Py

indicates Pyrochlore Phase).
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Fig. 3 (a). Temperature and frequency dependences of dielectric properties
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Synthesis and Mechanical Properties of PMIN-PZT Ceramics
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Abstract

PMN-PZT ceramics are of interest because of their potential applications in
electromechanical devices. Much of earlier work on the ceramic systems has been mainly
focused on electrical aspects, while knowledge on mechanical properties is scarce. This
article describes synthesis and mechanical properties of the PMN-PZT ceramic systems.
The (x) Pb(Mg1/3Nby;3)035 — (1-x) Pb(Zr05:Tio.48)Os {(when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9,
and 1.0) ceramics are prepared from the respective starting materials by a conventional
mixed-oxide method at various processing conditions. The mechanical properties of the
ceramics that include the Vickers hardness, the Young’s modulus, and the fracture
toughness are determined with a combination of the Knoop and Vickers indentation
techniques. In general, it is found that these mechanical properties are significantly

compositional dependent.
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1. Introduction

Lead magnesium niobate (Pb(MgiaNb23)O3 or PMN) and lead zirconate titanate
(Pb(Zr1«Tix)O; or PZT) ceramics have been employed extensively in various types of
applications, particularly in the area of actuators and transducers [1-3]. These two types
of ceramics possess distinct characteristics that in turn make each ceramic suitable for
different applications. As a prototypic relaxor ferroelectric, PMN has advantages of
having broader operating temperature range, especially over the room temperature range.
This is a direct result of a diffuse paraelectric-ferroelectric phase transition, which takes
place in the vicinity of room temperature. In addition, as a result of their unique
microstructural features PMN ceramics exhibit low loss and non-hysteretic
characteristics. However, the PMN ceramics have relatively low electromechanical
coupling coefficients, as compared to PZT. On the contrary to PMN, PZT ceramics have
found several actuator and transducer applications due to their high electromechanical
coupling coefficients [1,2]. However, PZT ceramics are fairly lossy as a result of their
highly hysteretic behavior. This makes them unsuited for applications that require high
delicacy and reliability. Furthermore, PZT ceramics normally have very high Curie
temperature (Tc) in the vicinity of 400 °C. Usually many applications require that Tc is
close to ambient temperature. Therefore, there is a general interest to reduce the Tc of
PZT ceramics to optimize their uses. Forming a solid-solution of PZT and relaxor
ferroelectrics has been one of the techniques employed to improve the properties of
ferroelectric ceramics. With the complementary features of PMN and PZT, it is of special
interest to investigate a solid-solution of PMN-PZT ceramics, which are expected to

possess more desirable features than single-phase PMN and PZT [2,4,5].




This study is undertaken to investigate the processing conditions of the PMN-PZT
ceramic systems. Since much of earlier studies on PMN-PZT ceramics have been focused
on dielectric and electrical properties of the system, it is then of interest to examine the
mechanical properties of the ceramic systems [6-8]. The mechanical properties of the
PMN-PZT systems require a special attention because these ceramics are usually used

under influences of stress in most of the actuator and transducer applications [9,10].
2. Experimental Procedure

The Pb(Mg;sNb213)O3 —Pb(Zro.52Ti.45)03 ceramics are prepared from PMN and PZT
powders by a mixed-oxide method. Perovskite-phase PMN powders are obtained via a
well-known columbite method [11]. PZT powders, on the other hand, are prepared by a
more conventional mixed-oxide method. Detailed procedures of each method are

described in the following paragraphs.

The columbite method is employed in preparing a perovskite-phase PMN. In this
method, the magnesium niobate powders are first prepared by mixing starting MgO (>
98%) and NbyOs (99.9%) powders and then calcining the mixed powders at 1050 °C for
2.5 hours. This yields a so-called columbite powder (MgNb,Og). The columbite powders
are subsequently ball-milled with PbO (99%) for 24 hours. The mixed powders are
calcined at 800 °C for 2.5 hours to form a perovskite-phase PMN. With a more
conventional oxide-mixing route, PZT powders are prepared from reagent-grade PbQO
(99%), ZrO, (99%), and TiO; (98.5%) starting powders. These powders are ball-milled

for 24 hours and later calcined at 850 °C for 2 hours. At this stage, an X-Ray




Diffractometer (XRD) (Philips Analytical) is also employed in examining phase

formation behaviors of the calcined powders.

The (x) Pb{MgisNb23)O0s — (1-x) Pb(Zry 52 Ti0.45)O3 (when x =0, 0.1, 0.3, 0.5, 0.7, 0.9,
and 1.0) ceramic systems are prepared from the starting PMN and PZT powders by a
mixed-oxide method at various processing conditions. Initially, the PMN and PZT
powders for a given composition are weighed and then ball-milled in ethanol for 24
hours. After drying process, the mixed powders are pressed hydraulically to form disc-
shaped pellets 15 mm in diameter and 2 mm thick, with 5 wt.% polyvinyl alcohol (PVA)
as a binder. The pellets are stacked in a covered alumina crucible filled with PZ powders
to prevent lead loss. Finally, the sintering is carried out at a sintering temperature for 2
hours with 5 min/°C heating and cooling rates. The firing profile includes a 1 hour dwell
time at 500 °C for binder burn-out process to complete. For optimization purpose, the
sintering temperature is varied between 1000 °C and 1300 °C depending upon the

compositions.

The densities of the sintered ceramics are measured by Archimedes method from the
specimen weighs in air, in water, and the density of water. The phase formations of the
sintered specimens are studied by XRD technique. The microstructure analyses are
undertaken by a scanning electron microscopy (SEM: JEOL Model JSM 840A). Grain
size is determined from SEM micrographs by a linear intercept method. A combination of
the Knoop and the Vickers indentation techniques (Microhardness Testers: Model
Matsuzawa MXT-o. and Model Galileo Microscan-2} is used to determine many
mechanical properties of the ceramics, such as the Vickers hardness, the Young’s

modulus, and the fracture toughness.




3. Results and Discussion

The densities of sintered x-PMN - (1-x)-PZT ceramics at different sintering
temperatures are depicted in Fig. 1. It is clear that for a given composition the density
usually increases with increasing sintering temperature. This is believed to be a result of
more completed solid-state reactions at higher sintering temperatures. However, it is also
observed that at very high temperature the density begins to decrease for some
compositions. Lead-loss and a formation of pyrochlore (PboNb,O7) phase are generally
accepted to be the reason for the decreasing density. In addition, it is observed that the
compositions with x = 0.1 and 0.3 show relatively small density. The SEM investigations
(shown later in Fig. 3) also reveal supporting evidences that the ceramics with these two
compositions contain very small and loosely bonded grains. The XRD patterns, shown in
Fig. 2, show that the sintered ceramics are mainly in perovskite phase. However, some
impurity phases (PbNb,O7 and MgO) are also observed in the composites with x > 0.3.
These impurities phases are believed to precipitate mostly on the surface areas of the
specimens [12]. Further XRD investigation at different depths of the specimen reveals
that the impurities diminish in the interior areas of the specimen. The SEM micrographs
of x-PMN — (1-x)-PZT ceramics sintered at 1150 °C are shown in Fig. 3. Clearly, the
morphology of the grains is composition-dependent. The grain size varies considerably
from 1 um to 7 um. Table 1 summarizes the optimum mechanical properties for a given
composition of x-PMN — (1-x)-PZT ceramics evaluated by the Knoop and the Vickers
indentation techniques. It should be noted that the mechanical properties of 0.9PZT-
0.1PMN ceramics are not available. As a result of their low densities, the mechanical
properties of the 0.9PZT-0.1PMN ceramics are not measurable. In general, it can be

stated that the mechanical properties of the ceramic systems are largely controlled by




those of PMN ceramics. Finally, it is of interest to observe that some of the ceramic
systems exhibit better mechanical properties than those of the single-phase PMN or PZT.
This c¢an be attributed to the composite nature of the compositions, in which some of the

properties are enhanced by a presence of inclusions.
4. Conclusion

In this study, the (x) Pb(Mg1,3Nb2;3)03 — (1-x) Pb(Zro.52Ti0.45)03 (When x =0, 0.1, 0.3,
0.5, 0.7, 0.9, and 1.0) ceramic systems are prepared by a conventional mixed-oxide
method at various processing conditions. Perovskite-phase PMN and PZT powders
prepared by a columbite route and a mixed-oxide route, respectively, are used as starting
powders for the PMN-PZT ceramic systems preparation. The sintering temperatures for a
given composition are varied between 1000 °C and 1300 °C to study the optimized
conditions. Density measurements, XRD and SEM studies, and mechanical properties
tests indicate that PMN phase show very important roles in controlling the properties of
the ceramic systems. Finally, it is shown obviously that the mechanical properties of the
ceramics, e.g. Vickers hardness, Young’s modulus, and fracture toughness, are

compositional dependent.
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Table 1 Summary of optimum mechanical properties for a given composition of x-PMN —

{1-x)-PZT ceramics

Composition Vickers Hardness Young’s Modulus Fracture Toughness

(GPa) (GPa) (MPa-m'"?)

PZT 5.28 £0.49 65.9+2.6 248 +£0.12
0.7PZT-0.3PMN 470+0.16 242+1.1 5.66+0.48
0.5PZT-0.5PMN 7.16 +0.28 824+94 3.42 £0.26
0.3PZT-0.7PMN 7.28 +£0.33 99.6 £ 6.1 3.03+0.29
0.1PZT-0.9PMN 7.13 +£0.37 89.3+94 2.03+£0.24
PMN 7.75+£0.18 843+56 2.84 £0.10
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Fig. 1. Sintering temperature dependence of the density of the sintered x:PMN — (1-

x)-PZT ceramics

Fig. 2. XRD patterns of the sintered x-PMN — (1-x)-PZT ceramics

Fig. 3. SEM micrographs of ceramics sintered at 1150 °C: (a) PZT; (b) 0.1PMN-0.9PZT;

(c) 0.3PMN-0.7PZT; (d) 0.7PMN-0.3PZT; () 0.9PMN-0.1PZT; and (f) PMN
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Fig. 3. SEM micrographs of ceramics sintered at 1150 °C: (a) PZT; (b) 0.1PMN-0.9PZT;

(¢) 0.3PMN-0.7PZT; (d) 0.7PMN-0.3PZT; (¢) 0.9PMN-0.1PZT; and (f) PMN
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Abstract

The dielectric and ferroelectric properties of (X)Pb(MgisNby3)O0s—(1-x)
Pb(Z1052Tip48)03 (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramics prepared by an
oxide-mixing method are measured by means of an automated dielectric measurement
set-up and a modified Sawyer-Tower circuit, respectively. The dielectric properties of
the ceramics are measured as functions of both temperature and frequency. The results
indicate that the dielectric properties of the pure phase PZT and PMN are of normal
and relaxor ferroelectric behaviors, respectively. The dielectric behaviors of the
0.1PMN-0.9PZT and 0.3PMN-0.7PZT ceramics are more of normal ferroelectrics,
while the other compositions are obviously of relaxor ferroelectrics. In addition, the
transition temperature decreases and the maximum dielectric constant increases with
increasing PMN content in the system. The P-E hystercsis loop measurements
demonstrate that the ferroelectric properties of the ceramics in PMN-PZT system
change gradually from the normal ferroelectric behavior in PZT ceramic to the relaxor
ferroelectric behavior in PMN ceramic. These results clearly show the significance of

PMN in controlling the electrical responses of the PMN-PZT system.

Keywords: Dielectric properties; Ferroelectric properties; Mixed-oxide; PMN-PZT




1. Introduction

Lead-based perovskite-type solid solutions consisting of the ferroelectric and
relaxor materials have attracted a growing fundamental and practical interest because
of their excellent dielectric, piezoelectric and electrostrictive properties which are
useful in actuaﬁng and sensing applications. Among the lead-based complex
perovskites, lead magnesium nicbate (Pb(Mg3INb23)O3 or PMN) and lead zirconate
titanate (Pb(Zr;<xTix)O3; or PZT) ceramics have been investigated extensively, both
from academics and commercial viewpoints.'? These two types of ceramics possess
distinct characteristics that in tumn make each ceramic suitable for different
applications. With the complementary features of PMN and PZT described in many
publications, the solid solutions between PMN and PZT are expected to synergetically
combine the properties of both normal ferroelectric PZT and relaxor ferroelectric
PMN, which could exhibit better piezoeléctric and dielectric properties than those of
the single-phase PMN and PZT.*'® Furthermore, the properties can also be tailored
over a wider range by changing the compositions to meet the strict requirements for
specific applications.”!! In recent years, there have been several investigations on
PMN-PZT syste:m.““4 Many of these works have been on the PMNZT system, in
which the starting oxide precursors were mixed together, and the ternary system of
PMN-PZ-PT.*>*'*1 However, these previous works have only focused on a few
compositions in the vicinity of the morphotropic phase boundary (MPB) and of the
end members.'#'%#1%18 Thys far, there has been no systematic study on dielectric and
ferroelectric properties of the ceramics within the entire compositional range between
PMN and PZT at MPB composition; e.g. Pb(Zrg 52Ti0.43)Os. Therefore, as an extension
to the research on the PMN-PZT ceramics, the overall purpose of this study is to

determine the temperature and frequency dependence of the dielectric properties and




the ferroelectric behaviors of ceramics in the (x)Pb(Mgi3Nbz;3)O3-(1-x)
Pb(Zro52Tip.45)03 (when x =0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) binary system prepared by

a conventional mixed-oxide method.

