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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 study, 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(Mg;aNb21)O5 - (X)Pb{Zrys:Tip4s)0z 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 dielectric 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 E¢ it is clear that P, and Pg decrease significantly with increasing stress, while
E¢ only drops slightly. In other PMN-PZT compositions, chaﬁges in P,, Ps, and Eg 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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foFuwImlumyidnuasnamw ndluenwina ua:'lua’mmaqmm'lmwgﬂ'lﬂ‘mmnm's
F- v [ Y A B s T L @ 2 -9 F-1
wui{'lﬂ'l'ﬁ'lumﬂﬂgm WHEWAUINIT 1T W06 31T wazdudaslniiuse@nEnw

&
3 N iT) 2N
u

1.2 Tagisrasdnainisivy
Radnwnmedoumnorindluszuy PMN-PZT
2. \RespnuuuusriaaieiasdousiSauuuunuid s uiaidnuarssuun1sia
Fuiid ladiinadnusz Wi Bsnamaldannzanuidu
3. adnwdninatasnusRuLLnwamdeau R lefiinaTnuar Infidens
PRI IGTIRNT IWIEUY PMN-PZT
4. WohwamBiefldlaRuslunsmPammrduwnwnma



2. 351 SsNaang

'lun'mwﬁ‘lmuﬂwumamm:wms'[mua;ﬂ'lﬂmu
1. Anenziulnszuy PMN-PZT dmnefinlofaaen (Solid-State Technique)
L O o A A 0 Aﬂ = [
wsaunummsﬁnmmwau'l.'immmzaumanm@ﬁuumqmmwgmua@mmumaq PMN-
PZT fiN6N 9
2. mm's'uugﬂLLﬂ:ﬁnmmwm@la{maL@"’s'ﬂuvnﬁun'lm:uu PMN-PZT fillany
a £ '
TRLIEE P RHIRGIRRITS
[ St @ - JJ
3. fmiamassudnsunawizmsmenwuazlangiamaeaiing
F-}§ B
Ww3oule
4. panwuuuazIasPeInladausILLLUAMAL
o a o o wal o = ™ YR | &
5. DONLUY ARTY ua:mm'q@qﬂn'sm"lun'rs’mauum'lmamnmn'[ﬂuhm‘iama
LCR-meter lums3aautiasina?

6. aanu.uuua:ﬁ'm%’uqﬂmm"lumﬁﬂamm'lwﬂ'u%ona d87937uN11R

. o e f ' A e
Hysteresis lasldnannisvesias Sawyer-Tower aghdneltia P-E loop

= a o a o ed o v X P a -

7. mmmmmmnﬂL@rsuu‘lﬂua:qﬂmmﬂwaﬂwu wWaldlun1sdnwda
F.y r-y L A » Gy, o & = . .y
INFRATAIANMUIARLLLUNWALIdaguUR laBidnaInuas Wl danausdmsirnindin
J2u1 PMN-PZT

8. aﬁﬂ‘s’lUNamiﬁnmua:a;ﬂuamﬁ%’uua:ﬁwu’l anaaIuTalawauusin

L a A da ¥
E!JIJ.U TIUBWTIZNH RSN THNNRITULNANITANIN

Foed ol ] k] L 4:
Iﬂ HATURILDHAUDILFRTTUA D UNIN a‘lﬂu

2.1 arnafuargunsalfilslummenss

21.1.  \@aneantwd (lead oxide: PbO) mmu%qw%%’aﬂaz 99.0 Waalawyu3isn
Fluka dszinaainimaiuand

21.2. aslafivneanlad (ziconium oxide: Zr0,) AaLgnBiasa: 99.0
NROIAILUIEN Fluka Ussinasdaa Tuaud

2.1.3.  lymifivuaanlad (litanium oxide: TiO,) mmu"‘sqﬂ'ﬁ%’ana: 99.0 HARAY
138N Riedel-de Haén Uszneel Saea

24.4.  uwnibdpuaanled (magnesiumoxide: MgO) ﬂﬂuu‘%qﬂ%%'aua: 98.0
udalauuishn Fluka Ussinaaiaimauaug



21.7.
2.1.8.
2.1.9.

2.1.10.
2.1.11.
21.12.
2.1.13.
2.1.14.
2.1.15.

2.1.16.
2.1.17.
2.1.18.
2.1.18,
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.

Tulowboueen'lod miobium oxide: Nb,Os) mmu“‘sqﬂ'ﬁr‘?aua: 99.9 WA®
lapuIvhn Aldrich Ussineioanain
Indlflaueanasad  (polyvinyl alcohol: PVA) wdalauuiun Fluka
JssnaaiamaIuaue
(fiaupanasad (ethyl alcohol) HAALADLTEY Merck Usineuasain
\nsasTIaInas wialany$in AND % HM-300
naztlaanaadnwiondaldnauas
anuaisaslaiiy
UMIwaNa&n
LASRINFUETIRLY ball-milling
{nnedauia 500 uar 1000 Aaddas
UWHNINIUEITIMIN 6 LTUALNGT
NiHuATNTaR (hot plate) WARlauLIEN Schott Gerate GMBH

