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ABSTRACT

Perovskite structures in the PZ-PNN ceramics with formula (1-x)PbZrO,-
xPb(Ni, ;Nb,,)O, with x = 0.00-0.50 were prepared by the solid state reaction and the reaction-
sintering process. The crystal structure data obtained from X-ray diffraction (XRD) indicate that
the PZ-PNN ceramics, with x = 0.00-0.50, successively transforms from orthorhombic to
rhombohedral to pseudo-cubic symmetry with an increase in the PNN concentration. The
antiferroelectric (AFE) phase — ferroelectric (FE) phase transition occurs in compositions of
0.00 = x = 0.08. The AFE — FE phase transition shifts to lower temperatures with higher
compositions of x. Moreover, morphology of ceramics have been determined via scanning
electron microscope (SEM) technique. The electrical properties were characterized by a
combination of dielectric and ferroelectric hysteresis. For dielectric measurement of PZ-PNN
ceramics, PNN substitution has been shown to produce a linear reduction in the transition
temperature (7)) with concentration (x). For the ferroelectric hysteresis observations, the effective
of saturated polarization (Pg), remnant polarization (P,) and coercive field (E,) were decreased

with increasing the concentration of PNN.
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s Twanlairdueg liaaslusasmadumiounisiuiy iesmnalamudmeanm
Tudiemaduvesaum Inihi 1850 minan lsmduzannmudwusunszian
aum ifhdnhmmnuingaiiya ¢ Taneeruamuiin sadnnsn Tanumeluiag
finonduiismenuaa Iifhnouenii 185 uszndnniirmenssfud iy
aqum i 18 5u8na il sunsziaiims We i lufamaaudn i
auwInihingaluiimmeauiign o FaadwRalnngmsaisu@adulsingnise
NAMaINEILYA B uay ¥ naugan v ailuduibadamesFagy (Double hysteresis
loop) u'ﬂnMﬂffi’ﬁauﬂuﬁswﬁsﬁgﬁﬂﬂ?ﬂﬁ’aﬁmmmmm‘lumsﬁ'mﬁnwﬁ’mu"lé’fqa Hay

o ' 4 ad & A °
invzlvirnai laddnninnneudiedi [23]
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@ a Iy ad a A v @ A "W
Jaquanams Tsdidanniniinnumusalumsinnundsnugailesnniniag
a a a a § 4 1w ' 4 ds ag a
woudnls 1sddnnsniSinamuiimilens i faqauou i Tsdidansnuuy

] ¥ " v

Un@ nagSuanwesis Isdimanin) @3 2.8 TastSaiuimilonsmidudiniadna

o o o e s J a a o ad a =S =
anuamselunsiuRundnen  SeauiddmaniaqueuamsTsdiaanintaiiui
a o o @ . ! v o g [
Howiwmlsegnd 14 Tudufuilse ywdasuga (High energy capacitor) Aafnifundaa

= £ o wa a o ad = = — 3 e
naumy uua wes  Fenshilauidueudns Tseidnninsiausniignduniniuife

1aAes 1AA (PbZrO,; PZ)

(a) (b) (c)

] 3 '
3N 2.8 uamfSnaiuimiionswvenvudmmenda

2.3 Suania ﬂgsﬂﬁialﬁnﬂ?n (Relaxor ferroelectric)

Fuanwos s 1581anN5n (Relaxor ferroelectric) Ain @133 IsBidnnsnafiawile
Falaoita ligas Tunnaidu A'A~ BB )0, Tasfidumis A uag B wlszneylidae
mgunnh 1 wila TasdnAssnumniailumslsznouimaniitazdathuesilsznon
Wén (Pb(B'B)0,) #1 B wiiluozaeuiifilszauandind wu Mg™ Ni** Zn® Fe' ung
B ifluezaeuiifilszauingindt wu Nb* Ta” W oy Pb(Mg, ;Nb,)O, (PMN)
Pb(Zn,,Nb, )0, (PZN) Liag Pb(Sc,,Ta, )0, (PST) iHludu [20] auiiaii Iasduveamss
wanef$1sdidnn3n Ao uansineiiladiAnniniiqe (High dielectric constant) Hag

s 1 a ad a oA @ = =3 Y ° 4
anyuzyogluuuaned ladidnninfeniugumngleziluglszalnhgmnhaunn

£ oa

Q@

@ o ' ]
(Broadens dielectric peak) Bnyisamiadsndndulafuiunimdi a5y dagui 2.9 mai
3 ' c? -4 o o ] 9 = " = & "
Wwyuiiiionnesdsznoy o dunus B melulasesadieiinnnii 1 vila Funas
osfdsznoudinsn/Goundasaui@ols TsBidnninfigungduandieiu [19,24]
mﬂﬂmaummﬂanmum“lumNmumnﬁnm"lﬂﬂswﬂﬂm’lﬁmﬂumu,ﬂuﬂi £Q1A
18 (Capaciton) uazdsfimswannauiadandndatulashmssuanaedlsadnn

- w A [ a a A 3/ C | . 4
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20 =

15 I~

100kHz

1 1 1 1 1 ] 1 1

-80 -40 20 B0 100

0 20 | 5. 140
Temperature ('C)

31 2.9 uamsdnvazveguuuan laddnnInfouiugumngil

= o = =y
vod3uanes s 150ann3n PMN

) ¢ i
2.4 Tasaasramesenalng (perovskite structure)
] 9
naunandil Inssadauuumesena’lng (Perovskite structure) Wivziigas Tumna
4 o 4 s A ' a4 o
dluuuy ABo, TauSusmiusemesovalndifludelassad wveasunadoudnuun
4 ]
(CaTi0,) [24] Baudiilaseadryiaiies lilududifivaaaia (Lattice) doslasauiiil
MIVsTIFAgARsuRIT A uddimuisafisziimsiinsanlaseadis W
a1 o w d 9 o i g/ d? A A
psod Inadutlueyiuiveslnssaduiiaunnnn lassadwiiuguuuy Foc wiofl
' £ o ' .
(39n91 FCC-derivative structure 18 FaneluTnsaadevzsznoudiodumiia A (A-site)
§ ' ' & 2+ 2+ 2+ + + a "
ity looouuanuialng Wu P’ ca” Ba™ 8¢ Na' K ifludu aefiainizegivesnon
a ' & 3| a 1 o ' i =
vosoanFaIuAglvuINITuan iUy FCC dauduimiia B (B-site) 1iumanloasu
vnvinamnfiimszege wu T 2 N " whiludu sxdh lderdivegaiely
L] v Y A a eg - [ 3y s '
FoIInswlaniimnavunnnnsiasesiuuuy Foc molulassadudnann Taw
= a R { ' 4 @ 4
ifivsozaouveseandauminiuiiluezaenthufssidousoveglndiian deguil 2.10
@ ' 4 =
uarasdnbaizyitoadued Inssadumesena’lng Fumsisznoumesenalndfigndu
wuhaunsouaasauiams 1sadonsn ldfhuriiousn Ao wuBeudauun  (BaTio,)
¥ 1 . 1
v lddmuare  mesenalndlfiuiensznavosmstsznevii Taseadianan
Vv
@ o a1 &
dnpaeAMerdull 017FL BaTio, PbTIO, PbZrO, NaNbO, laz SrTiO, fudu &

msdszneumeseva lnddulngiianiudnmugs dndunuanliih (22,24]
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@ Oxygen