2. Experimental

The PMN-PZT ceramics used in this study are prepared from PMN and PZT
starting powders. Initially, perovskite-phase PMIN powders are obtained via a well-
known columbite method, while PZT powders are prepared by a mixed-oxide method.
With the columbite method, the magnesium niobate powders are first prepared by
mixing starting MgO (> 98%) and NbOs (99.9%) powders and then calcining the
mixed powders at 1050 °C for 2.5 hours. This yields a so-called columbite powder
(MgiNbOg). The columbite powders are subsequently ball-milled with PbO (99%) for
24 hours. The mixed powders are calcined at 800 °C for 2.5 hours to form a
perovskite-phase PMN. With a more conventional oxide-mixing route, PZT powders
are prepared from reagent-grade PbO (99%), ZrO; (99%), and TiO, (98.5%) starting
powders. These powders are ball-milled for 24 hours and later calcined at 850 °C for 2
hours. The (x)Pb(Mg1sNby3)03— (1-x)Pb(Zro52Tip4s)O3 (when x = 0, 0.1, 0.3, 0.5,
0.7, 0.9, and 1.0) ceramic composites are then prepared from the PZT and PMN
powders by the mixed-oxide method at wvarious processing conditions. For
optimization purpose, the sintering temperature is varied between 1000 °C and 1300
°C depending upon the compositions.®

The densities of the sintered ceramics are measured by Archimedes method.
The firing shrinkage is determined from the dimensions of the specimens before and

after the sintering process. The phase formations of the sintered specimens are studied




by an x-ray diffractometer (Philips Analytical). The microstructure analyses are
undertaken by a scanning electron microscopy (SEM: JEOL Model JSM 840A). Grain
size is determined from SEM micrographs by a linear intercept method.

For electrical properties characterizations, the sintered samples are lapped to
obtain parallel faces, and the faces are then coated with silver paint as electrodes. The
samples are heat-treated at 750 °C for 12 min to ensure the contact between the
electrodes and the ceramic surfaces. The samples are subsequently poled in a silicone
oil bath at a temperature of 120 °C by applying a dc field of 25 kV/cm for 30 min and
field-cooled to room temperature. The dielectric properties of the sintered ceramics are
studied as functions of both temperature and frequency with an automated dielectric
measurement system. The computer-controlled dielectric measurement system consists
of a precision LCR-meter (Hewlett Packard, model 4284A), a temperature chamber
(Delta Design, model 9023), and a computer system. The capacitance and the
dielectric loss tangent are determined over the temperature range of —150 and 400 °C
with the frequency ranging from 100 Hz to 1 MHz. The measurements are carried out
on cooling continuously. Before each cooling run, the samples are first heated up to
400 °C and then cooling run is performed at the rate of 3 °C/min. The dielectric
constant is then calculated from g, = Cd / gyA, where C is the capacitance of the
sample, d and A are the thickness and the area of the electrode, respectively, and g is
the dielectric permittivity of vacuum (8.854 x 10" F/m). The ferroelectric hysteresis
(P-E) loops are characterized by using a computer controlled modified Sawyer-Tower
circuit. The high voltage is applied to a sample by a bipolar amplifier (Kepco, model
1000M) and a high voltage AC amplifier (Trek, model 610C) with the input signals
with a frequency of 0.1 Hz from a lock-in ampliﬁer (Stanford Research System, model

830). The detailed descriptions of these systems are explained elsewhere.'”'8




3. Results and discussion

The phase formation behavior of the sintered ceramics is revealed by an XRD
method. The XRD patterns, shown in Fig. 1, show that the sintered ceramics are
mainly in perovskite phase. From the XRD pattern, PZT ceramic is identified as a
single-phase material with a perovskite structure having tetragonal symmetry, while
PMN ceramic is a perovskite material with a cubic symmetry.? All PMN-PZT ceramic
composites exhibit pseudocubic crystal structure, as reported in -previous
investigaticms.4'5’13 However, some impurity phases (Pb;NbO; and MgO) are also
present on the XRD patterns of the composites with x > 0.1. The secondary pyrochlore
phase (Pb;Nb,O7) is’ clearly present on the SEM micrographs as cubic particles,
resulting in very heterogeneous microstructure (Fig. 2 (c-d)). These impurity phases
are believed to precipitate mostly on the surface areas of the specimens.'” Further XRD
investigation at different depths of the specimen reveals that the impurities diminish in
the interior areas of the specimens.

The optimized density of sintered xPMN—(1-x)PZT ceramics is listed in Table
1. It is observed that the compositions with x = 0.1 and 0.3 show relatively lower
density than other compositions. This suggests that the addition of a small amount of
PMN to the PMN-PZT compositions results in a significant decrease in the density of
the ceramics. Further addition of PMN into the compositions increases the density
again. Similar result was reported in previous investigation.* The SEM investigations
(Fig. 2) reveal supporting evidences that the ceramics with these two compositions
contain very small and loosely bonded grains. It should, however, be noted that the
composition with x = 0.1 , which contains sub-micron size grains, is not well sintered.

Clearly, this is a reason for the much lower density in this composition. As shown in




Table 1, the average grain size of all the mixed compositions is much smaller than that
of the pure PZT and PMN materials. The grain size varies considerably from <1 pm to
7 um. The reason for the changes of the density and the smaller grain sizes in the
mixed compositions is not clearly understood, but this may be a result of PMN’s role
as a grain-growth inhibitor in the PMN-PZT composites.® More importantly, it should
be pointed out that dense ceramics for PMN-PZT composites are very difficult to
obtain as a result of a narrow range of sintering behavior of PMN material.* This is
particular critical in ceramics with high PMN content, which show very heterogeneous
microstructure as a result of the secondary pyrochlore phase. This could very well be a
limit of the mixed-oxide method at high PMN content, even when used in conjunction
with a columbite-precursor method. As a result, many investigators have prepared
better PMN-PZT ceramics by carefully controlling the Zr:Ti ratio, by using a
combination of wet-dry methods, or by doping with other elements. > 101214

The dielectric properties, e.g. dielectric constant (g;) and tan §, are measured as
functions of both temperature and frequency, as shown in Fig. 3 (a-d). As listed in
Table 2, except for PZT the maximum dielectric constant increases steadily with
increasing PMN content (g, increases from ~3700 in 0.1PMN-0.9PZT to ~ 10700 in
0.9PMN-0.1PZT). The PMN is expected to show larger value of the dielectric
constant, but the lower value is attributed to the detrimental effect of the secondary
pyrochlore phase.'® The dielectric properties of PZT ceramic, as plotted in Fig. 3 (a),
change significantly with temperature, but are nearly independent of frequency, except
in the vicinity of the phase transformation temperature. This is a typical characteristic
of ferroelectric ceramics with a long-range ordered structure."® The Curie temperature

(T¢) for PZT ceramic is not determinable in this study as a result of limited range of

the measuring set-up, though is widely known to be close to 400 oC. 2120 While PZT




exhibits a normal ferroelectric behavior, PMN is a well-known relaxor ferroelectric
material as a result of a short-range ordered structure with a nanometer scale
heterogeneity in composition.® In typical relaxor ferroelectrics, both dielectric constant
(e)) and dielectric loss tangent (tan &) exhibit strong temperature-frequency
dependence below the transition temperature, as shown in Fig. 3 (d) for PMN
ceramic.™'! In this case, the temperatures of maximum dielectric constant and
dielectric loss tangent are shifted to higher temperature with increasing frequency. The
maximum value of the dielectric constant decreases with increasing frequency, while
that of the dielectric loss tangent increases. The dielectric properties then become
frequency independence above the transition temperature.® When PMN is added to
form the binary system with PZT, the dielectric behavior is shifted towards that of
relaxor materials, in which the dielectric propetties vary significantly with frequency
below the phase transition temperature. The results shown in Fig. 3 (a-d) clearly
indicate such a trend. However, with relatively small amount of PMN added, such as
in 0.1PMN-0.9PZT and 0.3PMN-0.7PZT ceramics, the dielectric properties exhibit a
mixture of both normal and relaxor characteristics, for instance as shown in Fig. 3 (b)
in which the transition temperature is not shifted as much as for other relaxor-like
ceramics. Similar tendency has also been observed in several prior investigations.1’4’3
It should also be noted here that the dielectric properties in all ceramics increase
significantly at high temperature as a result of thermally activated space charge
conduction.

The degree of broadening or diffuseness in the observed dielectric variation
could be estimated with the diffusivity (v) using the expression In(1/e; — 1/€max) vs (T-
Tmax)'. The value of y é—an vary from 1, for normal ferroelectrics with a normal Curie-

Weiss behavior, to 2, for completely disordered relaxor ferroelectrics.””™ The plots




shown in Fig. 4 show that the variation is very linear. The mean value of the diffusivity
() is extracted these plots by fitting a linear equation. The values of y listed in Table 2
vary between 1.49 and 1.83, which confirms that diffuse phase transitions occur in
PMN-PZT ceramics with a high degree of disorder. However, the trend opposes the
expectation. It is expected that PMN should have the highest degree of disorder, but
the calculation somewhat indicates that PZT addition leads to higher degree of disorder
(the value of y increases from 1.49 for PMN to 1.83 for 0.5PMN-0.5PZT). Since for a
perovskite ferroelectric it is established that the diffuseness could be caused by the
decrease of grain size, the observed difference of the degree of the diffuseness could be
a result of the grain size variation.! Therefore, this effect can partly be the cause of the
increase of the diffusivity when PZT is added to PMN since the average grain size
decreases from 3.25 pm in PMN to 1.90 pm in 0.5PMN-0.5PZT. Additionally, the
reason for the observation could also be to a degree aftributed to a formation of
secondary pyrochlore phase in high PMN-content compositions.

Furthermore, as shown in Table 2 since the transition temperature of PMN is
very low (~ 8 °C at 1 kHz) and its maximum dielectric constant is very high (~7600 at
1 kHz), it is also expected to observe that the transition temperature decreases and the
maximum dielectric constant increases with increasing amount of PMN in the system.’
This is clearly evident in Fig. 5. Fig. 6 shows that the transition temperature (at 1 kHz
for this case) moves towards lower temperature almost linearly with the average rate of
~ -2.4 °C/mol% as the molar fraction of PMN in the composition increases. However,
it is noted that this relationship does not cover the compositions 0.1PMN-0.9PZT and
pure-phase PZT, which are expected to have the transition temperature near 400 °C,
shown in Fig.. 6 as open circles. The reason is not clearly known, but could be

attributed to the pseudo-binary nature of this system, as described in the earlier




publication®, in which PZT and PMN do not form a complete solid solution, but rather
a composite. In this case, depending upon the composition the properties of main
constituent strongly govern the properties of the system. Moreover, it could also be a
discontinuity at the composition of the morphotropic phase boundary, as previously
described in literatures."™ It is very of interest to see that a previous investigation by
Koval et al.' reported that the transition temperature of PMN-PZT system moved
towards lower temperature with the rate of -4.1 °C/mol% of PMN in the composition.
The difference is believed to be the influence of the Zr/Ti ratio in PZT because in the
work by Koval et al.' the Zx/Ti ratio is 47/53 while in our study the ratio is 52/48,

Fig. 7 illustrates a series of polarization (P-E) hysteresis loops for the (x)PMN-
(1-x)PZT ceramics. It is clearly evident that the shape of P-E loops varies greatly with
the ceramic compositions. The polarization loop of PZT is well developed Vshowing
large remnant polarization (P,: remaining polarization when electric field is decreased
to zero). The hysteresis loop is of a typical “square” form as a result of domain
switching in an applied field. This is a typical characteristic of a phase that contains
long-range interaction between dipoles in the ferroelectric micro-domain state.® This
confirms that PZT is of a normal ferroelectric phase. From the loop, the remnant
polarization P; and the coercive field E¢ (indicating and electric field required to zero
the polarization) are determined to be 12.5 pC/cm? and 10 kV/cm, respectively, as
listed in Table 3.