'é‘u SLK4
daves wdalapyuTsm Griffin Grundy
TOUANAT
ATNUARITIYNEILMLN (agate)
ﬁ’]ﬂﬂﬂﬁu’l (a2lumina crucible)
LINUNTNT HEALABUTEN Lenton Fumaces ju 4280
uaiﬁuwr[ﬂﬁ:ﬁ’m%'ué’ﬂ%ugﬂmmmﬁumuﬂuﬁnmo 10 Daduas
isasdarzuvlalasin
ATEATENTILDT 400 800 Wa1200
MY (silver paste)
iiasaTImaLM T tILuTasIdiond (Xray diffractometer) Wialay
u3¥N SIEMENS §u D500
né’aafgaﬂﬁﬂﬁ%Lﬁnmauuwdaanﬁﬂ (scanning electron microscope)
uanlay USHN JEOL JSN 840A
LCZ-meter ninlapuIun Hewlett Packard §u HP4276A
winefiasasuiasainadsa (Sawyer-Tower circuit)

J =l s A - .
LATOHUDDAUTILLUUN WAL (uniaxial compressometer)
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22 nISt@3LNENT PMN-PZT Rasn13a32eitasiey

Tusufiazngnfenuszdoafodunssuunnaioneniin PZT PMN  uss
PMN-PZT  Tepdusinmisiaiouns PZT uszus PMN  shedinauasnloduuuandy
(conventional mixed oxides method) mmfu'll'lmL‘Iﬁ"lﬁnﬁvlﬁmHﬁuﬁu‘luﬁﬂf&’m@hd ‘}IG]U
Tusaionduaninuazesninnsimsoninfieisulddsding XRD  use
SEM auddt nuvmmsiaausinmsmaniwssaniin

2210 MIASHAASIALDSIAWA INN1WA ( Pb(Zr, ,Ti) ,5)0;)

MIeTNe PZT smtdtusueanleduuuandy lagldamsdaadu fa PO 210,
. P ¥ e e - au o W ot
WRETIO, Lﬂua’]'ﬁﬂﬁ@ut@ﬂuﬁ&]nqstﬂuﬁﬁﬂd@mﬁ“nqﬁﬂ 1 A9

PbO(S) + 0.522"02{5)"‘ 0481—102(5) — Pb(zr0|52Tio_4g)03(S) (1)

L"S:;mnm‘s*ﬁ'ammmﬁ'@ﬁmﬁmm:auuﬁ'a'ls‘c'lum:ﬂaawamﬁnﬁm'sqgnummaﬂﬂ
iy duenusssslifedanlumanszaud uiladidainwudaomynawanadin
wini lduedsnlagansuniaIaanauasuuy ball-milling (31U 2.1) ilwiasiuiu 24
2 lus Mnimriliudomaih ldnssweusiueuounfoufunIwa s UiInIuE
FUUAY ué'nh'lﬂau'lu@:’aumsﬁﬁqmxgﬁﬂszmm 200 °% pt9RaY 24 T30 wdLAdI
ATNUARIT (agate) ﬂweﬁ‘lm‘léluﬁwagﬁm LmLLﬂavlmfﬁqmﬂQﬁ 850 °a (Juiaan 2
2l ﬁwé'@‘nm'sﬁwwuaaqmﬁgﬁ@u 5 o/l (31 2.2) walwl@naasdin ezt

31 2.1 usaanmuaidandreiaiesnauasuuy ball-miliing
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A
[ (°3)

850
120 w1

5 °aqr/yfi 5 °95/u

.>
A1 (W9)

22 WHREIIN TR L o1iee PZT

222 maaslsarsiaauanidos iulawa ( Pb(Mg,Nb,.)0,)

~ L v aa a . A2 & ad
e PMN  pniaSoniudau3laanlud (columbite  method) Gailuitnsuuuees
I a =l o = [ P
suaan lopSunnmaeiousuaniidsululaiwa (MgNb,0g) Fugaidtaunmsn 2

MgOf(s) + NbOs(s)  ——>  MgNDb,Og(s) (2)

nazvrwmsessuwniday lwlowassvinlasifmsrudotumneSoune PZT
aaildnsmaugaluiade 1 T@lmmuﬂa'lmfﬁqmﬂqﬁ 1100 & (fluas 2 2139 Fan
a"'mqﬂ'ﬁ"nru;fmmmqmﬂnuﬁtﬂu 5 omufi (3U 2.3) aldmuanilifsululawe Wi
mmﬁmﬁmﬁanmmmﬁmagmﬂ deoazunIdluaaurmialszang 100 pm

nmiwhasueni@oylulawenusuiuisasenlad (Pbo) ilataTuuns PMN 44
WERISIFUNIIA 3

3PbO(s) + MgNb,0g(s) —» 3Pb{Mg4aNba3)O4(s) (3)
L o 1 P S = G dl 9/ 1 L3 LT A z g
SILIBTNIILTUINUINUMTINTLUHY PZT mﬂvl@nmamuaﬂuwmaﬁ T AMNURUIN

o o ~ & o ar aF a
n‘lﬁ”lﬂtmuﬂa't‘nﬁﬂqmﬂgu 900 ° I8 1uI% 2 2134 ddanmytwasesgunyd
i 5 camnii (3u 2.4) axleing PMN
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- A
ouUNN (°1)

1100 =
120 wn

5 a3y 5 P

»
a1 (W)

U 2.3 WHWAIMITELAR ks uuniidaylulawe

A
U ( o )

900

120 w1

5 iy 5 a5/

=
& {(UwW)