. B-site

. A-site

UM 2.10 viiowad (Unit cell) voalnssadramesovlalng

2.5 10aIw031AIUA (PbZrO,; PZ)

a3 Inla (PbzrO,; PZ) iWumsuaudiis 1598nM3n (Antiferroelectric, AFE)
¥iiausniigndumyTay Sawaguchi nazaaz [25] Fail Tassadradiunuvess Insoutin (
=587 Ab=1174 A c=8.20 A) figmugiivios unsiloritugumgivy lswdegumgies
vosaaes Ian (236 %) laames Tamnznldouauifnnueuams 1sidansnidu
wisdidnnin Taglaseadranfdousnens Inseudinlilufabn Fwanedegld 2.11
ufmfn1ﬂﬂymﬂmaﬂmumﬁ‘uﬂum‘fﬂun’auﬂaxnauﬁﬁﬁmﬁm%’umﬁm‘%‘uumia:mﬂ
voaudavesnawes lawa lnmua (Pbzr, Ti 0, PZT) [26] Fuiluasiszneufididnlu

I
a a 1 a a d
ATIHNIIUNISG Naﬂ%uﬂﬁuﬂlgﬂﬂ’iﬂuﬂﬁ

®-RISING TEMPERATURE
x=-FALLING

3000 TEMPERATURE

2000 -

K
1000 -
o) s 1 L 1
o 100 200 300

TEMPERATURE °C

3N 2.1 uarassan moendindillen/dounlasgungiivesnin Pz [26]
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msilsznouaames Tanmfumsfigmir lunaufuessuiol i 19T
auifan Inmauily ersy nsvh pz Twawiy pT el idesilsznon pZT [25] Tau
oguinalaozunsudegili 2,12 venuduile z=* grunuiiTao Ti* uéresfinsAou
wlavnmaseuTudasealiilumnse Iniamls 158idnnsn FawSnaiiusesdeszni
ﬂmxﬂﬁif&m:‘lﬁﬁnﬂ’ﬁﬂw'lﬂﬁ1ﬁﬁsgazﬂﬂifuﬁumssﬂ'ﬁauuﬂaaqquﬁﬁ'aa il
Fonduasesdefiningay (Morphotropic phase boundary; MPB) Ua¢ Zr qmmu‘ﬁmn
TulEmhuesiltfansadoumalfuoes nsoufinueudms Tsdidnninues Pz
ﬂsmgi‘fum wiouiudimamnse Imfaueudnti Tsdidnninfigungilndfugumgied
uAtin wedosdtalsngiddeulaiiteslde  fsnamasesdoiioss 1
auiamae i Taaduinnda18dnsih pzT ﬁﬁﬂﬁuuf’;uwﬂszqnﬁ‘l%”luqﬂﬂmfﬁha g

' o o A a d o a 9
WINWWY 1Y 52UV T sEuuasIvianaudes nTuaares dand latn Hudu

T 5001

Paraelectric

A
=)
o

300+

Temperature (°C

Ferroelectric

2001\ rhombohedral

100%
Lead [ | Lead
zirconate % Composftion titanate

U 212 uamsurun i Sgniansuldoumavesmsnauss e PZ wos PT [26]

2.6 taaiiniAalulern (Pb(Ni,,Nb,,,)0,, PNN)

atindalulown  (Pb(Ni,,Nb,)0,, PNN) HuasSuanwesis1sddnnin

5 =) é d& = ar .
(Relaxor ~ferroelectric) ~ ¥HAWHY  BIgnAuwuuazAny1I98Tag  Smolenskii 1Az
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Agranovskaya 113l e, 1958 [27] Tawmsfnuwaniaeives PNN daliminailed
@nm3mlszanes 2500 uaziituAudalszana 4000 figamgimsnlaoumaszana -1200
o aou1ual A.A. 1959 Smolenskii 11a2 Agranovskaya [28] 1AfNE1 PNN LUUNANG N
w¥oufy PMN (Pb(Mn, ;Nb,,)0,) Wafiinu 1909 PNN filened laddnn3nuszanu 500
waziiutuEii 10002000 ﬁqmnqﬁ -110°%

Veitch [29] 18m3on PNN 113 a6t 1983 420735 Indulud (Columbite precursor
method) TaomaaTonldiduiinifaluTewa (NiNb,0,) Aou 1A IWAUND PbO 1ILAD
Tmfit 1000°% 4 F2Tua uaznmi’fugﬂﬁ 1200°9 (fuam 1 $2Tue udnimsnsaeaen
Tnssadndromaiinmsdeauuiveaisdiond  wan ldfinuandamniines  (Lattice
parameter) 111U a, = 4.055 A uazlnaiiladidnn3n 1150 figumginos iazALR,
3600 figaingil -115°%

aouluiil n.f. 1991 Sasaki tazamy [30] IRhnsAnmmamIouauSqnives
wsiindauis Tndulud alunisdnuni bildonudoyamneiiladidanin wunszia
113l n.71. 1993 Shama HazAUANYINTWION PNN #2053 Tndulud el85100umadi
Uswaalnlsnaes  (Pyrochlore) ﬁwmﬁﬂﬁwmsLw1ﬂ‘fu§ﬂ1ﬂumi1ﬁnﬁa 2.9% WM
wanRmmedszine 4.033£0001 A asavaoumnsi lad@nnini 18Uszuw
1200 ﬁqmnqﬁﬁmuaznﬁwﬁmﬂu 2000 figumgiimsnlavuma -100°y wiousioaud
m3nszae () i 1.5 uazmnaiin? (©) i 140.23x 109

Tl n.e1. 1996 Lu uazamz [31,32] 1@Anuimsmion PNN #2038 Indulud Tae
dmmsiulFinadinfaeenlea (Nio) uaziaaeen'lad (PbO) smifuneiiu 1% uaz 5%
Tamnaawddy  wdanni l@ifuesinuds  asedevunansuldszina 34
uTnsins uaziaaRamimediily 4031 A vinthuhnsasnaeusneitladidnnin
fgangimsn/aounadi 10729 1Rdszana 2820 wieusuasvaeummisiiinesms
38970 (Diffuseness parameter value) ¥ = 1.75 O =89°% gz AT = 16°%

Lu Sanahimsfinuuasiiin PNN etiedeiiion 113 ad. 1999 [33] Luldhing
$943301 U Hwang Taefinuinismion PNN aomaiin lalasimesiia (Hydrothermal) 1551
fnitidfudvneoymadiu 05 lulasuas fialadidnningegaiigumnd 1150
Uszanm 2880 HAMMITADTNINTENO Y = 1.57 & = 89°% 1Az AT = 24°%

nimfutiiil a.f. 2002 Alberta 1oz Bhalla [34] I8msAmnauiAvouwsiin
PNN Tau3oudands Indulud winitldfnnwusqni geddanaldnnnmiidieda
ﬂgﬂwﬁﬂiiﬁﬁalﬁﬂﬂiBull‘lJ‘lJ’tT'ENﬂﬂﬂ (Scanning electron microscope, SEM) ﬁ'ﬂzﬂ‘ﬁ 2.13