The ferroelectric characteristic of the ceramics can be assessed with the
hysteresis loop squareness (Ryy) which is typically understood to be the ratio of P/Ps
where P, is the remnant polarization at zero electric field and P; is the saturated
polarization obtained at some finite field strength below the dielectric breakdown. Jin

124

et al.”” used the loop squareness to measure not only the deviation in the polarization




axis but also that in the electric field axis with the empirical expression Ry = (P/Ps) +
(P1.16/Pr), where Py g i1s the polarization at the field equal to 1.1E..2* For the ideal
square loop, Ry is equal to 2.00. As listed in Table 3, the value of Ry decreases from
1.16 for PZT to 0.53 for 0.7PMN-0.3PZT. This clearly quantifies that when more
PMN content is added to the system, the hysteresis curves become more of “slim”
hysteresis loops, a characteristic of the suppressed ferroelectric interaction."”® This is
typically found in the relaxor ferroelectrics with polar nano-regions. These results
clearly indicate that an addition of PMN induces the relaxor behaviors of PMN into the
PMN-PZT ceramic system. This also has resulted in decreasing of the values of both P,
and Ec, as seen in Table 3, due to an increased pseudo-cubic non-ferroelectric phase
content.>® These values agree fairly well with the values reported in previous

#1025 However, a variation in the values is probably due to different

investigations.
poling conditions and processing methods.?® Therefore, it can be concluded. that the
ferroelectric properties of the ceramics in PMN-PZT system move gradually from the
normal ferroelectric state in PZT to the relaxor ferroelectric state in PMN. It is also of
interest to observe that the hysteresis loop of 0.1PMN-0.9PZT ceramic is not fully
saturated. This is due to the limited capability of the measuring set-up used. However,
it is expected that ceramics with chemical formulae in the vicinity of this composition
should possess better ferroelectric properties, as repdrted in recent publications."®"

There could also be a reason of conduction lost that leads to elliptical loop in this

composition.23
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4, Conclusion

The (x)Pb(Mg;3Nb23)03~(1-x) Pb(Zrp52Ti045)03 (when x = 0, 0.1, 0.3, 0.5,
0.7, 0.9, and 1.0) ceramic composites are prepared from PZT and PMN powders by a
mixed-oxide method. The dielectric properties of the ceramics are determined as
functions of both temperature and frequency with an automated dielectric
measurement system, while the ferroelectric properties are measured by means of a
modified Sawyer-Tower circuit. The dielectric measurement takes place over the
temperature range of =150 °C and 400 °C with measuring frequency between 100 Hz
and_l MHz, The results indicate that the dielectric properties of the pure phase PZT
and PMN follow that of normal and relaxor ferroelectric behaviors, respectively. The
dielectric behaviors of the 0.1PMN-0.9PZT and 0.3PMN-0.7PZT ceramics are more of
normal ferroelectrics, while the other compositions are obviously of relaxor
ferroelectrics. However, it is very of interest to see that the degree of diffuseness
increases slightly when PZT is added to PMN. It is also observed that the transition
temperature decreases and the maximum dielectric constant increases with increasing
amount of PMN in the system. From the P-E hyéteresis loops, it is shown that the
ferroelectric properties of the ceramics in PMN-PZT system move gradually from the
normal ferroelectric state in PZT ceramic, with large P, and Ec values, to the relaxor

ferroelectric state in PMN ceramic.
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Table 1. Characteristics of PMN-PZT ceramics with optimized processing conditions.

Density Grain Size  Average
Ceramic Range Grain Size

(g/em’) (1) (pm)
PZT 7.59+0.11 2-7 5.23
0.1PMN-0.9PZT 6.09 £0.11 0.5-2 0.80
0.3PMN-0.7PZT  7.45%0.10 0.5-3 1.65
0.5SPMN-0.5PZT  7.86 £ 0.05 0.5-5 1.90
0.7PMN-0.3PZT  7.87 £0.07 1-4 1.40
0.9PMN-0.1PZT  7.90+0.09 1-4 1.50
PMN 7.82 £ 0.06 2-4 3.25
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Table 2. Dielectric properties of xPMN-(/-x)PZT ceramics (at 1 kHz).

Dielectric Dielectric
Tc Properties Properties Diffusivity
Ceramic (at Tiax) (at 25°C) )
& tan & & tand (at1kHz)
<)

PZT - >29000 0.010 1100  0.006 -
0.1PMN-0.9PZT - ~3700 0.020 700 0.020 -
0.3PMN-0.7PZT 160 3800  0.030 1400 0.030 1.62
0.5PMN-0.5PZT 115 6100 0.045 2200 0.040 1.83
0.7PMN-0.3PZT 71 10100  0.057 5600  0.057 1.80
0.9PMN-0.1PZT 16 10700  0.077 10300 0.001 1.56

PMN -8 7600  0.073 6000  0.001 1.49
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Table 3. Ferroelectric properties of xPMN-(/-x)PZT ceramics.

Ferroelectric Properties

(at 25°C) Loop Squareness
Ceramic P, P Ec (Rsq)
(uC/em?)  (pClem?®)  (kV/em)

PZT 12.5 16.5 10 1.16
0.1PMN-0.9PZT - - - -
0.3PMN-0.7PZT 5.0 9.5 5.5 0.78
0.5PMN-0.5PZT 6.5 13.0 4.5 0.77
0.7PMN-0.3PZT 52 15.5 23 0.53
0.9PMN-0.1PZT - - - -

PMN - - - -
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List of Figure Captions

Fig. 1. XRD diffraction patterns of the sintered x PMN-(1-x) PZT ceramics.

Fig. 2. SEM micrographs of x PMN-(1-x) PZT ceramics sintered at 1150 °C:
(a) PZT; (b) 0.1PMN-0.9PZT; (¢) 0.7PMN-0.3PZT; and (d)
PMN (Py indicates Pyrochlore Phase).

Fig; 3 (a). Temperature and frequency dependences of dielectric properties of
PZT ceramic

Fig. 3 (b). Temperature and frequency dependences of dielectric propeities of
0.3PMN-0.7PZT ceramic

Fig. 3 (¢). Temperature and frequency dependences of dielectric properties of
0.7PMN-0.3PZT ceramic

Fig. 3 (d). Temperature and frequency dependences of dielectric properties of
PMN ceramic

Fig. 4. Variation of In (1/&; — 1/eqax) vS In (T-Tiax) of (x)PMN-(1-x)PZT
ceramics in the paraelectric region at 1 kHz.

Fig. 5. Temperature dependence of dielectric constant of (x)PMN-(1-x)PZT
ceramics (measured at 1 kHz)

Fig. 6. Curie temperature of (x)PMN-(1-x)PZT ceramics (measured at 1 kHz)

Fig. 7. P-E hysteresis loops of (x)PMN-(1-x)PZT ceramics
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Fig. 1. XRD diffraction patterns of the sintered x PMN-(1-x) PZT ceramics.
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Fig. 2. SEM micrographs of x PMN-(1-x) PZT ceramics sintered at 1150 °C:
(a) PZT; (b) 0.1PMN-0.9PZT; (c) 0.7PMN-0.3PZT; and (d) PMN (Py

indicates Pyrochlore Phase).
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In this study, effects of uniaxial stress on the dielectric properties of poled ceramics in

PMN-PZT system are investigated. The ceramics with a formula x)PbMg, ,Nb, )O,-(1-
x)Pb(Zt, Ti, 2O, or (PMN-(1-0)PZT when x = 0.0,0.1,0.3,0.5,0.7,0.9, and 1.0 are prepared
by a conventional mixed-oxide method. Phase formation behavior and microstructural features
of these ceramics are studied by an X-rays diffraction (XRD) and a scanning electron microscopy
(SEM) methods, respectively. In addition, other physical properties, e.g. firing shrinkage and
density, are measured. The dielectric properties under the uniaxial stress of the poled PMN-
PZT ceramics are observed at stress levels up to 5 MPa using 2 uniaxial compressometer. It is
found that with increasing applied stress the dielectric constant of the PZT-rich compositions
increases slightly, while that of the PMN-rich compositions decreases. On the other hand, the
dielectric loss tangent for most of the compositions first rises and then drops with increasing

applied stress.

Keywords: uniaxial stress, dielectric properties, poled PMN-PZT

1. INTRODUCTION

Actuators and transducers based on pie-
zoelectric ceramics are finding an increasingly
wide range of applications. Lead magnesium
niobate (Pb(Mg, ,Nb,, YO, or PMIN) and lead
zirconate titanate (Pb(Zrl-xTix)O, or PZT)
ceramics have been employed extensively in
these applications [1-3]. These two types of
ceramics possess distinct characteristics that
in turn make each ceramic suitable for different
applications. As a prototypic relaxor ferro-
electric, PMN has advantages of having
broader operating temperature range, especial-
Iy over the room temperature range. This is 2
direct result of a diffuse paraelectric-ferro-
electric phase transition in the vicinity of room

temperature. In addition, as a result of their
unique microstructure featares PMIN ceramics
exhibit low loss and non-hysteretic charac-
teristics. However, the PMN ceramics have
relatively low electromechanical coupling
coefficients, as compared to PZT. This is the
main reason for rather unsuccessful applica-
tions of PMN ceramics in actuators and trans-
ducers. In contrast to PMN, PZT ceramics
have found several actuator and transducer
applications due to their high electromecha-
nical coupling coefficients [1-2]. However,
PZT ceramics are fairly lossy as a result of
their highly hysteretic behavior. This makes
them unsuited for applications that require
high delicacy and reliability. Furthermore, PZT
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ceramics normally have very high Curie
temperature (TC) in the vicinity of 400 °C,
Usually many applications require that TC is
close to ambient temperature, Therefore, there
is a general interest to reduce the TC of PZT
ceramics to optimize their uses. Forming a
solid-solution of PZT and relaxor ferroelec-
trics has been one of the techniques employed
to improve the properties of ferroelectric
ceramics. With the complementary features of
PMN and PZT, it is of special interest to
investigate a solid-solution of PMN-PZT
ceramics, which is expected to possess more
desirable features than single-phase PMN and
PZT [2,4-6].

Furthermore, these ceramics are normally
subjected to high mechanical stress field when
used in specific applications [7-8]. A prior
knowledge of how the material properties
change under different load conditions is
crucial for proper design of a device and for
suitable selection of materials for a specific
application, Despite the fact, material
constants used in any design calculation are
often obtained from a stress-free measuring
condition, which in turn may lead to incorrect
or inappropriate actuator and transducer
designs [9-11]. It is therefore important to
determine the properties of these materials
as a function of applied stress. Previous
investigations on the stress-dependence
dielectric and electrical properties of other
ceramic systems, such as PZT and PMN-PT
have clearly emphasized the importance of the
subject [12-13]. However, there has been no
report on the study on the PMN-PZT system.
Therefore, this study is undertaken to
investigate the influences of the uniaxial stress
on the dielectric properties of poled ceramics
in PMN-PZT cgramic composites.

2. MATERIALS AND METHODS
The Pb(Mg, ,Nb, YO, ~Pb(Zr, ,Ti, ,)O,

ceramic composites are prepared f%ézm PMN
and PZT powders by a mixed-oxide method.
Perovskite-phase PMN powders are obtained
via a well-known columbite method [14]. PZT

powders, on the other hand, are prepared by
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a more conveantional mixed-oxide method.
Detailed procedures of each method are
described in the following paragraphs.

The columbite method is employed in
preparing a perovskite-phase PMN. In this
method, the magnesium niobate powders are
first prepared by mixing starting MgO (>
98%) and Nb,O;, (99.9%) powders and then
calcining the mixed powders at 1050 °C for
2.5 hours. This yields a so-called columbite
powder (MgNb,O ). The columbite powders
are subsequently ball-milled with PbO (99%)
for 24 hours. The mixed powders are calcined
at 800 °C for 2.5 hours to form a perovskite-
phase PMN. With a more conventional oxide-
mixing route, PZT powdets are prepared from
reagent-grade PbO (99%), ZrO, (99%), and
TiO, (98.5%) starting powders. These
powders are ball-milled for 24 hours and later
calcined at 850 °C for 2 hours. At this stage,
an X-Ray Diffractometer (XRD) (Philips
Analytical) is also employed in examining
phase formation behaviors of the calcined
powders.

The (x) Pb(Mg, ,Nb, JO, — (1-x)
Pb(Zs,,T1, O, (when x = 0.0, 0.1, 0.3, 0.5,
0.7, 0.9, and 1.0y ceramic composites are
prepared from the starting PMN and PZT
powders by a mixed-oxide method at various
processing conditions. Initially, the PMN and
PZT powders for a given composition are
weighed and then ball-milled in ethanol for
24 hours. After drying process, the mixed
powders are pressed hydraulically to form
disc-shaped pellets 15 mm in diameter and 2
mm thick, with 5 wt.% polyvinyl alcohol
(PVA) as a binder. The pellets are stacked in a
covered alumina crucible filled with PZ
powders to prevent lead loss. Finally, the
sintering is carried out at a sintering tempera-_.. .
ture for 2 hours with 5 min/°C heating and
cooling rates. The firing profile includes a 1-
hour dwell time at 500 °C for binder burnout
process to complete. For optimization
purpose, the sintering temperature is varied
between 1000 °C and 1300 °C depending
upon the compositions [15].

The densities of the sintered ceramics are
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measured by Archimedes method. The firing
shrinkage is determined from the dimensional
changes of the specimens before and after the
sintering process. The phase formations of
the sintered specimens are studied by XRD
technique. The microstructure analyses are”
undertaken by a scanning electron microscopy
(SEM: JEOL Model JSM 840A). Grain size is
determined from SEM micrographs by a linear
intercept method. For dielectric property
characterizations under a uniaxial stress, the
sintered samples are lapped to obtain parallel
faces, and the faces are then coated with silver
paint as electrodes. The samples are heat-
treated at 750 °C for 12 min to ensure the
contact between the electrodes and the
ceramic surfaces. The samples are
subsequently poled in a silicone oil bath at a
temperature of 120 °C by applying a dc field
of 25 kV/cm for 30 min and field-cooled to
room temperature,

To study the effects of the uniaxial stress
on the dielectric properties, the uniaxial
compressometer is constructed. Figure 1
shows the schematic diagram of the uniaxial
compressometric cell, in which the dielectric
properties are measured through spring-

[
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loaded pins connected to the LCZ-metes
(Hewlett Packard, model 42764). The
capacitance and the dielectric loss tangent are
determined at the frequency of 1 kHz and
the room temperature (27 °C). The dielectric
constant is then calculated from a parallel-plate
capacitor equation, e.g € = Cd / € A, where
C is the capacitance of the sample, d and A
are the thickness and the area of the electrode,
respectively, and € is the dielectric permittavity
of vacuum (8.854 x 102 F/m).