3t 24 URKAIMTUAR TR PMN
223 naesuardaaEeTlame Inniwa-taannnidoalwlawe

WH9 PMN uazi PZT Muadonldudinasnauiulasdardulanluadis i s
0.7PMN-0.3PZT, 0.5PMN-0.5PZT, ud8z0.3PMN-0.7PZT W1NINEN PMN-PZT Talu
aszllaawamadnusrdalwninlaududromunwmaan usnhlluadlondondans
F5UUY ball-milling \Huwiiawu 24 i udiak i smmi lnsuwauEuaIn
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A - r L 1 a o Lo Ad =l ] @ o
FAUNIBUNUNIRATUUNINIUTITIWLIAD m‘lﬂau‘lugzaum*muqm%guammau 24 ‘II’JI&M
URIUDAIUATNUSR ’ﬂ’]l'l%'i-ls‘ll’]FNNﬁ'll'ﬂL@I?Ul!vl,(ﬂ&I’]ﬂ@I.'ﬂaﬂl.ﬁﬂBiéﬂﬁﬂ'l?&ll’ﬂu’lﬂtuﬂa'%ﬂ']ﬂ

= L | . o
wnasuazlndifnanudrsazunse luasudfioviatszunm 30 pm
224 ASASHNLESIEN PMN PZT Wa2PMN-PZT

=W o ad = o e o -
1 PMN PZT uasPMN-PZT Aladanitninesonluidaficinug svinnssa
x 24 b | @ & . au
2u) (pressing) MnuiAuwlanzuaziaissdaszuuislasdn (hydraulic press) Sauuy
firvnei@nn (uniaxial pressing) 931 2.5 duANAU 0.5 d 1lwAINIL 30 Tud lap
w o v e x W o - . A, v
14 Pva  Affenududuioss: 5 lashminiduasiamiiun (binder) iNotinldpuna
o | G - [ e P ' . 2 .=| v -
andann Waldgunundansanduudiunan (disk) ddunuradosludoagiiv
b L AJ-" & =3 8 Qr 0 = ﬂ‘: d
wildie Pz navduauuarlasbitssglivinaudunuuazdusnsvasns PZ Engunils
@ s f = = L P '
ugnhlunsluenimms laswnudigamgd 500 oo 1lwaawn 1 4alue Hals Pva
1Y - &‘c‘ Y = [ Y B é‘ -
udwnduinaingaungd T, illunanu 2 Flus Hudannsiwssrasgungliiiu s ©
wivil QU 2.6) tldmaiwnidn PMN PZT uazPMN-PZT laglfaunnilummmnduiaad
o . o & o A s % & o o w
uandrany nwwihassninfieonlduriiraiiidninia (electrode) @r8m1IN
d28N1243 (silver paste) AifYIFaITIMTITITITTAN udth i lwenarsaae
= - @ & a = a
g ®l 750 o1 (iluawin 12 wifl dsdanmiiwsisesgun)iidu 5 comnd
J - A Il L o LAS ]
uanainfiannaniinfisiumanuia ldgmibhanasesausnd@nanioniw wu nne
@7 (shrinkage), UGZANNRWIUUN (density)

v = e o Ly '™ o A&
U 25 meww'Tamua:Lmaoamzun”la‘[man'l"ﬁmmum'ia@‘uugﬂ
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@muqﬁ(%}T

120 wIn

5 oy
500

5 %suan

>
&1 (W)

31] 2.6 BHUWHIMTEITULRBTFITLTTIAN
.J -y A.ﬂ' Ut 3
\ite T, fla qmﬂquﬂlmmﬂas

225 ns mi‘)%ﬂﬂﬂﬁ'\‘ilﬁ‘i'}ﬁﬂﬁ')ﬂlﬂ aita XRD

ar a o o . a £ v o o
Iassaindnrasasiominfedsy lamutnasragauldlasmyAinmzidia g
A A 5 Ot B 1 [ - A
Land (x-ray) Gafianusiaduanluszauidonuseasiiitzninsezasyvawiin 1ia
Ftendannsenuandnenfianninizids (scatter) luynfiemalapisdasnuuasrigy
Tt Cr = A A v A [ 1] A =] J’
20 fufsFannzny WeshiaTaa 123U (detector) M umtbigufiiansELILL
@ o o [ a ‘ '
Amanvoaiasavldifidfiaratunirnniswiulanss B nurinle 1o DIINFNUAE
W & o e o
anadursspluuumaisiuuiUnng fuaaedagy 2.7
v e a il Gy o . =
HRfRvuunIazIUdnInwTIWENY (in phase) anfiuluawngaasuusn
" ™ o = [ o
(Bragg's law) SHUEAINITUNITN 4 fazmunsansudsannaedlassebondnld

nA = 2d sin a8 (4)

A a

Wa n @8 1,23,

- o

Ao ANULIINRY (wavelength)

A9 TTYTRITERTNITEUL (interplanar spacing)

o 2>

Py
fla YUAEIY (diffraction angle)
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Powdered
suample

-2~ X-ray
source

a
XK-ray detector

E’J 2.7 WHRANHMIATIRaUiNaasInatia XRD
& - = o e LY r-Y
AURDUL TR THTFIANTINTUATIIRSUNIING A XRD

1. ﬁﬁmnﬂmﬁnﬁm%vu'lﬁ'msqm";mu&umsﬁami'm (sample hotder) lagfiiui
wosmsainizdpsnglursnuidpiuivukkusTIasaatg