3
= o =

[ LU - ad a A a9 1 o - J‘
DANUYITIUN PNN U\'Iﬂl'l'lﬂ'lﬂﬂﬂ1ﬁﬂlﬁﬂﬂ5ﬂﬂi}ﬂ!ﬁgu‘}18\111"I’]ﬂ‘1] 1593 tm:mnmuﬁlu 3403

[ R RET: 1 E rt P



dninnoayanan navvenindimanazly 2

nomuginan/asume -110.07°% da31ii 2.14 Tamsiimesmsnsznedhu y = 1.79 &

I

83.99°% viniums e 19didnnsn uafioumgiveses lingasaud W
Tadidnn3n ﬁ'u‘iy’u‘%’eﬁ1ﬂwsmnmvﬁqquﬁ 2610w Falimdnlszanima i
1%340@ (Electromechanical coupling coefficients) sznoudie k,=29%k =11 % llac k;, =
31 % nazlasvaoudinlszAni In1s8idnnn (Pyroclectric cocfficient) Hgaimgil -

U

186.4°% 13114 1174.0 pClem’ K

Y @ o & da o
3 213 uaRsdnpazve 1IN PNN Henstvaeudiondesyanssmisidnasen

UUUADING A (Scanning electron microscope, SEM) [34]

4000 AONEL SN IR BN B I NN N SN J NN VRN LS JFOL B jypgrorrproeroorr oy : 0.20
[ Frequencies: ]
3500 r 1 kHz € E 0.16
] E 10kHz (incr. freq.) J Y
§ 3000 E  jpokn, ]
-] [z I MHz ] o
5 2500 Jorz &
&) o ] 2
o 2000 ] =1
E £ : 2
° . : ’
A 1000 F e
500 E— tan & / ] |
E (incr. freq.) " 1
0 RO I O Dy ) L P, 1 e iy I et e, o) 0.00
-250 -200 -150 -100 -50 0 50

Temperature (°C)

g 2.14 waasrnan ladanninuazansgydeladidnnsnveandn PNN [34]

2.7 raniinfalulern-aarwaslama (Ph(Ni, ,Nb,,)0,-PbZr0,, PNN-PZ)

A =) s

=Y e o a o a o 1 ] A e Y
JTHITINHIUNUNTT @J'L!'IfTiJ‘lJﬂ“UENﬁ’]'iLﬂSIiﬂlﬂﬂ“ﬂiﬂﬂuﬂﬂ'l\?ﬂﬁlluﬂﬂ L'WEleh’i

' o

o = od = = ot [ 1 [ a a 1
lamsms Issannsnyidalminidnuaz IaawunimTouanda londy oy ns

105303
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ihansueuamls IsdidnnSnaames Tawa (PZ) naudumss 1sdidnnsnuuundiaa
T 1) 1ATumsms Tsddnninaames Tamalnmua @z Aldauiang
] ¥ v "
T Tasau BnisdanumlasosreNimuizauegiidadiuune PZ : PT 11 52 : 48 [26]
' 3
Taglinmidoumannmasenludasealifumnszinia  Aomatiesmsiles1sd
4 a @ = da 2 1 ad & .o
nnsnaaeses Tama Tnmuadaiumsitdo Flugeamnssusuddidnnsetind
¥
ptnuWIHaN  wennntiudidalinsnauiusgninmsueuans Isdidanindumsuou
aiTsdiannin  eannauiana i ¥ laadunindy  wu Pb(Co,.W,,)0 -

Pb(Ya,,Ta, ,)O, [35] uaz Pb(Ya,,Ta,,)0,-PbZrO, [36] IHudu

PT — Relaxor fi lectri
1) PETIO, - Pb(Mg, ;Nb. .JO.
2) PbTiO; - Pb{Zn, ,Nb,,JO,

3) PoTIO, - Pb(Ni,.Nb..)O,
4) PoTiO, - PbiFe, Nb, .)O,
5) PbTIO, - Po(Sc, .Nb, .)O.

PZ-Relaxor ferroelectric
PbZr0, — PbiMg, ,Nb. )0,

6) PbTIO, - Fo(in, ,Nb, ,)O.

ADLNNEHAINITAUNUIUITBOABINE (Morphotropic phase boundary; MPB) v84

3N 2.15 uamsurun M Ignn

ms3 PZT dawalvirinddenaongueanlefinunsieannauidvesasls Tsdidnansn Tae

o ad = a1 o o a1 o
msthaswls Isddansnidmniametunmaunddrodn oy msthals PZT waw
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[ ad - o o o w '
fumsTuanaesms 158iannin viomaims PT naufumssuanmesdaaaslugii
() a ) e o -1 = o a o’ ad =
2.15 uadmsumsiannauiaesvs Isdannindensiansuoudanls 1so@nnin Pz
™ = o o ad = e’: o = 9 o o A = g = kY
HanfunsTuaneims lsdiannintudddifoyadna ilesnniidauladnyniosun
o/ =y [ é 7
aaluil a.¢1. 2001 Singh tazaniy [37] MnsAneIas luszuy PZ-PMN Fuiluniswaudiuy
1 a o ad = o' ot =1 o o adg =
senaInmsueuas lsomnninmawes lnwa  (PZ)  Auassuanwess 1so@nnsn
(PMN)  TasAnsmganssumsulaeuunasvessuanvesms 1sadansn luilums 156
' ¥ ¥ "
ansnuuln@ uazasnaeumaei ladidnnin wudidadau x = 0.5 Tuslianed
Tadiannsniigunn dwgiit 2.16 uaziingAnssuveansTsdidaninuuund dauns
' q’: o et 9 9/ -:1’F = d  w
WaNIEHIN PZ uag PNN tudsiifeyarfosmnuazaumgiliostaiiugeilseasdndnves

u

- z
e lunsail

14000

r

12000 +

Temperature(K)

U0 2.16 uarasansii ladidnninidlonlavunlasgainaiives 0.5PMN-0.5PZ [37)

] v
uazA0aITeRrRyMILE s AnunsRau usEHINE s U LA
o3 158180 nInmarres Tawa (PZ) fumsiuaneswls 1ssidnnsnaaiindalyTewe
(PNN) Tasass Tassnnezdlunisanyauifvesanslussuy 3 oemlsenon senineans
uouAnles 1581an nInawes Inma (PZ) asmls Tsddnnsnuuuindaa lnmua (PT)
- ¢ (s ad a a a & =
wazanssuanass Isoianninaatinma lu Towa (PNN) %3133 .61, 1999 Kondo 1a
Amg [38] hinsAnyauian latidnninuazasivmuuisesdaoma (MPB) w0413

J & ' ' 1 1
3211 PNN-PT-PZ Tudad a1 aPNN-bPT-cPZ ¥4 a 8¢ 11524 0.495-0.52 b 0g 11324 0.335-
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[l ¥
0.36 Ung ¢ 0Y1U¥I9 0.145-0.17 Taw a + b + ¢ = 1 wuhauiian lwdidnnInangaudl

q

~

dadaua:b:c iy 50: 345155 19 lasinisarvaeua k, 1dunnd 0.8 naziinig

nasumiion/dsumlasgungiininsenludasea (Rhombohrdral) liidfumnss Imia
o a a & ' ' =