For calibration purpose, the uniaxial
compressometer is first tested by performing
a series of experiments on well-studied
ceramic materials [16-20]. The materials
chosen for the calibration are commercially
available samples, ¢.g. hard and soft PZT
ceramics. Hard PZT (PKI-406) and soft PZT
(PKI-552) ceramic disks with the diameter of
25 mm and the thickness of 1 mm are
obtained from Piezo Kinetics Incorporated
(Pennsylvania, USA). This step will ensure the
accurate and reliable performance of the
uniaxial compressometer. The effects of the
uniaxial stress on the dielectric properties of
the poled ceramics in the PMN-PZT system
in are subsequently studied on the prepared

]

Ram ‘
——r > To LGZ metey
i’ > Spring-loaded pin
Insulator P kT -
N = > Sample
;\_jl N
Base ‘ __
T \C eter
e To LCZ m

Figure 1. Schematic diagram of the uniaxial compressometer.
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samples. In the experiment, the stress levels
up to 5 MPa are obtained with use of a
hydraulic press (Riken Seiki, model 137609y
on the untaxial compressometric cell, as
shown in Figure 2.

3. RESULTS AND DISCUSSION

The densities of sintered xPMN—(1-
x)PZT ceramics at different sintering tempera-
tures are depicted in Figure 3. It is clear that
for a given composition the density usually
increases with increasing sintering tempera-
ture. This is believed to be a resuit of more
completed solid-state reactions at higher
sintering temperatures. However, it is also
observed that at very high temperature the
density begins to decrease for some

compositions. Lead-loss and a formation of

pyrochlore (Pb,Nb,O,) phase ate generally
accepted to be the reason for the decreasing
density [21-22]. In addition, it is observed that
the compositions with x = 0.1 and 0.3 show
significantly lower density than other
compositions. This shows that the addidon
of 2 small amount of PMN to the PMN-PZT
compositions results in a significant decrease
in the density of the ceramics. Further addi-
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tion of PMN into the compositions increases
the density again. Similar result was reported
in previous investigation [4]. The reason for
the changes of the density is not clearly
understood, but this may be a result of PMN’s
role as a grain-growth inhibitor. The SEM
investigations (shown later in Figure 5) also
reveal supporting evidences that the ceramics
with these two compositions contain very
small and loosely bonded grains. Table 1 also
shows that the average grain size of the
compositions with small PMN amouat is
relatively small, as compared to other
compositions. The densities and the firing
shrinkages of the sintered xXPMN—(1-
X)XPZT ceramics are listed in ‘Table 2. It is
clear that the more the firing shrinkage, the
higher the density. However, it should be
pointed out that dense ceramics for PMN-
PZT composites is very difficult to obtain as
a result of a narrow range of sintering beha-
vior of PMN matexial [4].

The phase formation behavior of the
sintered ceramics is revealed by an XRD
method. The XRD patterns, shown in Figure
4, show that the sintered ceramics are mainly
in perovskite phase. From the XRD pattern,

Figure 2. Uniaxial compressometer connected to the LCZ-meter.
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PZT ceramic is identified as a single-phase
material with a perovskite structure having
tetragonal symmetry, while PMN ceramic is
perovskite material with a cubic symmetry
[21]. The PMN-PZT ceramic composites
exhibit crystal structures depending upon

85

ceramic compositions. However, some
impurity phases (Pb,Nb,O, and MgO) are also
present on the XRD patterns of the
composites with x > 0.3. A large amount of
the secondary pyrochlore phase (Pb,Nb,O))
is cleatly seen on the SEM micrographs
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Figure 3. Sintering temperature dependence of the density of the sintered xPMN—(1-x)PZT

ceramics.

Table 1. Grain size average of PMN-PZT ceramics sintered with optimized conditions

Ceramic Grain Size Range (um) | Average Grain Size (um)

PZT 2-7 5.23
0.1PMN-0.9PZT 0.5-2 0.80
0.3PMN-0.7PZT 0.5-3 1.65
0.5PMN-0.5PZT 0.5-5 1.90
0.7PMN-0.3PZT 1-4 1.40
0.9PMN-0.1PZT 1-4 1.50

PMN 2-4 3.25
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Table 2. Optimized physical properties of the sintered PMN-PZT ceramics.

Ceramic Density Firing Shrinkage
(g/cmd) (Vo)
PZT 7.59 £ 0.11 335+1.1
0.1PMN-0.9PZT 6.09 £ 0.11 18.6 £ 0.1
0.3PMN-0.7PZT 7.45 £ 0.10 30.8 +27
0.5PMN-0.5PZT 7.86 £ 0.05 383+ 0.1
0.7PMN-0.3PZT 7.87 £ 0.07 40.4 £ 0.9
0.9PMN-0.1PZT 7.90 £ 0.09 388 +0.1
PMN 7.82 £ 0.06 399 £06
+ Pb,ND,O,
J Mgo
PZT
0.9PZT-0.1PMN
LA N A~ N
< 0.7PZT-0.3PMN
g | *
o}
3
k= 0.5PZT-0.5PMN
i | .
é J\\___./\J
.
+
. PMN
WA V| A ¢
T T T T T 71—
20 25 . 30 35 40 45 50 55 60
20(degree)

Figure 4. XRD diffraction patterns of the sintered x PMN-(1-x) PZT ceramics.
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(Figure 5 (d-f)). These impurities phases are
believed to precipitate mostly on the surface
areas of the specimens [22]. Further XRD
investigation at different depths of the
specimen reveals. that the impurities diminish

© — lem

37

in the interior areas of the specimen.

The microstructures of the specimens
sintered at 1150 °C are observed with the
SEM, as shown in Figure 5. Clearly, the
motphology of the grains is composition-

@ e

Figure 5. SEM micrographs of x PMN-(1-xy PZT ceramics sintered at 1150 °C:
(a) PZT; (b) 0.1PMN-0.9PZT; (¢} 0.3PMN-0.7PZT;
(d) 0.7PMN-0.3PZT; (e) 0.9PMN-0.1PZT;
and (f) PMN (Py indicates Pyrochlore Phase}).
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dependent. PZT and PMN ceramics exhibit
more uniform microstructure than those of
the PMN-PZT composites. It should be noted
that some of the grains are observed to be in
irregular shapes with some open pores. This
is a.result of a Pb-loss during the sintering
process. Grains of the PMN ceramics are
mostly in spherical-like shape, while grains of
the secondary pyrochlore phase (Pb,Nb,O.)
exhibit a pyramidal morphology. Generally, the
microstructures of PMN-PZT ceramic
composites are seen as depending on compo-
sitions, and usually show mixed features of
the two end-members. The grain size varies
considerably from <1 um to 7 Um, as
tabulated in Table 1.

Results from the calibration tests on hard
and soft PZT ceramics are shown in Figures
6 and 7. Itis evident that the dielectric constant
and the dielectric loss tangent of both
ceramics increase non-linearly with increasing
applied stress, Similar results were obtained
earlier by many investigations [12,16-20]. It is
also observed that the dielectric properties of
soft PZT ceramics are more sensitive to the

4,500
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applied stress than those of hard PZT
ceramics. This is due to different domain
structures in the two materials as result of
dopants. Soft PZT ceramics have the domain
structures more susceptible to the external
stresses than those of the hard PZT ceramics
{12,16-17]. The matching results from the
designed set of experiments and the
previously reported results clearly indicates
that the uniaxial compressometer can be used
to investigate the effects of the uniaxial stress
on the dielectric properties of poled ceramics
in PMN-PZT system.

The experimental results of the uniaxial
stress dependence of the dielectric properties
of the poled ceramics in PMN-PZT system
are shown in Figures 8 and 9. Thete is a
significant change of both the dielectric.
constant and the dielectric loss tangent of the
ceramics when the applied stress increases
from 0 to 5 MPa. The changes of the dielectric
constant with the applied stress can be divided
into two different groups. For PMN-rich
compasitions (PMN, 0.9PMN-0.1PZT, and
0.7PMN-0.3PZT), the dielectric constant

4,000 |
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Figure 6. Uniaxial stress dependence of dielectric constant of PZT ceramics.
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Figure 9. Uniaxial stress dependence of dielectric loss tangent of PMIN-PZT ceramics.

decreases with increasing applied stress. On
the other hand, for PZT-rich compositions
(PZT, 0.1PMN-0.9PZT, 0.3PMN-0.7PZT,
and 0.5PMN-0.5PZT), the dielectric constant
tises slightly when the applied stress increases
from 0 to 1 MPa, and becomes relatively
constant when the applied stress increases
further. The dielectric loss tangent for most
compositions, except for PMN and PZT, is
found to first increase when the applied stress
is raised from 0 to 1 MPa, and then decrease
with further increasing stress. However, for
PZT ceramic the dielectric loss tangent
increases monotonously with the increasing
stress, while PMN ceramic exhibit a slight
increase in the dielectric loss tangent followed
by a drop, the turning point being around 2
MPa.

To understand these experimental results,
various effects have to be considered.
Normally, the properties of ferroelectric
materials are derived from both the intrinsic
contribution, which is the response from a
single domain, and extrinsic contributions,
which are from domain wall motions [16, 23].

When a mechanical stress is applied to a
ferroelectric material, the domain structure in
the material will change to maintain the
domain energy at 2 minimum; during this
process some of the domains engulf other
domains or change shape irreversibly. Undet
a uniaxial stress, the domain structure of
ferroelectric ceramics may undergo domain
switching, clamping of domain walls, de-aging,
and de-poling [23].

In this study, the results for the case of
PZT-rich compositions can easily be explained
with the above statements. When the
compressive uniaxial stress is applied in the
direction paralle] to the polar axis {poling)
direction, the stress will move some of the
polarization away from the poling direction
resulting in a change in dormain structures [16].
This change increases the non-180° domain
wall density. Hence the increase of the
dielectric constant is observed. The de-aging
mechanism is also expected to play a role here.
However, the stress clamping of domain walls
and the de-poling mechanisms are not
expected at this relative low stress leve] used
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in this study [12, 18, 23]. Therefore, a combi-
nation of the domain switching and the de-
aging mechanisms is believed to be a reason
for the slight increase of the dielectric constant
with increasing applied stress in the PZT-rich
compositions, as shown in Figure 8. Since
PMN is a relaxor ferroelectric material, the
situation is very different for PMN-rich
compositions. The stress dependence of the
dielectric constant of the compositions is
attributed to competing influences of the
intrinsic contribution of non-polar matrix and
the extrinsic contribution of re-polarization
and growth of micro-polar regions [12, 24].
Since the dielectric response of both
contributions is affected by the applied stress
in an opposite way, the behavior of the
composites depends on the ratio between the
micro-polar region and the non-polar matrix.
Since the measurements are carried out at the
room temperature, the micro-polar regions
dominate the dielectric response of the
composites {24]. Therefore, the dielectric
constant of the PMN-rich compositions
decreases with increasing applied stress, as
seen in Figure 8.

The cause of the stress dependence of
the dielectric loss tangent is a little more
straightforward than that of the dielectric
constant. As depicted in Figure 9, an increase
in domain wall mobility clearly enhances the
dielectric loss tangent in some compositions,
while the de-aging in the materials normally

‘causes the decrease of the dielectric loss
tangent observed in some compositions
[18,23].

These results clearly demonstrate that the
contribution of each mechanism to the
dielectric responses of the PMN-PZT ceramic
depends on the compositions and the stress
level.