2. lauiumsdatinlwsios XRD

3. 3uiduindas XRDTmu'lﬁ'qm"S:uﬁuﬁ 20 1ilu 20° uazyugavinpiiay 20
1w 60°

4. azldnnmvenuiviuininenuduiuyy 20 vmsflsu3sufisuiy

A

A G =
maga'luu.ﬂu JCPDS 1WA IR UAN WO VDLWV BIFTLINEN

A rF-ar-| - | o = - F=3 [
WosNeTidandudantssuazanursadiurmdSuimansidandsavlavdau
' = [ f Y- . =l a
wotrudldanaunis (5) Gswnmadnldiiuihdinyd Pbzro; Winasutanuaay

o [ f
BuodSondouiuidsfisudvanns Pbzro, = il %100 (5)
! pszo, +1

TTEIX I
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2.2.6 MIASIVABVFNUANIINIYNINT DI TIE AN

2.2,6.1 MIRIATNIINAAINAILHA (firing shrinkage)
AN I NANIBATHILEI LTI AR AN TRAF I T I NnaIn TR la
o L7 » F-9 8 [} s F-9
ms'm'umﬂmumuguﬁnmoua:mmw&uwaumwnmnamm:mamnmmuma{
z ] d.b LT Bt c‘
MnwwhaNIa ldundiunneigumn 6

v =7zr2><d (6)

o s
\a vV &a USunasvanaiin
= L | -
" 8 IAUTAILTINUN

d fo AnurwIaAdin

aw AUTINOTARBUNITNT (V,) BAZRRIM TN (V,) idaduiomdisgasmmasa
YRIEEINN AIFNNTT 7

Vv
s=/1"2 |4100

a A a LS a
\a S 9 TouazuaImInaa IS uaIUaI AN
v, o Y3anesvadtrsinnanien
v, fn UTnaTwesoninnaam

2.2.6.2 N1IVRIANAINNRHILUY (density)

MImERMIRBIRYsTin dumslFrannisunuiivasinuas Archimedes
Tasshirrinfiedonldduluinawiunm 2 42w fsliliiduluame udani s
iminluin (wy) uasdanmndon (w,y) winh lavlugavmniniaaiuiu 24 1 lug
mnhundaiminluame (w,) uidmmmemannussya s ingiauns 8

0, = _ Wi <p
¢ Wy —W 4 Hp0

(8)
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4 Fad i :’
¢1h)] JD}-;zo f12 AITURUILUBWUDIWN

Pe A anunnukuaaamiin
-y an a_ dd
w,  fe minvaaeninfivsluaime
¥ I a o e ~
w,  f wwinveaaninnmluemevniilon
= ¥ Bt o ;dl 0'-' ¥
wy  Ap dmnnzansTAnATI b

A s b3 dfa &
227 n’rm‘i'li]ﬁﬂﬂTﬁ‘:dﬁ‘:’Nﬁ‘l gn\ adqaﬂ‘ﬁﬁua L& nmsauuundaa A
(SEM)

mmum‘sﬁnmhwﬂ'mnfquamﬂmawm’mnﬂL@lmu'lmzﬂaomwaaumums
v o N * = s e o
lindaszantimiBidnaaunuudainie (SEM) Turaunmaaisuaismindniy
ATNRBUAIY NRDIIANTIANBIANATARULUFAINTIA (SEM)

1. ﬂnwma‘]nﬁ'Lm“iuu'l@i‘u’m"mamazmﬂﬁqmﬂ‘%‘mqam'}’ﬂmﬁmﬂmm 30 w1l
Waidmmeieandsningaeanlusnfuenin

2. vuwrninllaudugousmaiuim 24 Flua werliiendnuts

3. wnandalddrwaidnas usnh lUGavuuvianaanios (stub) seindmigess
wih lapdaldvinomdidudnemeyesfinia (free  surface) usz  san¥in
(fractured surface) waﬁaag‘luumﬁmm:auuﬁmmﬂaaau

4. fmswedsvAlrvenanindlunasdilasldinafia sputtering niagiwiu 4
wiv fauasih luasrareudonfaigansiaddianaTaunuudednig (SEM)

s L = -1 o b o A N .
23 NIT2DNUVVUAZIAFHIVNLATIINDDAUTILABLULILAWLAYD {Uniaxial Stress

Compressometer)

lumseanuuuuazsasuedssiiofefnundninatasanusmuuunnudytin
maﬂm:g’:%ﬂ“lﬁﬁ'@a%ﬁmﬂ%aoﬁaé’mnotﬁ’mmmmmﬁm (Uniaxial Stress
Compressometer) (9931 2.8 1azgl 2.9) FaUrznaudisurimanisnTansTuand
1% (base) WHINBIMABINTINTZUBNEIUGIAU (ram) RAZUVINaUnFaITwIuRNanaas
urd (aagy 2.10) Garmiffasznimaaniasdiuguiunasniassiuday (fate
Thnosmdasdinsiduindoufiluuurunuidoiiaye uarilasfuusadanitosanusinad
NSLNUEIRAIAK m‘nmﬁﬁnﬁLﬂ%uu'l.@T%:gm'\w:mwmmu%mﬂum WARINITD
ﬂmﬁ'umsgmuLﬁngﬂa‘wwaomﬂﬁmﬁaamnmmﬁau (shear deformation) #93191nA1T
ﬁ@w’.zjuﬁu@m@mﬁ'wﬂamaomﬁaoﬁmmﬂﬁn (Muazidualumanuin 3 7 ) uss )
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Begn = [ [P . A e e e ~ =
auumaqmnmﬁum}:gmmmnmm (spring loaded cell} STIFUHRNVUTIIHNIDE
~ - e 4 A e ) I VR i - o
VTTINT STNRIUNIRADNULATIU AN Duan o LCZ-meter Lﬁammmﬂ‘laman
o . . A e = o o .
f7IN (dielectric constant) UWREI9T Sawyer-Tower LADIAWIUTTINDITH (hysteresis loop)