(Tetragonal) ttazifdeuliudaiin (Cubic) Hawu MPB oglusiveanlasenludason

(Rhombohedral-rich) #4317 2.17

>
—
o _ -
3 100 l-:______-__ Tetragonal ,”
3 e i
E- 75
-
50 ez
Rhombohedral o
= . 1.5
3340 ' 58 5
"¥34.5 :
35.050 5 50.0
PNN / mol%

31 217 wlalaezunsuuaasnsnlfouauazmlas osdefivinzan MPB

VYD3I813 PNN-PT-PZ [38]

A1l A.A. 2001 Alberta [34] lAvnsAnauian lwddannsnuas ladidnnsn

= . " = 1 =4 Y J
YOUWIWN Pb(Ni ,Nb,,),  Zr TiO, #70 PNNZT ¥iialisauasdunsoudioisaaiug

¥ ¥

§0U (Hot isostatic pressing) 1 x : y 114 0.155 : 0.345 Taowansaseaeuiludatl is1in
PNNZT goulriuaainnuennau 633 wluwas win'ldae 5 % Idaineilasdnnsad
a9 A A 4 a3 = a ar A '
guvuroaANlIzIm 4200 uazNAWIIY 31503 figavall 140 °¥ dsg1i 2.18

dnlszaniledianniniiialdlsznendae d,, = 810 Wingaeuddetdiadu uas d, = -

31
L - I |

o o = q“ ~ & H —
378 wiagasuildetidu mdudszinimainiiFmadensnaouiigamgivesidua

U

L) a a a o
Wk, ~69% k, ~43% k =56%  k, ~80% uazmidudlszind mlssidnniai
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gumginoalsznm 02075 lulasgaewildemsmasinadu uaziiguugil 129 o

il 2.3819 lulasnaouildonsawas nadu

35000 n T T T 7T | L) T T T I L] T L] T I T T T T [ T T T T I T T T f'l T T T T : 0.20
i 4 0.8
30000 |- & : -
g 25000 E _ i
Z %00+ §0.14
2 - 4 0.10
g 15000 - 3 0.08
= E tan & - :
g 10000 . F y 0.06
e o 1 0.04
5000 _ ol E
; 3 .J o002
0 : MEE VT T T R l W SEES W 1 l | N | ] | B - | l y I N 1 | ;“‘l“‘f‘]':‘ 0.00
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Temperature (°C)

UM 218 uamsmineii ladidnnnuazmmsgads ladidnnIndowdsuula

QUHNNVDAYIINN PNNZT [34]

i

Tuilioanuil Robert [39] wazamzldfdnwinsdunsied PNN-PZT #1633

dUATILHAWNLUL B (B-site precursor method) TAun 13 danseH@& MU B (B-site) 104
2 A " . 1 = A o
HANGI52NOUAIY TiO, ZrO, NiO 1az Nb,0, AOUAITIHAY PbO HaMNsnTI9a0l
4 1 =3 a! L 1 =1 4:' =
nsdanuvesidendnui ldmauTanives PNN-PZT uasfanuiiiiminsiladidnn
= wa a ad a Ao ' as oy sy [ 4
FnuazauAN lydlannInnanmsduniznd1e3s Indu lud
9

wasnndulull aae 2004 a3.usFY Tnens uaz as.nouq@ 399U 910

uimnededeeluy [40] Hnrsfnel MPB uazauid lasidnnsnvesats luszuy
¥
L] o ! s ' t& a
PZT-PNN Tagfnu lusiadadiuTaoTua ¥04 PZT Aaus 0.4-0.9 Fanwy MPB 2 U510 A
e 4 4 o o d a =
Adaaulszanu 0.5 uag 0.8 FRUTIMTadIu 0.5 Hezilsznoudiumanidnailou
(Pseudo-cubic) UazsouludAsoa uazndadiu 0.8 Usznoudomlasen Tudaseauazinn
ar é 3 = dw = 3 ' " -é ] é'l o a o L
sz Iniin doiiresuTnuilwimaeudogedwauga Faagliduiledinsiudadu
voe PZT udwsrvwundnmswdeumanniidnaidenliiflusenludaseanazmnse
o o v ﬂé at !ﬂ‘ ey =y - = { ar 1 e

Intfanudiy Faaasdagl 2.19 auid ladidansaluuSou MPB (Mdadau 0.8) 1114
Agegaiigunnil 277 o TagnsaaTafinawd 10 Aladsng ldanediladidaninds

36000 A3 2.20
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1 *xPZT-(I-x)PNN | Pseudo-cubic 1
350 -
‘8 1 (Relaxor) (ch)_.
g 9004 Cubic g
8 2504 (Paraelectric) 7" Tetragonal
L .
e, (Po) (Ferroelectric)
& 200 :
2 Pseudo-cubic ® \ (FT)
g 150: (Relaxor) o X
Z 100- N Rhombohedral -
= *+ X (Relaxor)
E R FoY ()
ol N F NN
_ 04 05 06 07 08 09 10
Pb(Ni, N, )0, Pb(Zr Ti )0,
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Ui 219 wlalaezunsuuaasnsulaoumauazlasosrofmunzan MPB

VOUYTINAPZT-PNN [40]
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30000 H

10000 A

Relative permittivity (g )
S
8
o

H 1 pui a d = 4 o = =Y =Y
3N 220 uansrnei ladiannsniledinisnlfounasgurgiveaysiin

100 200 300 400
Temperature (°C)

PZT-PNN Ndaa1v049 PZT 0.4-0.9 [40]

o 2 , . : o s
Tuil@vaiudl Hayashi [41] vhimsfinymasenssniugihilomums LiBio, ag

& 4 o an » & | & ' o
“lumw&mn PNN-PZT %ﬂlﬂ‘iﬂlliﬂﬂ’,lﬁulﬂiﬂimﬂﬁm mwam"lﬁuuwmmmwmmi

e n’: L] 1 ; Sl‘dé’
LiBio,  wuludwmadenmstugiliay

"w 1 1 QO = d:\xf = l:l.é‘
vananidanunmdulszansnma i 1sana (k) ATUAIY

' o 3 Qe o o a g a deg
uam auiaveaess 1saannsSnavy
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v . .

2.8 Mg NNl fisenaniuzueand (Solid state reaction)

[42]

a aaa o . i < a =
MALAYRNTAIUZ YD (Solid state reaction) (T vmatialunsmisunalay
3 ]

oo liidalgisnseninmsdduiiianuziuveads  udlinsaaedn

o o = ' e& ad i =) =]
TBnanduaiiuvewdariialniuazing  Fuiudsmsiiion1dlun1sns oumsveswan

¥

['d 1 ] ' £ ¥ a’;‘ qiq =1 A
mslsznovesn lyasinsieaieg mslianufeunnmsdsduiniaouzidluveda o