4. CONCLUSION

In this study, the (x) Po(Mg; ,Nb, JO, ~
(1-x) Pb(Zz,,Ti, O, (whenx =0.0,0.1,0.3,
0.5,0.7, 0.9, and 1.0) ceramic composites are
successfully prepared by a conventional
mixed-oxide method at various processing
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conditions. The phase formation behavior, the
microstructure features are studied using the
XRD and the SEM techniques, respectively.
The physical properties measurements reveal
that the properties are relativelvy composition-
dependent. The dielectric properties under the
uniaxial stress of the poled PMN-PZT cera-
mics are observed at stress levels up to 5 MPa
using a calibrated uniaxial compressometer.
The results clearly show that the dielectric
constant of the PMN-rich compositions
decreases, while that of the PZT-rich compo-
sitions increases slightly, with increasing
applied stress. On the other hand, the dielec-
tric loss tangent for most of the compositions
first rises and then drops with increasing
applied stress. This study undoubtedly shows
that the applied stress has significant
influences on the dielectric properties of the
PMN-PZT ceramic composites.
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Microstructural Study of Ceramics in Lead

Magnesium Niobate - Lead Zirconate Titanate
System

Supattra Wongsaenmai , Supon Ananta, and Rattikorn Yimnirun
Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

Lead zirconate titanate [Pb(Zros52Th.48)O3 or PZT] ceramics have been used extensively in
transducer and actuator applications.! The ceramics exhibit high electromechanical coupling
coefficient. However, they also have high dielectric loss tangent. On the other hand, lead
magnesium niobate [PbMgi3Nb23)O3 or PMN]  ceramics have low dielectric loss tangent,
with smaller electromechanical coupling coefficient than that of PZT.2 The combination of
excellent properties of both ceramics are expected in PMN-PZT systern. In this study, PMN-
PZT ceramic composites are prepared by a mixed-oxide method from respective starting
powders. Initially, PZT and PMN powders are calcined at 900°C for -2 hours. Various
composition of  PMN-PZT ceramics are obtained by a sintering process at different
conditions. The pellets of PZT, PMN and PMN-PZT are fired for 3 hours at 1175°C, 1150°C,
and 1225°C, respectively. The microstructural development of the sintered samples is studied
by a Scanning Electron Microscope (SEM). SEM micrographs (shown in Figs.1(a-e)) show
that the microstructures of the sintered samples differ significantly. The grain sizes are also
observed to vary greatly with the composition of the composites. Since the micrographs are
taken on the unpolished surface of specimens, small alumina powders used during the
sintering process are also observed in the micrographs. Figs (a) and (¢) show PZT and PMN
grains with irregular morphology. It should also be noted that a pyrochlore phase typically
found in an over-sintered sample is also observed in PMN ({as shown in Fig (e)).
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Figure 1 SEM micrographs of surfaces of (a) PZT,
(b) 0.7PMN-0.3PZT, (c) 0.5PMN-0.5PZT, (d) 0.3PMN-0.7PZT, and (¢) PMN
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In this study, the dielectric properties under the uniaxial stress of the unpoled ceramics

are investigated. The () Pb(Mg, ,Nb, )O, —

(1-%) Pb(Zs,,Ti, )O, (when x = 0.0, 0.3, 05,

0.7, and 1.0) ceramic composites are prepared by a conventional mixed-oxide method. The
‘experiment is carried out with the calibrated uniaxial compressometer under the stress level up
to 5 MPa. The resuits show that the dielectric properties of the unpoled ceramics increase
with increasing stress up to 1 MPa, and become relatively constant with the applied stress.
This is believed to be a result of random orientation of the domains in unpoled ceramics. Itis
very of interest to find that these results for the unpoled ceramics are significantly different
from those for the poled ceramics in which noticeable changes of the dielectric properties

under the uniaxial stress are observed,

Keyw'ord_s: unpoled PMN-PZT, dielectric properties, uniaxial stress

‘1. INTRODUCTION

- Lead~based complex perovskites have
now matured and are aécepted by materials
scientists as being critical to the success of
smart ceramics. Among the lead—based
complex pérbvskites lead magnesium niobate
(Pb(Mgl b, 13O, or PMN) and lead zirco-
nate titanate (Pb(Zr, Ti)O, or PZT) ceramics
have been investigated extcnsivcly, both from
academics and. commercial viewpoints [1-3].
These two types of ceramics possess distinct
characteristics that in turn make each ceramic
suitable for different applications. As a proto-
typic relaxor ferroelectric, PMN exhibits high
dielectric constant {(~18,000 for ceramics and
~ 20,000 for single crystals) and a broad range
‘transition of dielectric constant, with tempera-
turedsa function of frequency [4-6). In addi-
tion, as a result of their unique microstructural

features PMN ceramics exhibit low loss and
non-hysteretic characteristics. This makes
PMN 2 good candidate for a large number of
applications in electronics and microelectro-
nics, such as multilayer capacitors, sensors and
actuators. However, PMN ceramics have
relatively low electromechanical coupling
coefficients, as compared to PZT. On the -
contrary to PMN, PZT. ceramics have found
several actuator and transducer applications
due to their high electromechanical coupling
coefficients and higher temperature of
operation [7-8]. However, PZT ceramics are
fairly lossy as a result of their highly hysteretic
behavior. This makes them unsuited for
applications that require high delicacy and
reliability. Furthermore, PZT ceramics normal-
ly have very high Curie temperature (T ) in
the vicinity of 400 °C, Usually many applica-
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tions require that T. is close to ambient
temperature. Therefore, there is a general
interest to reduce the T, of PZT ceramics to
optimize their uses. Forming a solid-solution
of PZT and relaxor ferroelectrics has been
one of the techniques employed to improve
the properties.of ferroelectric ceramics. With
the complementary features of PMN and
PZT, the solid solutions between PMN and
PZT are expected to synergetically combine
the properties of both normal ferroelectric
PZT and relaxor ferroelectric PMIN, which
could exhibit more desirable piezoelectric and
dielectric properties for several technologically
demanding applications than single-phase
PMN and PZT {8-11].

In many applications, ceramics are
normally used under conditions where stresses

are applied [12-13]. Despite the fact, materials

constants used in any design calculation are
often obtained from a stress-free measuring
condition, which in turn may lead to incorrect
or inappropriate actuator and transducer
designs. It is therefore important to determine
the properties of these materials as a function
of applied stress. In earlier publication, the
authors have reported the dielectric properties
of the poled PMN-PZT ceramics under the
uniaxial stress [14]. The results show that
dielectric properties under the applied stress
depend greatly on the ceramic compositions.
However, in some cases these ceramics can
also be utilized in conditions where unpoled
ceramics are of more need, for example in
the case of capacitive applications. Therefore,
this study is undertaken to investigate the
influences of the uniaxial stress on the

dielectric properties of unpoled ceramics in
PMN-PZT system.

2. MATERIALS AND METHODS

The Pb (N-[g,/3Nb2/3) O,-Pb(Zs, T}, O,
ceramic composites are prepared from PMN
and PZT powders by a mixed-oxide method.
Perovskite-phase PMN powders are obtained
via a well-known columbite method [15]. PZT
powders, on the other hand, are prepared by
a more conventional mixed-oxide method.

Chiang Mai J. Sci. 2004; 31(1)

Detailed procedures of each method are
described in the earlier publication. However,
it should be noted here that in this study only
@ Pb(M&/sszls) O,-(-x) Pb(zro.szTio.as) 0,
when x = 0.0, 0.3, 0.5, 0.7, and 1.0 ceramic
compositions are investigated. This is because
it is found that ceramic compositions with x
= 0.1 and 0.9 are not very well sintered with
the firing conditons used. The ceramics are
characterized thoroughly with the same
techniques described in the earlier publication
[14].

To study the effects of the uniaxial stress
on the diclectric properties, the calibrated
uniaxial compressometer described earlier is
utilized [14]. The dielectric properties are
measured under the uniaxial stresses with use
of the uniaxial comptessometer through
spring-loaded pins connected to the LCZ-
meter (Hewlett Packard, model 4276A). In the
experiment, the stress levels up to 5 MPa are
obtained with use of a hydraulic press (Riken
Seiki, model 137609) on the uniaxial com-
pressometric cell. The capacitance and the
dielectric loss tangent are determined at the.
frequency of 1 kHz and the room temperature
(27 °C). The dielectric constant is then
calculated from € = Cd / €4, where Cis the
capacitance of the sample, d and A are the
thickness and the area of the electrode,
respectively, and €, is the dielectric permittivity
of vacuum (8.854 x 102 F/m).

3. RESULTS AND DISCUSSION

“The experimental results of the uniaxial
stress-dependence of the dielectric properties
of the unpoled ceramics in PMN-PZT system
are shown in Figs. 1 and 2. There is a teivial
change of both the dielectric constant and the
dielectric loss tangent of the ceramics when
the applied stress increases from 0 to 1 MPa.
However, these properties then become
relatively constant when the applied stress
increases further. This is a result of the
randomness of the domain orientations in the
unpoled ceramics. Since there is only a small
portion of the domains that is aligned in the
direction parallel or nearly parallel to the
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direction of the applied stress, the initial
increase in the applied stress would then result
in motion of these domain in favor of the
applied stress, hence increasing dielectric
constant and dielectric loss tangent. However,
once all these domains are re-oriented further
increase in the applied stress would result in
no change in the dielectric properties. Slight
decrease in the dielectric loss tangent is
probably an indication of the de-aging effect
[16-18]. The non-180° domain reorientations
are the basic mechanism responsible for the
changes in the dielectric properties with the
applied stress. In addition, it is also found that
the changes of the dielectric properties are
compositional independent.

13

The results obtained for the unpoled
cerarnics are significanty different from those
for the poled ceramics presented in earlier
publication [14]. In the poled ceramics,
considerable changes of both the diélectric
constant and dielectric loss tangent that
depend upon the ceramic compositions are
clearly observed. This distinct difference
between the two ceramic groups can be
intuitively attributed to the more active
electrically re-oriented domains available in the

- poled ceramics. More importantly, these

results clearly demonstrate the contribution
of the domain re-odentation procedure, e.g.
poling, to the dielectric responses to external
stresses in the PMIN-PZT ceramics.
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Figure 1. Uniaxial stress-dependence of dielectric constant of unpoled PMN-PZT ceramics.
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4. CONCLUSION

In this study, effects of uniaxial stress on
the dielectric properties of unpoled ceramics
in PMN-PZT system are investigated. The

ceramics with a formula (1-5Pb(Mg, , Nb, )O,-

®)Pb(Zr, ,Ti) )0, or (1-x)PMN-(x)PZT
whenx=0.0,0.3,0.5,0.7,and 1.0 are prepared
by a conventional mixedoxide method. The
dielectric properties under the uniaxial stress
of the unpoled PMN-PZT ceramics are
observed at stress levels up to 5 MPa using a
uniaxial compressometer. It is found that the
dielectric constant increases with increasing
stress between 0-1 MPa and becomes relatively
constant when the applied stress is further
increased. On the other hand, the dielectric
loss tangent first rises and then drops with
increasing applied stress. Furthermore, the
changes of the dielectric constant of these
unpoled PMN-PZT ceramics are independent
of the ceramic composidons. It is very of
interest to find that these results for the
unpoled PMN-PZT ceramics are significantly
different from those for the poled PMN-PZT

Figure 2. Uniaxial stress-dependence of dielectric loss tangent of unpoled PMN-PZT ceramics

ceramnics in which noticeable changes of the
dielectric properties under the uniaxial stress
are observed.
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Dielectric properties of ceramics in lead zirconate
titanate - lead magnesium niobate system
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Abstract
Yimnirun, R.!, Ananta, S,* and Laoratakul, P
Dielectric properties of ceramics in lead zirconate titanate -
lead magnesium niobate system
Songklanakarin J. Sci. Technol., 2004, 26(4) :

In this study, the xXPWZr, Ti, JO, - (1-x)Pb{Mg Nb, O, (when x =9, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramic composites are prepared from PZT and PMN powders by a conventional mixed-oxide method.
‘The dielectric properties of the ceramics are measured as functions of both temperature (-150 - 400°C) and
frequency (100 Hz - 1 MHz). The resulis indicate that the dielectric properties of the pure phase PZT and
PMN are of normal and relaxor ferroelectric behaviors, respectively. The dielectric behaviors of the 0.9PZT
- 0.1PMN and 0.7PZT - 0.3PMN ceramics are more of normal ferroelectrics, while the other compositions
are obviously of relaxor ferroelectrics, In addition, the transition temperature decreases and the maximam
dielectric constant increases with increasing PMN content in the system. These results clearly show the
significance of PMN in controlling the dielectric behavior of the PZT-PMN system.
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Lead-based perovskite-type solid solutions
consisting of the ferroelectric and relaxor materials
have attracted a growing fundamental and prac-
tical interest because of their excellent dielectric,
~ piezoelectric and electrostrictive properties which
are useful in actuvating and sensing applications
(Koval et al., 2003). Among the lead-based com-
plex perovskites, lead zirconate titanate (Pb(Zr,
Ti)O, or PZT) and lead magnesium niobate (Pb
(Mg, ,Nb, )O, or PMN) ceramics have been in-
vestigated extensively, from both academic and
commercial viewpoints (Haertling, 1999). These
two types of ceramics possess distinct character-
istics that in turn make each ceramic suitable for
different applications. Piezoelectric transducers
with compositions near the tetragonal-rhombo-
hedral morphotropic phase boundary (MPB) have
been among the primary applications of PZT
ceramics. The closer the composition is to the
MPB, the better the piezoelectric properties (Shaw
et al., 1993). The component closest to the MPB
then becomes the main research focus for PZT
ceramics. However, PZT ceramics are fairly lossy

‘pudlanzuaziaauniang

as a result of their highly hysteretic behavior. This
makes them unsuited for applications that require
high delicacy and reliability. Furthermore, PZT
ceramics normally have very high Curie temper-
ature (T ) in the vicinity of 400°C (Las et al,
2001). Usually many applications require that T
is close to ambient temperature. Therefore, there is
a general interest to reduce the T_ of PZT ceramics
to optimize their uses. Alternative materials that
also offer some the same desirable features as in
PZT ceramics are electrostrictive materials that
possess a very interesting combination of large
electrostrictive strains and a minimal or negligible
hysteresis in the strain-field dependence (Koval
et al., 2003). PMN is nowadays acknowledged
as the representative of relaxor electrostrictive
materials. PMN exhibits high dielectric constant
(~18000 for ceramics and ~ 20000 for single
crystals) and a broad range transition of dielectric
constant, with temperature as a function of fre-
quency (Park and Shrout, 1997). This makes PMN
a good candidate for a large number of applica-
tions in electronics and microelectronics, such as
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multilayer capacitors, sensors and actuators. How-
ever, PMN ceramics have relatively low electro-
mechanical coupling coefficients, as compared to
PZT. With the complementary features of PZT and
PMN, the solid solutions between PZT and PMN
are expected to combine the properties of both
normal ferroelectric PZT and relaxor ferroelectric
PMN, which could exhibit better piezoelectric and
dielectric properties than those of the single-phase
PZT and PMN. In addition, the properties can also
be changed over a wider range by changing the
compositions to meet the stringent requirements
for specific applications (He er al., 2001). There-
fore, the overall purpose of this study is to inves-
tigate the PZT-PMN binary system in hope of
gaining some insights for possible applications
of the ceramics in this system. This article is
particularly aimed to present the dielectric
properties of ceramics in PZT-PMN system as
functions of both temperature and frequency.