e

» 10 LCZ meter

Ram

F 3
NN
B M
HIN
|

_» Spring loaded pin

T —

Insulator o

S
B » Sample

Base o |

zzrrerrrd . To LCZ meter

A o T

o P = . 2 P
ETJ 2.9 WHBNWURAILATOINSLWIAN TN THRY IR MUAILLULNWLA LT

= . .
30 uniaxial stress compressometer
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T A [ ar A - .
Eﬂ 210 uﬁmanwmmﬂ'lum'mwaa@luwuuuunumm (uniaxial stress

compressometer)

lumsnaaastiadnwdntnarosnnuiduuuuLnuanIdasuHians S]maﬁaqnfu
mm'mﬂﬂé’ﬁo'luanﬂ:ﬂ'nuLﬁ'ua’iﬁua:luam'zzm'mLﬁ'uga Tasfluanazanududiay
Ifgunsalluminanasuansaszy 2.11 Tavldwdnnisvasmuiin (Cantilever Beam) 4
maﬁ'l.ﬁ'a;j‘lwd'w 0-3500 n$u lanifinmaianiias 500 ndu waznmsdnsflanzaiy
wugsarldiniadaruulalasdndaldusedalugag 0-10 MPa daumaslugy 2.12

v o e = v .
U 211 mslfindasfisdausonuninmanlusnzanudud
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v A ™ = a
U 2.12 ms‘lmmaaﬁaammuuuunumﬂ'ﬂuﬁma:ﬂ’nmﬂuga

2.4 NITAAFINN995 Sawyer-Tower

[ a ¢ o4 el o o ™ a o s
lunseanuuuuasdasiguniolivefinuand@dmnaidaluiaqunilsddaain
& Ly, et A B 17 s s'; o n:I [
1w nenmeIn1aiaainsaT Sawyer-Tower  (Rausaslugifl 2.13) Salwrsathiy
o o o, ol A d 00, e o oae A o
figatumviesuidganaifa lapfdndn galilunmsideiuaadlusun 2.14

Cﬂ > Cs

EiJ 2.13 u&aJ Sawyer-Tower Circuit
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Vs R1 ™ -

U 2.14 UgAI99T Sawyer-Tower AldlumInanas
(R= 6.8 M{2 R,=10k{2 Coi=0.1F C=PZT, Co>>Cy)

) . & o o
miaegunIniang g w17 Sawyer-Tower wuusasluguf 2.15 lagdl v, waz v,
A & ' v oa e & a d &
1R 2.13 uude mydadNFy g suwIenuazuwaaITaaordalarlay Nefivz
AW s ar W a o < o
waasnafl ldanmsiausasuunivasesdalaslad dwusadluguf 2.16 laofiunuuow
= & oo LY f ' o P ' [ ' &
28570 FINT TauuriiraunufmIa NN ENANATaNEITAIELNY (C,) BRIUARAD
aa w ' . ar ' A o e ar
sasnmdmnaidauuninraunusiranudndndanasandniulizy  (Co) Foutsdu
an o a & @ , e ° ' oo
laganiudinfifaduuwamsanidagn Smurrnirldsrwrmmisi Inarlaaaun
A bl [l I A A) A QA
wasusdadlluumsaratiie tdanaunms P=CoviA  1lla A lufufinthdavasas
F0EC,)  (Tuazidoalumanwin %)

31 2.15 udeanIdegunsoiluaaas Sawyer-Tower
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31 2.16 WROEN BTN TaneTTruunIN000adalarla

a oA G P 1 Wty o & =
2.5 ﬂ’l‘iﬁﬂﬂ"]'ﬂ‘i’]ﬁ‘l"‘lﬂﬂTWNLF]‘H:LL‘UTJLLﬂ%LﬂEI']GIEIﬁ&l’ﬂ@l‘lﬂBlﬂﬂmiﬂuaz‘lﬂﬁql%ﬂna

Pasa1sEsRnanredlamalnnina-iaaunnidenlulawe

lunsfasfinmsuialasidinasnuatssierdn PMN-PZT s srsaminesded
iunsindinTnse Taomslganidu (siver  paste) mAidIvsrasupatEnITTIin
ﬁauﬁazﬁﬂmmﬁqmwgﬁ 750 o \fluszoziae 5 wad e liiAes s Wi uaslu
msfafinmsniddaneifauss Wi udsnagesasioniin PMN-PZT in  a1siam®n
=BT (Poling)  lasnsldawalwinszusasolussdu 4 kvmm fuans
Lmﬂﬁnﬁqmﬂqﬁ 120 °7 1Juszoziaan 30 uri

TunmesasladnmdninaasanuTHILULAME B lsEATA AR LAE
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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(Mg);3Nb2/3)O3~(1 — x)Pb(Zr.52Tip.ag)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 formartion 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 observed at stiess 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,;3Nb3,3)04 or PMN) and
lead zirconate titanate (Pb(Zr,_,Ti, )01 or PZT) ceramics
are widely used in devices like piezoelectric actuators and
electromechanical transducers [1-3]. These two types of
ceramics possess distingt characteristics that, in turm, make
each ceramic suitable for differeat applications. As a
prototypic telaxor ferrgelectric, 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 in the vicinity of
room temperature. In addition, as a result of their unigue
microstructure features PMN 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
electiremechanical 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+405530.00 © 2003 [OP Publishing Lid 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
mterest 1o reduce the Te of PZT ceramics to optimnize their uses.
Forming a solid-solution of PZT and relaxor ferroglectrics
has been one of the techniques employed to improve the
properties of ferroeleciric 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 PMMN and
PZT [2,4-6).