¥
o 9 1 =

mldinamsaaeds wieiiansiilfisoduszninmsdsdudnriaiy wdunaiy
voundarilalmituumiy  FeszBennszuumisdandnd msunalsd  (Calcination)
narmedagilit 221 Fufunszunsmenaudeu inlimsdduRasuanlfisodo
u Tavordenisunsszniniuveslesou Juiluiinsvivanvoumavesnsuws Turas
funsuniFuned1d aiansameiniuszgnaIugud et iomasaumamand
A199) uﬂﬂ111ﬂf’fﬁ&i‘1¥uﬁ“uﬁﬂymsﬁssnmﬁmqmﬁﬂmﬁaﬁ1ﬂﬁﬁ'§'m dmiuiladen
nnuwamﬁm"mmmmmuﬁ'aﬁanﬁnﬁmﬂﬂzgﬂmuammwﬁﬂummmnszmu N3
aeluifde (1) Uiz @) msdwmﬂawn%’au"lﬂﬁ'w{uﬁaﬁsﬁﬂﬂﬁﬁ?uumz (3) N3
UWsvORH w?amsc‘ﬂmhu'nmf'iyuﬁ'aﬁtﬁﬂ'1J;‘jﬁ?unﬁi’h"lﬂmm}m;w;u‘lu%ushmvaam
nilvivddyegraisenns ﬁﬁﬁwﬁwarﬁiamiLﬁﬂﬂﬁﬁ?mnmﬁmmsﬁaszwiwaumﬂm
vouRmnignsen e 1wu ﬁ55nmﬁnNmi’J'uﬂaw?'l’aﬁm::j'ﬁ?mszﬁnmsﬁnﬁﬂﬁfu‘lwﬂ
VIAVBIDYNIA ANYULNITNTLNHIVOIVLIADYNIN ANNUANAIIUBIVUIADYNIA Y
warer armifhudieifoafuvessanay anzvoassoNA qungil uazszoznaily

Tunsialfasen

() (V) (M)

3 221 namsmsalfATeaniuzveaudi (Solid state reaction) 1o (n) HaHANFUDY
1 =) aan - o aaa = ag 1 A aaa =
neunsNAlRnI e (v) Insinlgasouievuusdiunag () wolgnivuna

CASCITEL




24

~ ana g = 9 U g/ g/ 1 qi =
mawssumnnlgasnaazvewdaliamldneroudiaios uawsinionld
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2.9 NIZUIUMIVALBLAILGNUA (ball milling) [42]
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= =1 o w ' { 1 ' o '
agAvzaavinauddgy @y dudenldgnuaiifiainnudredunizganiweeynn
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AgALNIzAAYINA 10 9 Msanviaveseymiali ldamidesnisiagnszilade

e
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HUVUNANTINTEUINTY (Rod) 1TUAY

2.10 NIZUIUMIHNTUIADIIH 1NN (Sintering process) [43]

a o’n’: o o b a =
ﬂig‘iJ'J‘Hﬂ'IiiN’l“]ﬂ-iIJFI'E]S‘LIuﬁﬂ')'mﬂ'lﬂiy!ﬂuﬂﬂﬂﬂiﬂﬂﬂ‘igﬂ'ﬂm"liNﬁﬁll"h’i"ﬂlﬂ

)

s iinvzdesgnuniigungiiquito 114 Taseadamaganin - (Microstructure) A

'
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Q
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1. mﬁuma'f ‘ﬁ”Nﬁ'Nﬁ'u (Initial stage of sintering)

mMIFunes s uAuIzRan1sTas vadalniveseynin (Rearrangement  of
particles) TyaduidsznIaoynIAfRa Ao (Neck) Fuiluiussiindauss Smsdouso
Lﬁﬂ‘iu‘iﬂuc]ﬂuﬂ'lﬂ mldanunjuriovas AmumiiAdY Faufaduaunseiei
voanolAN)szIm 0.4-0.5 Mvessrloynn

2. MITUINDSFIINA (Intermediate stage of sintering)

' 2
- A

IHANMTHARIYDITHTUNITOUADFZN I UFUVDINTY (Grain boundary) U 1N
INAFNTUVNAANIENAU (Isolated pore) 111 1HTINI5IAL TAVOUNTY (Grain) 8019919
wmmaaﬂaiﬂnjifu ﬁmsmﬁ’wm?;umuﬁ?qﬁmma%mm‘i%nﬁumm’fuﬂawumﬂ i
msnﬂﬁ"mslﬁﬂius:uzﬁyumﬁqﬂ

3. ﬂ'li"?'lllﬂﬂ%ﬁ’l@fjﬁﬁ‘lﬂ (Final stage of sintering)

iugeiigngugniiasenlivua Tavordnszuaumauwivesmaesnlalam
VOUINTU uﬁ"mqﬂaanﬂmﬁ';‘?;mm vinaveunsuiudY udiifean nmninsuiing
@uTasanigngu v Idgnguuendndr llegluinsu i Temalumsmidagngu

Youna

=t a v A g wooa a " : o
2.11 MIATBUBIINNAYNIZUIUNMIINDNTU-THIND 33 (Reaction-sintering

process)
s d o = - . = .
ATTUIUMITIUDNTU-FUINDTI (Reaction-sintering process) ﬁ'luﬂ'izmumsm?un

- =y A | ' o G’I ot - A '
wsindnmAtianteande Uszndanaaa wasnu uazdunulumskin yununzaude

o Y o & = = o d w a
msh 195 luremsgaaivnssy FINSIATUUYIITNAINTLUIUMTIUDNFU-TF

¥ v

UINB39 (Reaction-sintering process) HUTIBUAZTUADUAAIUADINUNTLUIUMTIAT B

= = aan =1 ' 3
5 inAemMAA§ATUIa01UZ YDA (Solid state Reaction) HAIZTINBIVUABUMT IH

¥ b ¥
ANuSaUNITRITUARY ABvuABUMIWIIAAlY] (Calcine) LAZMIWMITUIADS (Sinter)
g g9 s ﬁ' 9 a : a a ] s = o’: = o
Wimenume el §niommazmauiudvoussiin ludusew@es  mwnsamla
¥ 1

Tasimsvatesnaumsasdutndlony  uaznasnnmsszmeliudaudlesiimen 14

o J A o = 4 =) a0
Timsvuglimeimswmdunesias Tao lifimswunalanineu

) ] ¥ v
HoN9ITANNUITONHILINTINLINGUUBY Liow iniunaulsfinyimsniouei

a w a d v a a Ald s " °
1N AWNTTUIUMTIUDNTU-TFUINDTI 1SUAUAY A.A. 2003 Liou Hazanme [1-3] 143
= a PP o o oo
wismasiinluszuuiitieznailuesdisznoy o1 Pb(Mg,Nb,)O,  (PMN)

Pb(Mg, ;Nb,,)O,-PbTiO, (PMN-PT) 118z Pb(Fe, Nb, )0, (PFN) lavl¥nszuaumsiudn
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o =Y a &£ 4 Qs ot o & 3 o/ e =
FU-FUND39 FUTUNAUATIzHRUszaua udus ulluasasnveans Fans =i i
a ad a 1
nsudnes s 15818n  MSn(relaxor  ferroclectric  ceramic)  1A831A9NAITHIY
ATLUIUNITIHAaln] (calcination) 198 Liou UAZAME A5O3 0T IINATAINY
a P | o o X ' { ad a ' A el
UTANT uazANUMULIMUGY (g1 2.24) Bavisdaldmiasii ladinninganduasiiing
o ¥ aad e = v odnl omd el e A 4 gy
M3UAIITON Aduaadlumsen 2.2 uazaaad ledannsnddeennsomuau ldaiwy