Materials and Methods

The Pb(Zr Ti O, - Pb(Mg, Nb )O,
ceramic composites are prepared from PZT and
PMN powders by a mixed-oxide method. PZT
powders are prepared by a more conventional
mixed-oxide method, while perovskite-phase PMN
powders are obtained via a well-knowa columbite
method (Swartz and Shrout, 1982). PZT powders
are prepared from reagent-grade PbO (99%), Z10,
(99%), and TiO; (98.5%) starting powders (Fluka,
Switzerland). These powders are ball-milled for
24 hours and later calcined at 850°C for 2 hours.
For PMN powders, the magnesium nicbate powders
are first prepared by mixing starting MgO (>98%)

(Fluka, Switzerland) and Nb,O, (99.9%) (Aldrich,

Germany) powders and then calcining the mixed
powders at 1050°C for 2.5 hours. This yields a
so-called columbite powder (MgNb,O). The
columbite powders are subsequently ball-milled
with PbO (99%) for 24 hours. The mixed powders
are calcined at 800°C for 2.5 hours. The analysis
of the X-ray diffraction pattern confirms the
perovskite phase of PMN.

The (x) Pb(Zr, . Ti, )0, - (1-x) Pb(Mg_
Nb, )O, (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and
1.0) ceramic composites are prepared from the
starting PZT and PMN powders by a mixed-oxide
method at various processing conditions. Initially,
the PZT and PMN powders for a given composi-
tion are weighed and-then ball-milled in ethanol
for 24 hours. After drying process, the mixed
powders are pressed hydraulically to form disc-
shaped pellets 15 mm in diameter and 2 mm thick,
with 5 wt.% polyvinyl alcohol (PVA) as a binder.
The pellets are stacked in a covered alumina
crucible filled with PZ powders to prevent lead
loss. Finally, the sintering is carried out at a sinter-
ing temperature for 2 hours with 5 min/°C heating
and cooling rates. The firing profile includes a
1-hour dwell time at S00°C for binder burn-out
process to complete. For optimization purpose, the
sintering temperature is varied between 1000°C
and 1300°C depending upon the compositions.
The ceramics are characterized thoroughly with
the same techniques described in an earlier
publication (Yimnirun et al., 2003).

‘The dielectric properties of the sintered
ceramics are studied as functions of both temper-
ature and frequency with an automated dielectric
measurement system. The computer-controlled
dielectric measurement system consists of an
LCR-meter (Hewlett-Packaréd Precision LCR-
Meter HP 4284A), a temperature chamber (Delta
Design 9023), and a computer system. The detailed
description of this system is explained elsewhere
(Jiang, 1992). For dielectric property character-
izations; the sintered samples are lapped to obtain
parallel faces, and the faces are then coated with
silver paint as electrodes. The samples are heat-
treated at 750°C for 12 min to ensure the contact
between the electrodes and the ceramic surfaces.
The capacitance and the dielectric loss tangent
are determined over the temperature of -150 and
400°C with the frequency ranging from 100 Hz
to 1 MHz. The measurements are carried out on
cooling continuously. Before each cooling run,
the samples are first heated up to 400°C and then
cooling run is performed at the rate of 3°C/min.
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Table 1. Characteristics of PMN-PZT ceramics with optimized pro-

cessing conditions
. Density Grain Size Range Average Grain Size
Ceramic

(g/em’) (Lm) (pm)
PZT 7.59+0.11 2-7 523
0.IPMN-09PZT  6.09:0.11 05-2 0.80
03PMN-0.7PZT  7.45+0.10 0.5-3 1.65
0.5PMN - 0.5PZT  7.8620.05 0.5-5 190
0.7PMN - 0.3PZT  7.87+0.07 14 1.40
0.9PMN -0.1PZT  7.90+0.09 14 1.50
PMN 7.82+0.06 2-4 3.25

The dielectric constant is then calculated from g =
Cd/¢g A, where Cis the capacitance of the sample,
d and A are the thickness and the area of the
electrode, respectively, and €, is the dielectric
permittivity of vacuum (8.854 x 10™ F/m).

Results and Discussion

The experimental results on physical
properties, the phase formation behavior, and
microstructure features of all the sintered ceramics
are presented and discussed thoroughly elsewhere
(Yimnirun et al., 2003). Hence, these results will
not be shown here. However, it should be stated
here that the sintered ceramics are mainly in
perovskite phase with tetragonal, cubic and pseudo-
cubic crystal structure for PZT, PMN and all PZT-
PMN ceramic composites, respectively. Table 1
summarizes the density and averaged grain-size
for all ceramic compositions.

The dielectric properties, e.g. dielectric
constant (€) and tan 8, are measured as functions
of both temperature and frequency, as shown in
Figure 1 (a-d). The dielectric properties of PZT
ceramic, as plotted in Figure 1 (a), change sig-
nificantly with temperature, but are nearly
independent of frequency, except in the vicinity of
the phase transformation temperature. This is a
typical characteristic of ferroelectric ceramics
with a long-range ordered structure (Koval e? al.,
2003). The Curie temperature (T,) for PZT ceramic
is not determinable in this study as a result of

limited range of the measuring set-up, though is
widely known to be close to 400°C (Las et al.,
2001). While PZT exhibit a normal ferroelectric
bebavior, PMN is a well-known relaxor ferro-
electric material as a result of a short-range ordered
structure with a nanometer scale heterogeneity in
composition (Koval et al., 2003). In typical relaxor
ferroelectrics, both dielectric constant (e) and
dielectric loss tangent (tan &§) exhibit strong
temperature-frequency dependence below the
transition temperature, as shown in Figure 1 (d)
for PMN ceramic. In this case, the temperatures
of maximum dielectric constant and dielectric loss
tangent are shifted to higher temperature with
increasing frequency. The maximum value of the
dielectric constant decreases with increasing
frequency, while that of the dielectric loss tangent
increases. The dielectric properties become
independent of frequency above the transition
temperature (Koval et al., 2003). When PMN is
added to form the binary system with PZT, the
dielectric behavior is shifted towards the relaxor
behavior, in which the dielectric properties vary
significantly with frequency below the phase
transition temperature. The results shown in Figure
1 (a-d) clearly indicate such a trend. However,
with smaller amount of PMN added, such as in
0.9PZT-0.1PMN and 0.7PZT-0.3PMN ceramics,
the dielectric properties exhibit a mixture of both
normal and relaxor characteristics, for instance as
shown in Figure 1 (b) in which the transition
temperature is not shifted as much as for other
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Figure 1. (2) Temperature and frequency de-
pendences of dielectric properties of
PZT ceramic (dotted lines indicate data
for the dielectric loss tangent (tan 3) at
the same frequency)
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Figure 1. (¢} Temperature and frequency de-
pendences of dielectric properties of
0.3PZT - 0.7PMN ceramic (dotted lines
indicate data for the dielectric loss
tangent (tan §) at the same frequency)

predominantly relaxor-like ceramics. It should
also be noted here that the dielectric properties in
all ceramics increase significantly at high tem-
perature as a result of thermally activated space
charge conduction,
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Figure 1. (b) Temperature and frequency de-
pendences of dielectric properties of
0.7PZT - 0.3PMN ceramic (dotted Lines
indicate data for the dielectric loss
tangent (tan 8) at the same frequency)
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Figure 1. (d) Temperature and frequency de-
pendences of dielectric properties of
PMN ceramic (dotted lines indicate
data for the dielectric loss tangent (tan
d) at the same frequency)

More importantly, as shown in Table 2 since
the transition temperature of PMN is very low
(~8°C at 1 kHz) and its maximum dielectric
constant is very high (~7600 at 1 kHz), it is also
expected to observe that the transition temperature
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Table 2. Curie temperature and dielectric properties of PZT-PMN ceramics

(1 kHz).
Ceramic T.  Maximum Properties Room Temp. Properties

0 e tnd 3 tan §
PZT * > 29000 0.010 1100 0.006
0.IPMN - 0.9PZT * ~ 3700 0.020 700 0.020
0.3PMN - 0.7PZT 160 3800 0.030 1400 0.030
0.5PMN - 0.5PZT 115 6600 0.045 2200 0.040
0.7PMN - 0.3PZT 71 11000 0.057 5600 0.057
0.9PMN - 0.1PZT 16 10700 0.077 10300 0.001
PMN -8 7600 0.073 6000 0.001

* Not determinable as a result of measuring set-up.

decreases and the maximum dielectric constant
increases with increasing amount of PMN in the
system. This is clearly evident in Figure 2. Figure
3 shows that the transition temperature {at 1 kHz
for this case) moves towards lower temperature
almost linearly with the average rate of ~ -2.4°C/
mol% as the molar fraction of PMN in the com-
position increases. However, it is noted that this
relationship does not cover the compositions 0.9
PZT - 0.1PMN and pure-phase PZT, which are
expected to have the transition temperature near

400°C, shown in Figure 3 as open circles. The
reason is not clearly known, but could be attributed
to the pseudo-binary nature of this system, as
described in the earlier publication (Yimnirun et
al., 2003), in which PZT and PMN do not form
a solid solution, but rather a composite. Figure 4
shows an example of SEM micrographs demon-
strating separated PZT (large) and PMN (small)
grains. In this case, depending upon the com-
position, the properties of PZT or those of PMN
strongly control the properties of the system.

1210 —

110

Dleleciric Constant (e,)

2000

Temperature (*C)

Figure 2, Temperature dependence of dielectric constant of xPZT-(1-x)PMN ceramics

(measured at 1 kHz)
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Figure 3. Curie temperature of XPZT - (1-x)PMN ceramics {measured at 1 kHz) (Data for
PZT and 0.1PMN - 0.9PZT (open circles) are estimated from references by Las
et al. (2001) and Koval et al. (2003), respectively)

— 1 pm
Figure 4. SEM micrograph of 0.5PZT - 0.5PMN ceramic

However, it should still be noted that the reasons PMN powders by a mixed-oxide method. The

for such behavior require further investigation, dielectric properties of the ceramics are determined
as functions of both temperature and frequency
Conclusion with an automated dielectric measurement system.

The measurement takes place over the temper-
The xPb(Zr, Ti )OO, - (1-x)Pb(Mg Nb, ) ature range of -150°C and 400°C with measuring
O, (when x =0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) frequency between 100 Hz and 1 MHz. The results
ceramic composites are prepared from PZT and  indicate that the dielectric properties of the pure
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ase PZT and PMN follow that of normal and
laxor ferroelectric behaviors, respectively. The
electric behaviors of the 0.9PZT - 0.1PMN and
TPZT - 0.3PMN ceramics are more those of
srmal ferroelectrics, while the other compositions
¢ obviously those of relaxor ferroelectrics. It is
50 observed that the transition temperature
ecreases and the maximum dielectric constant
icreases with increasing amount of PMN in the
ystem. Most importantly, this study shows that
1e dielectric properties of the PZT-PMN ceramics
re not linearly dependent of the amount of the end
sembers over the whole compositional range of
"ZT-PMN as a result of the composite nature of
ne materials.
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ABSTRACT

Most of earlier work on PMN-PZT ceramic systems has been mainly focused on
processing and electrical properties, while knowledge on mechanical properties is
scarce. This article describes for the first time mechanical properties of the PMN-PZT
ceramic systems. The (x) Pb(Mg;3sNbz;3)03 — (1-x) Pb(Zrgs:Tio4s)O0s3 (when x = 0, 0.1,
0.3, 0.5, 0.7, 0.9, and 1.0) ceramics are prepared from respective starting materials by a
conventional mixed-oxide method. A combination of the Knoop and Vickers indentation
technigues is employed to determine the mechanical properties of the ceramics. 1t is
found that the Vickers hardness of the ceramics varies between 5.28 and 7.75 GPa while
the Young 's modulus values range from 65.9 to 99.6 GPa. The fracture toughness of 2.03
10 3.42 MPa-m'? is obtained from the ceramics tested. In general, it is observed that the

mechanical properties of the ceramic systems are largely controlled by those of PMN

CEramics.

Key words: PMN-PZT ceramics, mixed-oxide method, mechanical properties.