Furthermore, 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 erucial 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 ace
often obtaired 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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swress, Previous investigations on the stress-dependent dielec-
tric and electrical properties of other ceramic svstems. such
as PZT and PMN=-PT have clearly emphasized the importance
of the subject {12, 13]. However. there has been no report an
the study on the PMN-PZT system. Therefore. this siudy is
undertaken to investigate the influences of the vniaxial siress
on the dielectric propenies of ceramics in PMN-PZT ceramic
Ccomposites.

2. Experiments and measurements

The Pb(Mag ;3Nba; )0 :-Pb{Zrn 5:Tiy 43)C;3 ceramic compos-
ites age prepared from PMN and PZT powders by a mixed-
oxide method. Perovskite-phase PMN powders are obtained
via the well-known columbite method [i4]. 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 magnesiurm niobate
powders are ficst prepared by mixing starting MgQO {>98%)
and Nb20Os {99.9%) powders and then calcining the mixed
powders at 1050°C for 2.5 h, This yields a so-called columbite
powder (MgiNb,04). The columbite powders are subsequently
ball-milled with PbO (9%%) for 24 h. The mixed powders are
calcined at 800°C for 2.5 h 10 form a perovskite-phase PMN.
With a more conventional oxide-mixing route, PZT powders
are prepared from reagent-grade PbO (99%), Zr04 (99%), and
TiC, (98.5%) starting powders. These powders are ball-milled
for 24 h and tater calcined at 850°C for 2 h.

The ()Pb(MgsNb2;3)013~(1 — x)Pb{Zrg 52Tip.a5) 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. Initiaily, 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 2 mm thick, with 5wt.% pelyvinyl alcchol (PYA} as a
binder. The pellets are stacked in a covered alumina crucible
flled with PZ powders to prevent lead loss. Finally, the
sintering is caried out at a sintering temperature for 2h
with 5 min "C~* heating and cooling rates. The firing profile
includes a i h dwell time at 500°C for binder burnout process to
vomplete. For optimization purpose, the sintering temperature
is vaned between 1000°C and 1300°C degending upon the
compositions.

The densities of the sintered ceramics are measured by the
Archimedes method. The firing shrinkags 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 updertaken by a scanning
clectron microscopy (SEM: JEOL Mode] JSM 840A}. Grain
size is determined from SEM micrographs by a linear intercept
method.  For dielectric property characterizations under a
uniaxtal siress, the sintered samples are lapped 10 obtain
parallel faces, and the faces are then coated with silver paint as
electrodes. The sampies 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 o emperature of 120°C by applying a de field of
25KV em™! for 30 min and feld-cooled to room emperature.

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 1hrough spring-loaded
pins connected to the LCZ-meter (Hewlert Packard. model
4276A). The capacitance and the dieleciric loss tangent are
determined at frequency of 1 kHz and room temperature
(25°C). The dielectric constant is then calculated from a
paratlel-plate capacitor equation, e.g. & = Cd/ggA, where
C is the capacitance of the sample. ¢ and A are the thickness
and the area of the electrode, respectively, and gg is the
dielectric permittivity of vacuom (8.854 x 10" Fm™').
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 current 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 10 measure the
reversibility is underway and the resuits will be preseated in
future publications.

3, Results and discussion

The optimized density of sintered (x)PMN-(1 — x)PZT
ceramics is listed in table 1. Tt 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. A similar result was reported in a previous
investigation [4]. The SEM investigations (shown later in
figure 2) reveal supporting evidences that the cerarnics 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 weil
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 materals. The reason for the changes of the
density and the smaller grain sizes in the mixed compositions
is not ¢learly understood, but this may be a result of PMNs
role as a grain-growth inhibitor in the PMN-PZT composites.
More importaatly, it should be pointed out that dense ceramics

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

Orain  Average

Firing size  grain
Density shrinkage range size

Ceramic (gem™) (%) (um)  (um)
PZT 759001 335x1. 2-7 523
0.1PMN-0.9PZT 609 £0.11 18601 0352 08D
03PMN-0.7PZT 7454010 308427 05-3 1.65
0.5PMN-O.5PZT 7861005 383101 055 190
D7PMN-Q3PZT 7.87+£0.07 404409 14 140
09PMN-0.IPZT 7.90+0.09 3884£0.1 14 1.50
PMN 7.82£006 399406 24 3325
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Meleciric properies of PMN-PAT cernmwes

for PMN-PZT compusites are very difficult 1o obtain as a result
of a narrow range of sintering behaviour of PMN material (41,

The phase formation behaviour of the sintered ceramics is
revealed by an x-ray diffraction (XRD) method. The XRD
patterns, shown in figure 1, show that the siatered ceram-
ics are mainly in perovskite phase. From the XRD pattem.
PZT ceramic i identified as a single-phase material with a
perovskite structure having tetragenal symmetry, while PMN
ceramic is o perovskite material with a cubic symmetry [16].
All PMN-PZT ceramic composites exhibit pseudocubic crys-
tal structuse, as reported in previous investigutions [4.5,15].
However, sorne impurity phases (PbaNbO; and MgO) are also
present on the XRD patterns of the composites with x > 0.1.
A large amount of the secondary pyrochlore phase (PbaNb2O4)
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 dimimish in the interior areas of the specimens.