H = o’ @ -
szozna I lumsndumesondionegalii 2.25

1200°C

UM 224 urAIn MY SEM Yoursin PMN-PT fiihnsndumes ngamgiiaaiu 2]

U

22000 ¢
: —e- 100Hz
= 20000 F pelres
2 18000 F —— 10kHz
5 : —a 100kHz
S 16000 E
2 14000 E
3 12000 F
A 10000 F
8000 :Llllflllll.llllll.llllIlljlp||J
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Temperature ('C)

" o o 1 1 1 adg a  w = =
3N 2.25 namluaasmaduiusssvninnined ladidnnsavugungiivoawsiin

PMN[1]




M319N 2.2 uaasauiiAn1e 9 Ve Iiin PMN Waissudiomaianasiu [1]
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Sample from Lejeune and Wang and Liou et al. Han and Kim Liou et al. [1]
Boilot [43] Schulze [44] [45] [46]
Processing Mixed oxide Columbite Simplified Mixed oxide Mixed oxide
with MgCO, columbite  with Mg(NO,),  with Mg(NO,),
Calcination temperature/time 800/2h 1000/6h 1100/3h 950/2h No calcining
and 800/4h
Sintering temperature 900/2h 1200/1h 1250/2h 900/2h 1250/4h
Relative density 96.0% 98.0% 93.6% 95.6% 99.5%
K . (1 kHz) 15400 18400 17060 n.a. 19900
Grain size (pm) n.a. 1.4-3.8 71 2-4 5.3

aou1ud) A.A. 2004 Liou uazamz 1AvmsfAny NS ouas1in PMN uag

- . VI a ' v 4 & u,.: <
PMN-PT ﬁ”mﬂ‘izvauﬂ'li?uaﬂmu-ﬁlmmmﬂ ﬁ)ﬂ'l‘ﬂﬂf]lﬁﬂﬂ [4-5] "‘lfﬂ(luﬂﬁ'ﬂu Liou LA@zAMY

laMmsnSsuieuauifuoawsiin PMN-PT fasou91005sUIMRuana 198 ussh g

- 3w = =y [ =Y w L] 1
NILUIUNITILONFU-FLINDT AU maiia laay ludediede (simplified columbite route)

HAlsINYIUYIIIN PMN-PT  TwSoudionszuiunissudndu-umesaiainiu

' 1 = ad a ' a A 3 a o < 1 ' @
vuiuiazanai ladion ningenduesinfiwIeudaomaiia Induludediesde dagil

112.26 2.27 uaz 2.28

g/em’
8
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LA S G LN L L L L

6 1

(M

—8- 800/1h
—& 800/3h

1120 1150 1180 1210 1240

Sintering Temperature (C)

1270



Dielectric Constant
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g/cm’
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75
B @2h e4h
7_llllllillllllllllli
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Sintering temperature (°C)

311 2.26 nymuaAsAIN WU NRILYBUWS TN PMN-PT [5]

= == w =Y a = @ " 1
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20000 | e
i
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Temperature (C)
U 227 nsmluamsaineii ladidnnnvoasiiin PMN-PT [5]

() VT OUAILATEUIUNMTI LN FU-FUINSS (1) matia Tadu ludse1adie

3UM 2.28 uamenmes SEM veaws1iin PMN-PT [5]

a3 a = = @ v 1
(v Lﬂ%‘Ullﬁ']flﬂ'j5“3“ﬂ155!£ﬂﬂ°ﬁu*ﬁulﬂﬂiq (v) Wlﬂuﬂjﬂﬁullllﬁﬂﬂwﬂﬂ
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' 4 " o ° = = a Aa o

Ao 1wl a.f. 2005 Liou nazamzdinaiimsfinunsei suasinnined uilu
d o a a & .
pansznauluszuy PZN-PEN-PFW @20n3200um s udndu-3uimess [6] ¥4 Liou 1ag
{ 4 = ] 1 ol
AMY NEWTNIATONIYIIIN PZN-PFN-PFW fuSgniuaziinnumuuiv ldisui@edy
¥ il " ]

snytaow 9 uazluil@oaiuil Liou vazamy Guaulonvzedvusiin lulasam
ladidnnin BaTi,0, A1enszuIunsTudndu-Fumess [7] warsngd Liou unzaniz

=t - ad a 3 e - o e 1
ansawiousin lulasow ladidnnin BaTi,0, Allanwuignige uaziinniu

HUMLUDA 99.5% A9317 2.29

UM 229 uamsnna1e SEM voasssiiin luTasil ladidnnsn BaTi,0, [7)

TavgaungilFumesaeiu (n) 1200°C (v) 1230°C (A) 1260° (3) 1280°C

#9910 Liou iazaaiz aunsoms suasiiin luTasn ladidansn BaTi,0, #10
nszuMssudnFu-Fumesaldduse 13l a./.2006 Liou uazame 1&vnsAnyinis
wrs1iin luTas ladidnn3nluszuudy q dronszuumssuindu-Gumosdnuinine
017IH1 CaNb,0, Ba,Nb,0,, Sr,Nb,0,, ¥ (Ba Sr, )(Zn,Nb, )0, 1{ufu [8-10] F1 Liou
uazamz Aamnsamionlddusy fag1fi 2.30

aou1uil A 2007 uaz 2008 Liou uazAme HIn9iN1sANYINTIAG BUIYSITN
TuTasiladidanIndonszuiunissudndu-Fumesiodwaoiios [11-18] oy
BaTi,0, Ba,Ti)0,, Ba,Sr,,TiO, (5-x)BaO-xMgO-2Nb,O, Ba,La,Ti;NbO, MgNb,0,
ZnNb,0, CuAlO, CuAl,Ca,,0, (LaSr)MnO, (LaSr)FeO, uazmiiie Ca aalu MgTio,-
MgTi,0, Hudu



1500°C/4h

1500°C/2h

1470°C/2h

1450°C/2h

1430°C/2h

1400°C/2h

() (V) (M)

31 2.30 uaasn 1w SEM vouwsiin luszuu (Ba Sr, )(Zn, Nb,,)0, [10]

(M) x=0.3 (V) x=0.5 (M) x=0.7
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I5MInNaaog

luumitsznanastuneumsniouazmsasnaeutuailflumise  Tavdy
nnMsmsouratinag luTeiwa (NiNb,0) 1asHIluszuy (1-x)PbZrO,xPb(Ni, ;Nb,,)O,
(PZ-PNN) 71 x fia i 0.00 0.02 0.04 0.06 0.08 0.10 0.20 0.30 0.40 11AZ 0.50 MTIATLY
Fuanusiinluszuy PZ-PNN Aomniinl o0z ueands (Solid state reaction)
Hag NTTUIUMTIUDNTU-FUINDTY (Reaction-sintering process) nmiussnandstuneu
msasaeumnianemonn Taseadiegama uazauiame ifhweariinfiwion

¥
184 Tavliswazidvamudiguaslilil

3.1 msniinlrlumsnanes
4 = q( = - oo
1. 1aAeen loa (PbO) AWUTAND3 oAz 299.0 WAn IAVUTEN Fluka 1szimst
aosuaua
o ) o = = = a o
2. 1wo3 Infloueen laa (zr0,) AnwuignTsevas 99 wanTav3Hm Fluka Uszinst
= 4 o
AINOIIAUA
3. finiaeonlud (Ni0) AwuSandieuas 99 nan Taouriv Aldrich Yszime
ANITOITM
4. 'luTeidivweenlad (Nb,0,) AImUSgnTseuns 99.9 waa lavyTEm Aldrich 1szimst
anigonsm
= _y ﬁ{ =) = o
5. 19#iaoANDaDA (Ethyl alcohol) ANNUTANTF00az 99.9 Win 1AUUTHN Merck
Uszmaeasiu
Twd'lhilauoaneaed (PVA) win Tavu3TEv Fluka Uszmsadaesosiaua
wataogiuIvInaeyma 1 lulaswas
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3.2 gunsainazinesiieflFlumsnaaes

1.

g

o XN e B W

11.
12,
13.
14.
15.
16.
17.
18.
19.
20.
21.
22,
23.
24.
25.
26.
217.