INTRODUCTION

With distinct characteristics, lead magnesium niobate (Pb(Mg3Nb23)O; or PMN)
and lead zirconate titanate (Pb(Zr4Tix)O; or PZT) ceramics have been employed
extensively in different types of actuator and transcucer applications (Cross, 1987; Xu,
1991). As a prototypic relaxor ferroelectric, PMN has advantages of having very high
dielectric constant and broader operating temperature range, especially over the room
temperature tange, as a consequence of the diffuse paraelectric-ferroelectric phase
transition which takes place in the vicinity of room temperature. In addition, as a result of
their unique microstructural features, PMN ceramics exhibit low loss and non-hysteretic
characteristics. However, the PMN ceramics have relatively low electromechanical
coupling coefficients as compared to PZT. On the contrary to PMN, PZT ceramics have
been utilized more in actuator and transducer applications due to their high
electromechanical coupling coefficients near the morphotropic phase boundary (MPB)
(Cross, 1987; Xu, 1991; Abe et al., 2000). However, PZT ceramics are fairly lossy as a
result of their hysterctic behavior. This makes them unsuitable for applications that
require high delicacy and reliability. Furthermore, PZT ceramics normally have very high
Curie temperature (Tc) in the vicinity of 400 °C. Usually, many applications require that
Tc is close to ambient temperature. Therefore, there is a general interest to reduce the Tc
of PZT ceramics to optimize their uses. Forming a solid-solution of PZT and relaxor
ferroelectrics has been one of the techniques employed to improve the properties of
ferroelectric ceramics. With the complementary features of PMN and PZT, it is of special
interest to investigate a solid-solution of PMN-PZT ceramics which are expected to
possess more desirable features than single-phase PMN and PZT (Ouchi et al., 1965;

QOuchi, 1968; Xu, 1991).




However, most of earlier studies on PMN-PZT ceramics have been focused on
proeessing, dielectric and electrical properties of the system. It is then of interest to
examine the mechanical properties of the ceramic systems (Shilnikov et al., 1999; He et
al., 2001; Stringfellow et al., 2002). The mechanical properties of the PMN-PZT systems
require a special attention because these ceramics are usually used under an influence of
stress in most of the actﬁator and transducer applications (Murty et al., 1992; Yoo et al,
1998). Thus, this study is undertaken to investigate for the first time the mechanical

properties of the PMN-PZT ceramic systems.

MATERIALS AND METHODS

The Pb(Mg;/sNby/3)03 ~Pb(Zro 52 Tig48)O3 ceramics are prepared from PMN and PZT
powders by a mixed-oxide method. Detailed procedures of each preparation step are
described elsewhere (Yimnirun et al., 2003). Perovskite-phase PMN powders are
“obtained via a well-known columbite method (Swartz and Shrout, 1982). In this method,
the magnesium niobate powders are first prepared by mixing starting MgO and Nb2Os
powders and then calcined to form a so-called columbite powder (MgNbzO). The
columbite powders are subsequently ball-milled with PbO. After another calcination
process, a perovskite-phase PMN is formed. PZT powders, on the other hand, are
prepared by a more conventional mixed-oxide method. With a more conventional oxide-
mixing route, PZT powders are prepared from PbO, ZrO,, and TiO» starting powders.
These powders are bail-milled and later calcined to yield the PZT powders. The (x)
Pb(Mg)3Nbz3)03 — (1-x) Pb(Zrgs2Tig45)0s (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0)
ceramic systems are prepared from the starting PMN and PZT powders by a mixed-oxide

method at various calcining conditions. The mixed powders are pressed hydraulically to




form disc-shaped pellets, 15 mm in diameter and 2 mm thick. The pellets are sintered in
a covered alumina crucible filled with PZ powders to prevent lead loss. For optimization
purpose, the sintering temperature is varied between 1000 °C - 1300 °C, depending upon

the compositions.

The densities of the sintered ceramics are measured by Archimedes method from the
specimens weighed in air, in water and the density of water. The phase formations of the
sintered specimens are studied by XRD technique. The microstructure analyses are
undertaken by a scanning electron microscopy (SEM: JEOL Model JSM 840A). Grain
size is determined from SEM micrographs by a linear intercept method. A combination of
the Knoop and the Vickers indentation techniques (Microhardness Testers: Model
Matsuzawa MXT-o. and Model Galileo Microscan-2) is used to determine various
mechanical properties of the ceramics, such as the Vickers hardness (HV), the Young’s

modulus (E) and the fracture toughness (Kic)-

With the indentation techniques used, the Vickers hardness (HV) is calculated from
(1.18185x10'® x P)/d® relation, where P is the weight of the indenter used and d is the
average length of the indented surface. Using the Knoop indentation technique, the
Young’s modulus (E) is determined from awHK.(0.1407-(b/a)) relation, where o is the
constant (0.45), HK is the Knoop hardness in GPa unit, and (b/a) is the ratio of the
diagonal lengths of the indented surface. Finally, the fracture toughness (Kic) is
determined from the microhardness tester (model Galileo Microscan-2) experiment and
the K. is then calculated from 0.016(E/I—IV)” Z(P/C3’ 2) relation, where E and HV are the
values obtained earlier, P is the indenter weight (in a unit of MPa), and C is the length of

the fracture (in a unit of meter) (Meechoowas, 2002).




RESULTS AND DISCUSSION

The phase formation behavior of the sintered ceramics is revealed by an XRD
method. The XRD patterns, shown in Figure 1, indicate that PZT ceramic is identified as
a material with a perovskite structure having tetragonal symmetry (JCPDS card no.33-
784) while PMN ceramic is a perovskite material with a cubic'symmetry (JCPDS card no.
81-0861). All PMN-PZT ceramic composites exhibit pseudocubic crystal structure, as
reported in previous investigations (Ouchi et al., 1965; Ouchi, 1968). However, some
impurity phases (Pb,Nb,O and MgO) are also observed in the ceramics with x > 0.1.
These impurities phases are believed to precipitate mostly on the surface areas of the
specimens (Park et al., 2001). Further XRD investigation at different depths- of the

specimens reveals that the impurities diminish in the interior areas of the specimens.

The SEM micrographs of x-PMN — (1-x)-PZT ceramics, sintered at 1150 °C, are
shown in Figure 2. Clearly, the morphology of the grains is composition-dependent and
shows mixed features of the two end-members. PZT and PMN ceramics exhibit more
uniform microstructure than those of the PMN-PZT ceramics. It should be noted that
some of the grains are observed to be in irregular shapes with some open pores. This is a
result of a Pb-loss during the sintering process. Grains of the PMN ceramics are mostly in
spherical-like shape, while those of the secondary pyrochlore phase (Pb;Nb207) exhibit a
pyramidal morphology. The SEM micrographs also reveal that the PMN-PZT ceramics
with x = 0.1 and x = 0.3 contain very small and loosely-bonded grains. This clearly

suggests that the two compositions are not well sintered.
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Figure 1. XRD patterns of x PMN — (1-x)-PZT ceramics.
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Figure 2. SEM micrographs of ceramics sintered at 1150 °C: (a) PZT; (b) 0.1PMN-
0.9PZT; (c) 0.3PMN-0.7PZT; (d) 0.7PMN-0.3PZT; (e) 0.9PMN-0.1PZT; and (f) PMN

(Py indicates Pyrochlore Phase).




As listed in Table 1, the average grain size varies considerably from 1.40 um to 5.23
im. It should also be noted that the average grain size of all mixed compositions is much
smaller than that of the end members. The reason for the smaller grain sizes is not clearly

understood, but this may be a result of PMN’s role as a grain-growth inhibitor in the

PMN-PZT systems.

Table 1. Summary of physical data and optimum mechanical properties for a given

composition of x-PMN — (1-x)-PZT ceramics.

Average Vickers Young’s Fracture
Composition Density Grain Hardness Medulus  Toughness
Size Hv) (E) (Kio)

(g/em®) (pm) (GPa) (GPa) (MPam'?)

PZT 7.59+0.11 5.23 528049 659+ 26 248+0.12
0.5PZT-0.5PMN  7.86+0.05 1.90 716+0.28 824+94 3.42+0.26
0.3PZT-0.7PMN  7.87+0.07 1.40 728+033 996+6.1 3.03+029
0.1PZT-09PMN  7.90+0.09 1.50 7.13+£037 893+94 203+0.24
PMN 7.82 £ 0.06 3.25 7.75+0.18 84356 2.84x0.10

Table 1 also summarizes the optimum mechanical properties for a given composition
of x-PMN — (1-x)-PZT ceramics, evaluated by the Knoop and the Vickers indentation
techniques. It should be mentioned that the mechanical properties of 0.1PMN- 0.9PZT
and 0.3PMN- 0.7PZT ceramics are not available. As a result of their low densities, the
mechanical properties of the 0.1PMN- 0.9PZT and 0.3PMN- 0.7PZT ceramics are not
quantifiable. The Vickers hardness (HV) of PMN is found to be highest (7.75 GPa)

among the ceramics tested. It is also of interest to observe that all the mixed compositions



exhibit much larger hardness value (7.13-7.16 GPa) than that of pure PZT (5.28 GPa).
This clearly indicates that PMN addition enhances the hardness of ceramics in PMN-PZT
system, as the Vickers hardness value increases from 5.28 GPa in PZT ceramic to 7.28
GPa in 0.7PMN-0.3PZT ceramic. This could be attributed to the facts that hardness is a
material’s surface property and that there are some mechanically-hard materials (MgO
and PbyNb,07) precipitating on the surfaces of the mixed compositions, as described in

earlier discussions.

Similarly, the Young’s ﬁlodulus (E) of the PMN and PMN-PZT ceramics (varying
between 82.4 GPa and 99.6 GPa) is significantly higher than that of PZT ceramic, which
is measured to be 65.9 GPa. However, an addition of PZT into PMN-PZT system results
in an increase in the Young’s modulus of the mixed compositions until the trace off is
observed in 0.5PZT-0.5PMN ceramic when the density begins to drop due to loss of PbO
during the sintering process. The reason for this observation is somewhat linked to the
density of these ceramics. As seen in Table 1, ceramics with higher density possess

comparatively higher value of the Young’s modulus.

The fracture toughness (Kic of these ceramics is more difficult to understand because
it depends on many factors, for instance grain size and morphology, crystal structure and
phase and pore size and distribution. However, it is generally observed that except for the
0.9PMN-0.1PZT composition, the fracture toughness of the mixed compositions (3.42
and 3.03 MPa-m"? for 0.SPMN-0.5PZT and 0.7PMN-0.3PZT, respectively) is higher than
that of PMN and PZT ceramics, reported as 2.84 and 2.48 MPzi-m”z). This could very

well be a result of a fracture-inhibition effect by the mechanically- and physically-

different components in the mixtures.




Generally, it can be stated that the mechanical properties of the ceramic systems are
largely controlled by those of PMN ceramics. It is also noticeable that PMN ceramics are
mechanically-superior to PZT ceramics. Finally, it is of interest to observe that some of
the ceramic systems exhibit better mechanical properties than those of the single-phase
PMN or PZT. Intuitively, this can be attributed to a composite nature of the mixtures, in

which some of the properties are enhanced by the presence of inclusions.

CONCLUSIONS

In this study, the (x) Pb(Mg;3Nba;3)Os — (1-x) Pb{(Zro52Tie.48)O03 (when x =0, 0.1, 0.3,
0.5, 0.7, 0.9, and 1.0) ceramic systems are prepared by a conventional mixed-oxide
method at various processing conditions. Perovskite-phase PMN and PZT powders,
prepared by a columbite route and a mixed-oxide route, respectively, are used as starting
powders for the PMN-PZT ceramic systems preparation. Density measurements, XRD
and SEM studies and mechanical properties tests indicate that PMIN phase show very
important roles in controlling the properties of the ceramic systems. Finally, it is clearly
shown that the mechanical properties, e.g., Vickers hardness, Young’s modulus and
fracture toughness of the ceramics with mixed compositions are generally better than

those of the end members.
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ABSTRACT

The ferroelectric and piezoelectric properties of xPZI-(1-x)PMN were
measured by means of a modified Sawyer-Tower circuit and LVDT strain gage, and
dss-meter, respectively. The P-E hysteresis loop measurements demonstrated that the
ferroelectric properties of the ceramics in PZT-PMN system changed gradually from
the normal ferroelectric behavior in PZT ceramic to the relaxor ferroelectric behavior
in PMN ceramic. The s-E relations showed a so-called "“butterfly” curve in some
compositions, while the relation was of a quadratic electrostrictive nature in the PMN
ceramic. Finally, the piezoelectric constant (ds3) decreased from, in the units of pm/V,

280 in piezoelectric PZT ceramic to less than 5 in electrostrictive PMN ceramic.

Key words: PZT-PMN, ferroelectric properties, hysteresis loops




INTRODUCTEON

Lead-based perovskite-type solid solutions consisting of the ferroelectric and
relaxor materials have attracted a growing fundamental and practical interest because
of their excellent dielectric, piezoelectric and electrostrictive properties which are
useful in actuating and sensing applications (Koval et al., 2003). Among the lead-
based complex perovskites, lead zirconate titanate (Pb(Zr1xTix)O3 or PZT) and lead
magnesium niobate (Pb(Mgi;sNby3)O; or PMN). ceramics have been investigated
extensively, both from academic and commercial viewpoints (Cross, 1996; Haertling,
1999). These two types of ceramics possess distinct characteristics that in turn makes
each of them suitable for different applications. With the complementary features of
PZT and PMN described in many publications {Wongsaenmai et al., 2003; Yimnirun
et al., 2003), the solid solutions between PZT and PMN are expected to combine the
properties of both normal ferroelectric PZT and relaxor ferroelectric PMN, which
could exhibit better piezoelectric and dielectric properties than those of the single-
phase PZT and PMN. Furthermore, the properties can also be tailored over a wider
range by changing the compositions to meet the strict requirements for specific
applications (Cross, 1987; He et al., 2001). In recent years, there have been several
investigations on PZT-PMN system (Shilnikov et al., 1999; Burkhanov et al., 2000;
Koval et al., 2003-a). However, these previous works have focused only on a few
compositions in the vicinity of the morphotropic phase boundary and of the end
members. Therefore, the overall purpose of this study was to determine the dielectric
and ferroelectric properties of ceramics in the xPZT-(1-x)PMN (when x =0, 0.1, 0.3,
0.5, 0.7, 0.9, and 1) binary system in the hope to gain some insights for possible
applications. This article presents the ferroelectric properties of ceramics in this binary

system.