The microstructures of the specimens sintered ag 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. Tt 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. Graing of the PMN ceramics are mostly in spherical-
like shape, while grains of the secondary pyrochlore phase
{Pb.Nby ;) 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 sum, 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 L. XRD patterns of the sintered (x)PMN-{1 — x)PZT
ceramics.

system are shown in figures 3 and 4. There ix a signiticam
change of both the dielectric constant and the dielectric loss
tangent of the ceramics when the applied siress increases from
) to 5MPa.  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 diclectric constant generalty decreases
with increasing applied stress.  However, it should be
noticed that only PMN and 0.9PMN-0.1PZT compositions
show definile decreases in the dielectric constant. while
the dielecidce 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.IPMN-0.9PZT, 0.3PMN-0.7PZT, and 0.5PMN-0.5PZT),
the dielectric constant rises slightly when the applied stress
increases from @ to I MPa, and becomes retatively constant
when the applied stress increases further, The dielectric
loss tangent for most compositions, except for PMN and
PZT, is found 10 first increase when the applied stress is
raised from O to 1 MPa, and then decrease with further
increasing stress. However, for PZT cecamic 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 tuming point being
around 2 MPa.

To understand these experimental results, various effects
have t0 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 a 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 swudy {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-potar
matrix and the extrinsic contribution of re-polarization and
growth of micro-polar regions [12,21]. Since the dielectric
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Figure 2. SEM micrographs of (x)PMN-(1 — x)PZT ceramics sintered at 1150°C: () PZT. (b) O.IPMN-0.9PZT. (¢} 0.3PMIN-0.7PZT.
(ef) 0. 7PMN-0.3PZT. (¢) 0.9PMN-0.1PZT, and { /) PMN {Py indicates pyrochlore phase).

12000 1

10000 +

Diclectric constant

Stress (v Pa)

Figure 3. Uniaxial stress dependence of dielectric canstant of
PMN-PZLT cerumics,

response of both contnibutions is affected by the applied stress
in an opposite way, the behaviour of the compoesites depends
on lhe ratio between the micro-polar region and the non-
polar matrix.  Since the measurements are carried out ai
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the room lemperature, the micro-polar regions dominate the
dielectric response of the composites [21]. Therefore, the
dielectric constant of the PMN-rich compositions decreases
wilh increasing applied stress, as seen in figure 3.



Dreleciin peaperies of PMN-PZT cennmics

The vaune of the siress dependence ol the diclectric loss
tangent s alitde more straightfors ard than that ol the dictectric
constimt. As depicted in figure 4. an increase in domain wall
mobiliiy clearly enhances the dielectae Joss tingent in some
compasitions, while the de-aging in the materialy normally
cises the deerease of the diclectric less tanzent observed in
some compositions | 19, 20].

These resubis clearly demronatrate that the contribunion off

each mechanism o the diclectric responses of the PMN-PZT
ceramic depends on the compoesitons and the stress level,

4. Conclusions

In i study e (oPhiMe 1Nbs 3 )0a=(} — )
PotZry o Tin )0 twhen v = Q.00 0.0, 0.3, 05, 0.7,
0.9, aud 1.tH ceramic compuosites are successtully prepared by
a cooventivnal mixed-oxide method at various processing con-
dions. The phase formation behaviour and the nycrostructure
features are sludied using the XRD and the SEM techniques,
respectively. The measurements of physical properties reveal
that the properties are relatively composition dependent. The
diclectric propertics under the uniaxial stress of the PMN-PZT
ceramics are observed at stress levels up to 3 MPa using a cal-
ibruted uniaxial compressometer. The results clearly show
that the dielectric constant of the PMN-rich compositions
decreases. while that of the PZT-rich compaositions increases
slightly. with increasing applied stress. On the other hand,
the dielecisic loss tungeat for most of the compasitions first
risexs 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
CETAMNIC COMPOSILES.
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ABSTRACT

The dielectric properties of (I-x)Pb{Zrg 53 Ti0.4g)O3—(x)Pb(MgsNbas3)O; (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 normmal 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 transition 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,.
«L1x)Q03 or PZT) and lead magnesium niobate (Pb(Mg;sNby2)O3 or PMN} ceramics
have been investigated extensively, both from academics and commercial viewpoints
[I-3]. With the complementary features of PZT and PMN descnibed 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{Zr,Ti.x)o.s(Mg1aNb21)p201 (wWhere x = 0.43-0.49) [13], and the
ternary system of xPb(Mg1sNb,;)03—yPbTi0;-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 tbe morphotropic phase boundary (MPB) such as 0.125Pb(Mg;sNbs)Os—
0.435PbTi0:-0.44PbZrO3 and 0.5Pb(Mg1sNby3)03-0.375PbTi03-0.125PbZr0O; [1, 8,
12] and of the end members such as 0.11Pb(Zrp 53 Tig.47)03-0.89Pb(Mg,sNb,3)03 and
0.82Pb(Zrg.52Ti.45)03-0.18Pb(Mg1sNb23 )05 [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(Zry52T1945)0O3. 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 of ceramics in the (/-



x)Pb(ng_52Ti0_43)03-(x)Pb(Mgungm)O; (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 Nb0Os
(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 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. Subsequently, the (/-x)Pb(Zro s:Tig.43)03—
(x)Pb{Mg)sNby1)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 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 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 age carried out on cooling continuously. Before each cooling run, the
samples are first heated up to 400 °C and then cooling rum is performed at the rate of 3
°C/min. The dielectric constant is then calculated from g; = Cd / oA, 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 1072 F/m).