28.

13 PIFIAIANBANINAZIBEA 0.0001 NS WanTABLSEN Sartorius
nszileananadnnioushila 14dmivuados

anuases Taile (2r0,)

193 DAATBUNANASHUVUAYUAILITAUA (Ball-milling)
JnnesvuIA 1000 Haaans

Jnneivuia 500 Jaaans

fninesuuia 100 dadans

finnesvua 50 dadans

nszAENeUd (Foil)

11 s H < . .
- e inudou (Hot plate) WiONAINAUFITUULLNIMAN (Magnetic stirrer)

miamimﬁnﬁm%’umums (Magnetic bar)

Tnsauaans (Agate mortar)

Foudnmsoauauiae

Fouanasmsewaraan

duealusosud

miunwune

doumIgunnll 200°% Wan TAUTHN Memmert

i Ifhgangil 1500 * dmiuwens win lasuTEN Vecstar

8200gi11 (Alumina crucible) Wiowrhlla
uﬂﬁnﬂaﬂxt’hﬁ§'~1J5ﬂ‘i’fu§ﬂmmm&’w&mquﬁnma 15 Haamns
m‘iﬁnﬂamﬁm%’115ﬂi‘fugﬂw1mﬁuﬁmﬁu§ﬂma 10 ilnnung
wseadaszuylalasin

Auny

(FualIANe A

ﬂ'izﬂ'IBVIS'IUL‘lJf’Jg 400 600 800 1000 A% 1200

AsTYOU

w3asanaisuFuameveasuilawes (Differential Thermal Analyzer) Waa lay
UFHN Perkin Elmer 314 DTA 7
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W Q

2um

U 4.8 HARIANHUZYDANTUYDI 0.5PZ-0.5PNN (510 NFAMINYIIAIBMATIA SEM
NHUMIIFUADS NYUNYTAIT (M) 1100 °F (V) 1150 ¥ (A) 1200 °¥ (3)

1250 °o
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dy 1 d‘! = = a‘; é’ (] 9 =1
MANANIATI DU TIDINLINNBRU MM ITUINEs Tigeiudna liinsull
‘J U o A o d'. 1 = a o
vinalvguededanu Taodiodnnuvinansumndsvedazgum)iFuinesAn1ig
- " A ow 1 o a 3 1 3 a A J
# 4.4 nunuledadiueanszneuves PNN induvzdwwa livuiamsumdaiuiiudio
Werhawinamsumdsuazguniilumsrndumesinadiansm szldnsmdagii 4.9
= = 1 ﬂ' J ' é = -
LARINDYOIRU HYIMITENFURDTADVINAINTUNTY FawuduilegunniinsmFunes
a J ! ) - J ar :aww 4 =
mnsudawalinnansuiduludnvuziuduife venvniidmudigumnginim
= S ' 4 & ) 4 4
Fumoimuvudwalimanuamamuiudiouiy  Fezfiunn 1232008 1§y
2.40:0.32 Tulaswns wWesninlunswdumessrdwaliunusouusnusseyninng
' - 2w P a a 2.8 4 ' o "
soudmaziaduihunsy  Taodleguugilumsendumes stz dawalinsu 18y

o J U g/ = cgf
wasnunvudaralvimsulivina lnguudie

3.0
2.5 (R

g i

o 2.0 T

a e}

£ ]

5 s
1.0 4

! T T ; T
1100 1150 1200 1250

Temperature (°C)

3N 49 nsmluaasmansgnusovinamnsuiiondounlasgangiinisendunoivos

(%5100 0.5PZ-0.5PNN



| o | :: a1 4
FI'I‘SNﬁ 4.3 LAAIWANTT mu'Jmwmmiuﬁxﬁauuuﬂmmnﬁﬂ dunlsznou

= o 1 o
wasumlasmudagiusanilsznovves

dmlszneu
dmlsznou YUIANTY
(luTasas)
x=0.00 0.91£0.18
x=0.02 1.00+0.27
x=0.04 3.56+0.18
x=0.06 3.62+0.88
x=0.08 3.67+0.76
x=0.10 4.37£0.32
x=0.20 1.16x0.08
x=0.30 1.1740.10
x=0.40 1.2740.17
x=0.50 1.31£0.13

M3 4.4 uapwansiuvansuindouasmugumgiimsmnduned

= = = 4
wavunlasmugungiraumes

guvgiindunes VUIANTY
(%) (luTaswns)
1100 1.23+0.08
1150 1.34+0.13
1200 1.87+0.23
1250 2.4120.52
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v
@ o = 1 s o a 4
MNUUUUFIIUANIATIVADUAINITHAAINAINITIHIFUIA DI TﬂﬂNﬁﬂ'li‘ﬂﬂ’ﬂEN
P A U o = 4 = o
uaaaluasan 4.5 %Ql‘ﬂﬂﬂ'lﬂ‘li‘r‘lﬂﬂ?‘llﬂﬂl“ﬂﬂllﬂ PZ-PNN ﬁaﬂnzmimwummw
a o o o y: lﬂ Y Ao o do
UNAY 1150°% i]’lﬂﬂ’]'iﬂﬂﬂﬂﬂﬂll'ﬂﬂTﬂ"l‘iﬂﬂﬁ?ﬂqﬂuu"lm ‘Ul.LU’JIHlmﬁlJWH‘Eﬂ‘]Jﬂ'IS
o o 1 o toA w 1 = P
Wasuuasdaaiuesnlsenouued PNN I5UIASINUAIANNRU LU UUDIEYTINN ‘m‘f]u
¥
-] @ ' = 1 a =t 4
L‘Huull'ﬁl']ﬂﬂ%ﬂﬂﬂ'lﬂ"] vlgﬂlﬂ FITUFINVDIATILUADSHUA Llﬂ%ﬂ'lﬁqty!ﬁﬂﬂ@ﬂlj‘izﬂﬂ‘u‘uﬂ\i

Az s in [54]

ﬂ'l‘i'l\‘lﬁ 4.5 LAAINANTATUINAINTHAA VDI (1-x)PZ-xPNN CERET) (PZ-PNN) 1

=

"
MBINGUURYN 1150 °

daulsznoy ANITHARD (%)
x=0.00 3.240.56
x=0.02 12.4+0.02
x=0.04 12.1£0.13
x=0.06 11.8+0.03
x=0.08 7.140.02
x=0.10 12.3+0.11
x=0.20 8.4+0.21
x=10.30 4.24+0.05
x=0.40 3.840.20
x=0.50 3.540.05