MATERIALS AND METHODS

The Pb(Zrg.5:Tig.45)O3 - Pb(Mgy;3Nb23)O3 ceramic composites were prepared from
PZT and PMN powders by a mixed-oxide method. PZT powders were prepared by a
more conventional mixed-oxide method, while perovskite-phase PMN powders were
obtained via a well-known columbite method. The (x)Pb(Zros2Tio48)03 — (1-x)
Pb(Mgi;sNby3)0s (when x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramic composites
were then prepared from the starting PZT and PMN powders by a mixed-oxide
method at various processing conditions. The detailed descriptions of ceramics
processing and characterizations were presented thoroughly in the earlier publications

(Wongsaenmai et al., 2003; Yimnirun et al., 2003).

For ferroelectric properties characterizations, the sintered samples were lapped
to obtain parallel faces, and the faces were then coated with silver paint as electrodes.
The samples were heat-treated at 750 °C for 12 min to ensure the contact between the
electrodes and the ceramic surfaces. The samples were subsequently poled in a
silicone oil bath at a temperature of 120 °C by applying a dc field of 25 kV/cm for 30

min and field-cooled to room temperature.

The ferroelectric hysteresis (P-E) loops were characterized by using a
computer controlled modified Sawyer-Tower circuit. The high voltage was applied to
samples by a bipolar amplifier (Kepco BOP 1000M) and a high voltage AC amplifier
(Trek 610C) with the input signals with a frequency of 0.1 Hz from a lock-in amplifier
(Stanford Research System SRS 830). In addition, the strain-field (s-E) loops were

also determined simultaneously by the same system, in which the strain was measured




with a linear variation differential transformer (LVDT) strain gage (Radiant
Technologies). The detailed description of this system has been described elsewhere
(Jiang, 1992). Furthermore, the piezoelectric di; constant of the poled ceramics (after
24 h aging at room temperature) was measured at 100 Hz by a piezoelectric dsz-meter

{Channel Berlincourt ds;-meter).

RESULTS AND DISCUSSION

The experimental results on physical properties, the phase formation behavior
and microstructure features of all the sintered ceramics have been discussed
extensively in earlier publications (Wongsaenmai et al., 2003; Yimnirun et al., 2003).
Hence, these results will not be shown here. However, it should be mentioned that the
sintered ceramics were mainly in perovskite phase with tetragonal, cubic and pseudo-
cubic crystal structure for PZT, PMN and all PZT-PMN ceramic composites,
respectively. Table 1 summarizes the density, average grain-size and dielectric
properties for all ceramic compositions.

Table 1. Characteristics of PZT-PMN ceramics with optimized processing conditions.

Ceramic Density Grain Size  Average Maximum T,
Range Grain Size &

(g/em’) (n) (um) (1kHz)  (°C)

PZT 7.59 £0.11 2-7 5.23 >29,000 > 400

0.1IPMN-0.9PZT 6.09+0.11 0.5-2 0.80 3,700 ~ 390
0.3PMN-0.7PZT  7.45+0.10 0.5-3 1.65 3,800 160
0.5PMN-0.5PZT  7.86+0.05 0.5-5 1.90 6,600 115
0.7PMN-0.3PZT  7.87 +0.07 1-4 1.40 11,000 71
0.9PMN-0.1PZT  7.90 £ 0.09 1-4 1.50 10,700 16
PMN 7.82£0.06 2-4 3.25 7,600 -8
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Figure 1. P-E hysteresis loops of xPZT-(1-x)PMN ceramics.

Figure 1 illustrates a series of polarization (P-E) hysteresis loops for the xPZT-
(1-x)PMN ceramics. It is clearly evident that the shapes of P-E loops vary greatly with
the ceramic compositions. The polarization loop of PZT is well-developed, showing
large remnant polarization (P, : remaining polarization when electric field is decreased
to zero). The hysteresis loop is of a typical “square” form as a result of domain
switching in an applied field. This is a typical characteristic of a phase that contains
long-range interaction between dipoles in the ferroelectric micro-domain state (Koval
et al.,, 2003-a). This confirms that PZT is of a normal ferroelectric phase. From the
loop, the remnant polarization P, and the coercive field Ec (indicating an electric field

required to zero the polarization) are determined to be 12.5 uC/em?® and 10 kV/em,



respectively, as listed in Table 2. When more PMN content is added to the system, the
hysteresis curves become more of “slim” hysteresis loops, a characteristic of the
suppressed ferroelectric interaction (Koval et al., 2003-a). This is typically found in the
relaxor ferroelectrics with polar nano-regions. These results clearly indicate that an
addition of PMN induces the relaxor behaviors of PMN into the PZT-PMN ceramic
system. This also has resulted in the decrease in the values of both P; and Ec, as seen in
Table 2. Furthermore, the piezoelectric constant {ds3) also significantly decreases with
increasing PMN content in the system. This is intuitively understandable from the
decrease of the polarization in the ceramics and also from thé fact that PMN is
electrostrictive (the second harmonic property, in contrast to the first harmonic nature
of piezoelectric ceramics, such as PZT). Therefore, it can be concluded that the
ferroelectric properties of the ceramics in PZT-PMN system move gradually from the
normal ferroelectric state in PZT to the reléxor ferroelectric state in PMN. It is also of
interest to observe that the hysteresis loop of 0.9PZT-0.1PMN ceramic is not fully
saturated. This is probably due to the limited capability of the measuring set-up used.
However, it is expected that this composition should posses better ferroelectric

properties, as reported in recent publication (Koval et al., 2003).

Table 2. Ferroelectric and piezoelectric properties of PZT-PMN ceramics.

Ceramic P Ec ds;
(uClem?) (kV/cm) (pm/V)

PZT 12.5 10 280
0.1PMN-0.9PZT 5 12 40
0.3PMN-0.7PZT 45 5.5 63
0.5PMN-0.5PZT 6.5 4.5 41
0.7PMN-0.3PZT 52 2.3 12
0.9PMN-0.1PZT - - 1
PMN - - 4
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Figure 2. s-E relations of xPZT-(1-x)PMN ceramics.

The relationships between the field-induced strain (s) and the applied electric
field (E) for the xPZT-(1-x)PMN ceramics are shown in Figure 2. The results show so-
called “butterfly” curves, which are characteristics of ferroelectric materials in which
an external field causes a domain switching mechanism that in furn creates strain in the
material. In Figure 2, there are three distinct groups of s-E relationship. The first group
is PMN and 0.1PZT-0.9PMN ceramics with slim loops, which follow quadratic
relation at low field. This group signifies the electrostrictive relaxors. The second
group consists of 0.3PZT-0.7PMN and 0.5PZT-0.5PMN ceramics with the large

butterfly curves, a sign of more piezoelectric behavior. PZT-riched ceramics make up



the last group, in which more open and larger butterfly curves are expected. However,
the results obtained indicate that these ceramics are not fully poled due to limited

capability of the set-up used.

CONCLUSIONS.

The ferroelectric and piezoelectric properties of xPZT-(1-x)PMN (when x= 0.0,
0.1, 0.3, 0.5, 0.7, 0.9, and 1.0) ceramics prepared by a conventional mixed-oxide
method were measured by means of a modified Sawyer-Tower circuit and LVDT
strain gage, and dy;-meter, respectively. From the P-E hysteresis loop, it was shown
that the ferroelectric properties of the ceramics in PZT-PMN system moved gradually
from the normal ferroelectric state in PZT ceramic, with large P, and Ec values, to the
relaxor ferroelectric state in PMN ceramic. The s-E relations showed a so-called
“butterfly” curve in some compositions, while the relation was of a quadratic
electrostrictive nature in the PMN ceramic. Finally, the piezoelectric constant (dsa)
decreased from, in the units of pm/V, 280 in piezoelectric PZT ceramic to less than 5

in electrostrictive PMN ceramic.
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Abstract

Wongsaenmai, S., Ananta, S. and Yimniran, R.

Effects of uniaxial stress on dielectric properties of ceramics
in PMIN-PZT system

Songklanakarin J. Sci. Technol., 2003, 25(5) : 629-636

In this study, effects of uniaxial stress on the dielectric properties of ceramics in PMN-PZT system
were investigated. The ceramics with a formula (1-x)Pb(Mg, .Nb, }O.-(x)Pb(Zr, ., Ti, )0 or (1-x)PMN-(x)
PZT when x = (0.0 0.3 0.5 0.7 and 1.0 were prepared by a conventional mixed-oxide method. Phase formation
behavior of these ceramics was studied by an X-ray diffraction (XRD) method. In addition, other physical
properties, e.g. firing shrinkage and density, were measured. The dielectric properties under the uniaxial
stress of the poled PMN-PZT. ceramics were observed at low and high-stress levels using a uniaxial com-
pressometer. It was found that at low stress level (0-800 kPa) there was no significant change in the diefectric
constant and the dielectric loss tangent with the applied stress. As the stress level was raised higher (0-5
MPa), changes of the dielectric constant with the applied stress were dependent on the ceramic compositions.

On the other hand, changes of the dielectric loss tangent with the applied stress were independent of the
ceramic compositions.

Key words : unijaxial stress, dielectric properties, PMN-PZT |
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Figure 1. XRD diffraction patterns of PMN-PZT ceramics.
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Table 1. Physics properties of PMN-PZT ceramics
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PMN 6.54+0.07 80.09+0.86 37.60+0.20
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Figure 2. Schematic drawing of uniaxial compressometer.
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Abstract

In this study, effects of uniaxial stress on the dielectric properties of ceramics in PMN-PZT system
were investigated. The ceramics with a formula (l-x)Pb(MgmNbm)03-(x)Pb(Zr0_ﬂTim)03 or (1-x)PMN-(x)PZT
when x=0.0, 0.3, 0.5, 0.7 and 1.0 were prepared by a conventional mixed-oxide method. Phase formation
behavior and microstructural features of these ceramics were studied by an X-rays diffraction (XRD) and
scanning electron microscopy (SEM). In addition, other physical properties, e.g. firing shrinkage and density
were measured. The dielectric properties under the uniaxial stress of the unpoled PMN-PZT ceramics were
observed at low and high-stress levels using a uniaxial compressometer, It was found that at low stress level
(0-1200 kPa), there was no significant change in the dielectric constant and the dielectric loss tangent with
the applied stress. As the stress level was raised to a higher level (0-5 MPa), the dielectric constant
increased with increasing stress (from 0 to 1 MPa) and became constant when the applied stress was further
increased. On the other hand, the dielectric loss tangent first rose and then dropped with increasing applied
stress. Moreover, the changes of the dielectric constant of these unpoled PMIN-PZT ceramics were indepen-

dent of the ceramic compositions.
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Wongsaenmai, S.”*, Ananta, S.? and Yimnirun, R’ (2003). Effects of Uniaxial Stress on Dielectric Properties
of Lead Zirconate Titanate Ceramics. Suranaree J. Sci. Technol. 10:206-209.

Abstract.

The dielectric properties of hard PZT and soft PZT ceramics under uniaxial stresses were investigated.
Ceramics were tested at low and high-stress levels using a uniaxial compressometer. It was found that
at low stress level (0-200 kPa) there was no significant change in the dielectric constant but dielectric
loss tangent was found to increase with increasing applied stress. As the stress level was raised higher
(0-5 MPa), noticeable increase of the dielectric constant and dielectric loss tangent were observed. The
uniaxial stress was found to have more influence on the dielectric properties of soft PZT ceramic than
hard PZT ceramic because of their domain structure differences.

Keywords: Uniaxial stress, dielectric properties, PZT
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Figure 1. Schematic drawing of uniaxial
compressometer.

Figure 2. Experimental set up for studying the
effect of low stress om dielectric
properties of PZT.
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Figure 3. Experimental set up for studying the
effect of of high stress on dielectric
properties of PZT.
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Figure 4. The stress dependence of dielectric
constant at low stress (0-200 kPa).
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Abstract

Hysteresis loop is an electric property that distinguishes ferroelectric materials from
other piezoelectric materials. The loop relates a polarization with an electric field. In this study, a
Sawyer-Tower circuit is used to measure hysteresis loop of lead zirconate titanate (PZT). Variations
of the polarization with the applied electric field are observed. It is found that increasing applied
electric field results in a polarization enhancement. Furthermore, effect of capacitance value of the
capacitor used in the circuit on the polarization are investigated. The polarization is found to
decrease with increasing capacitance values of the capacitor. In addition, the applied electric field

and the capacitor used in the circuit demonstrated to play significant effect on the hysteresis properties.
Keywords: Hysteresis, Sawyer-Tower Circuit, PZT
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