3. Experimental results

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

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 (PbaNb,O7 and MgO) are also detected on
the XRD patterns of the composites with x > 0.1. The secondary pyrochlore phase
(PbzNb;O7) is clearly present on the SEM micrographs as cubic particles, resulting in
very heterogeneous microstructure (Fig. 2 (¢-d)). The optimized density of sintered (/-
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/cm3, 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, \I,vhich contains
sub-micron size grains, is not well sintered. Clearly, this is a reason for the much Jlower
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 <] pm to 7 pm. 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, as described in the earlier work by Koval et al. [8]. In that
study, it was found that the PMN meodification reduced the rate of grain growth in
xPMN-({-x)PZT ceramics. The average grain size decreased from 2.2 ym for x =
0.125 to approximately 1 pum for the compositions with x = 0.5 [8]. In the present
study, the average grain size decreases from 5.23 um in PZT to < 2 pm in PMN-PZT

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



PMN-PZT composites are very difficuit 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
Zr/Ti ratio [8-101, 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 (7-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 (g, 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 2 nanometer scale heterogeneity in composition [8]. In typical relaxor
ferroelectrics [3, 11], both dielectric constant (g;) and dielectric loss tangent (tan J)
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 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-0.1PMN 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; — Vemax) 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/g, — 1/enmax) and (T-Tra) 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 PMN 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 ¥ decreases from 1.83 for 0.5PZT-0.5PMN to
1.49 for PMN). Since for a perovskite ferroelectric it 1s 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 pum in PMN to 1.90 um 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 1s
very low (~ 8 °C at | 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 |



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.IPMN 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 [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 ez 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 ef al. the Zr/Ti ratio

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

4. Conclusions

The (/-x)Pb(Zro.52Tip.a3)OC3—(x)Pb(Mg sNb2»)03 (whenx =0, 0.1, 0.3, 0.5, 0.7,
0.9, and 1.0) ceramic composites are prepared from PZT and PMN powders by 2
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.IPMN 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 shouid 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 PMN in the system. The rate of transition

temperature change, however, depends significantly on the Zt/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/cnr) (pm) (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-0.3PMN  745+0.10 0.5-3 1.65
0.5PZT-0.5PMN  7.86+ (.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 14 1.50
PMN 7.82+£0.06 2-4 325

12
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Table 2. Dielectric properties of xPMN-(/-x)PZT ceramics (at 1 kHz).

Dielectric Dielectric
Te Properties Properties Diffusivity
Ceramic (at Tax) (at 25°C} (y)
& tan & & tand  (at 1 kHz}
€0
PZT - >28000 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 pattemns 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 Pyrochlore 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 (¢). 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/€max) v8 In (T-Tamax) of (/-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 1 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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Fig. 3 (b). Temperature and frequency dependences of dielectric properties of

0.7PZT-0.3PMN ceramic.
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Fig. 3 (¢). Temperature and frequency dependences of dielectric properties of
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Synthesis and Mechanical Properties of PMN-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(Mg;aNby»)03 — (1-x) Pb(Zro 52 Tio43)O3 (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.

Keywords: PMN-PZT ceramics; Mixed-oxide; Mechanical properties
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1. Introduction

Lead magnesium niobate (Pb(Mg;aNbys)01 or PMN) and lead zirconate titanate
(Po(Zri«Ti )O3 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 (T¢) in the vicinity of 400 °C. Usually many applications require that T¢ 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 properiies 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 expecied 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 elecirical 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(Mg3Nby3)03 —Pb(Zrg 52 Ti045)04 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 MgQO (>
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 (MgNb,QOg). The columbite powders
are subsequently bail-milied 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. 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;3Nby3)O3 — (1-x) Pb{Zrg52Tig45)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. Initiaily, 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 bum-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 Gahileo 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 {(Pb,NbyO7) 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 coﬁtain 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 (Pb,Nb,O7 and MgQ) 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 xPMN - (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 ! pm to 7 um. Table | 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 controlied 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 can 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(MgisNb3)O3 — (1-x) Pb(Zrg 52Ti6.43)O3 (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, ¢.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

Rattikorn Yimnirun et al /Materials Letiers

Composition Vickers Hardness  Young’s Modulus Fracture Toughness

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

PZT 528 £0.49 659+2.6 2.48 £0.12
0.7PZT-0.3PMN 470£0.16 242+ 1.1 5.66 £0.48
0.5PZT-0.5PMN 7.16+£0.28 82.4+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 843456 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 pattemns 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;

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

The dielectric and ferroelectric properties of (X)Pb(MgisNbys)Os—~(1-x)
Pb(Zros7Ti045)03 (whenx =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 hysteresis 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 actuating and sensing applications. Among the lead-based complex
perovskites, lead magnesium niobate (Pb(MgsNb2a)O3 or PMN) and lead zirconate
titanate (Pb(Zr,.xTi,)Os or PZT) ceramics have been investigated extensively, both
from academics and commercial Viewpoints.]'3 These two types of ceramics possess
distinct characteristics that in turn 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 piezoelectric 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.g'” In recent years, there have been several investigations on
PMN-PZT system.*'* 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.**'*"* 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."*'%'%'%!® Thyg 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(Zrp 52 Tip45)03. 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(MgisNbas)Os-(1-x)
Pb(Zrg 52Ti0.48)O03 (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 PMN 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 MgQO (> 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;0g). 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(Mg)3Nby;3)03— (1-X)Pb(Zro 53 Tig45)03 (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 various 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 / A, where C is the capacitance of the
sample, d and A are the thickness and the area of the electrode, respectively, and gq 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 voitage 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, mode}

830). The detailed descriptions of these systems are explained elsewhere.!’'®



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 patiemn, 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
investigations.**"* However, some impurity phases (Pb,Nb,O; and MgO) are also
present on the XRD patterns of the composites with x > 0.1, The secondary pyrochlore
phase (Pb,Nb;0O5) 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 smcimens.lg 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