4.1.4 Wam3n529a0VIATINANVD UX 313N PZ-PNN
MAIINNNNMIATINAOUANVUSNNMENNUDAUTI N TUTZUY  (1-x)PZ-XPNN
nndadimesAtlszneundr  hmsidenwsiinilinnumuuivinniigavesmndadiy

o = 3 = dy @ = s
29132 neuMIATIvEeY InTIHANTIAATUAIUMATIAN SR ALUYBISITIONT (XRD) A9

uanalugiln 4.10
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3 B - . PbNi_Nb, O JCPDS filc no.34-0103

2 2 & B 3 g g &

1 S s o g & e
A A_ A A L A i Ojni?_
* H Jt x=0.40
A i A
=030
PJ L A A, A A i sl
=0.20

LA A A Kk PO

Intensity (Arb. Unit)
[
e

e e e e e e
HE

)

g o 8 Agg S - s PbZrO,JCPDS file no.75-1607
= > =2 =T T == = = " T N
= = gg a5z %3 =83 383 & g8 3 2
o -~ -— = S — T ] T gy (=5 d o~ ~N™
& & g SS9 S & il g1 - eheh
I~ = b [ 1y = i

20 30 0 70

40 50 ) 6
26/degrees
v td
31 410 urasguvums Tanis@enuuvesiidonduou1iin lusE U (1-r) PZ-xPNN

A 1w Yy o o a
11317 4.10 nuhdryuznTReIIuYeITITonGueus1lin lusEY (1-x)PZ-
o 1 [ - o v =2 w dy o 4
xPNN - yndadiuesnilszneviidnvasadioadanugluuunisifenuuyesssdiondves
HIHANTUIZUY (1-0)PZ-xPNN natizdunuilrudanimn Taemsiiin Pz fns@oa
vosiadondiidoandosiudeyavesmisisznovaames Inma (p2) fifigas Twanaiiu

A =y = =
PbZrO, Tuufludoya JCPDS file no. 75-1607 @4illnseadiauuyens nsovin uaziifia
3 1]

'
= 1

ninudugangaegiidumisvesa 20 11 30.549 30.357 1z 54.057 Mudiy fian
a o ot " A A a0
HANRANIT MBI a — 5884 A b=11.768 A uaz c = 822 A iilamudadiuvesan
=Y = J ﬁ‘!w o =
tnnalulowa (PNN) 1ndu 3uuums@enuuvesssdendveunsiinluszuy (-

x)PZ+PNN g Indifvsdudoyavesarsdsznounaiindalulown eNN)  fifigas
= 4
Tuanaiihu Pb(Ni, ,,Nb, )0, lunfludoya JCPDS file no. 340103 @il Insaaf vy
tndiou uagiifiaitinnudugeiqeegiidunnisvoss 28 fu 31.377 55850 uay
o ar P = = 7l J o w -}

45.013 MUAIAY UAWBAAANIININBTN a = 4.0308 A MATUA AL Hi0D199z T
Yt dy a o = .3' &
Tdhgduuums@envuvessidenduoussiinluszuy  (1PZPNN  uszifou

L4
(shift) Tvingluuunsidenunvessidiondveuanmos Tama (Pz) lufsgluuunts
b4
@enuuvesssmendvouaninialulowa ENN) awdSuavouaniindalulows

et
(PNN) MWy
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' A
m-w.mu’ﬂ\..mww  Aakucaad 3 3C N /\j \\

—002 ||
Lok s ’“\ A e ih __x_,_._ﬁ___#z/r_ Lol o /\
f \
i i 000 JY it L A TR
36 37 38 39 4042 4562 63 64 65

29;21eg;ees

" td
3 41 puvunsdeannvesidienduosnaluszuy (1-x) PZ-xPNN

4 4
NNN151a0U (Shift) Y9I

ningilit 4.11 Hughiwuns@ennvesssdiondvewmaluszun (1) PZAPNN
fiszun (2000 WUl x = 0.00 (P2) Anfintsusneendhu 2 fin tloswndid x = 0.00
w0 Pz vulllnseadrandniunuueos Tnsoudin Ao &ia buny e vowdn i
svozvszivszuia vty dwaldiferinisassiadomaiinnsdoiuuvos
Satond Idfinfifnsuoniiy 2 fin FagUi 4.11 (53] wonamiigauinie x = 0.02 s
0.08 ;1Jummmﬁyﬂmumm%ﬁmﬂoﬁﬁswm (200) TANYUNITUANVOINAIFUIRALINY
Pz Ssawsaagylldimsilsznen PZ-PNN 7 x = 0.00 1 0.08 T Tassadrananium
pof Tnsouiin o x - 0.10 &4 0.40 NS ELIVLVESsFENFH 200 TrTinide)
uABmsuanveaiinfiszuy (1) uay (220) uamshasilsznon PZ-PNN # x = 0.10 §9
0.40 fiTasaariundnidunyusonTudasea fio Tdma buaz ¢ vhduyw « £ uay »
iy ualiniiy 90 o Faderaliifernisaseiadiomaiianis@enuuvesssd

] ¥ v
PAFAANTZUI (111) uag (220) Tnsusnoenily 2 fin d9uf « = 0.50 1 lidinsuan
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vosiinlaay udashiasyszneu PZ-PNN i x - 0.50 RTmsuasunasglsnvendn
nnsenlugasealiliiugineiiouSouioonds @idw a b uag ¢ U sToEv
sznszuiseidy midideasieiadaomaiiansideiuuesisdiendezaling
(NoaNAAY7) [55]

iefinrsangidi 4.11 wuhiiadimaitou (Shif) Mndumiaiian 20 ool
fumiafiian 20 wn dlesnnluszuyveussiin PZ-PNN tuiiumsyszneumed
so a'lndni Tnseadadiu ABO, Tasfidumiswes A (A-site) iih'lossuvesiansen
ol (Pb™' = 1.630A) uaziiduniiaves B (Bsite) fluiinifaleseu (N luleidow
looou (Nb™) 1woflniionlooou (") feillosoumasvosdumus B (B-site) u
mslsznoumesen aladszun (1-PZxPNN yndadiuesdilszneumusasdiuimld
vnaumsi 4.1 TavsailleseuvesiniAalooou (Ni*) ulaifionlesou (™)  uag
o3 Iniiloulooou (zr") Ao 0.830 0.780 uaz 0.86 MWAIAY [56] WamsAmIUTAT

ot s ; ) P
lopaumasndmniia B (B-site) uaaaluniasian 4.6

VB site = (1 - x)lrz,4+J+ XI_% rN,-2+ x % rNb’*J 4.1)

vnaumsh 41 nldnsuhmsiuSinuvesasinfaluTewadawalyt
ywasnillesousmvosmiznmadndumia B (B-site) iinas duiiieannininiilossu
viadnvesiinialuTowaleseu (Ni,Nb, )" (- = 0.794) ¥ ldumuiieres Tndion
looou (zr") (r=0.86 A) ueNVINTIATo00UTIVBIMIBHARTR MY B (B-
site) dafiannadenuanfawmsinesal  mszdriad lesouswveamoaadi
@umia B (B-site) 1anas  vzdewalfiSunsvesmizuwadaniovasdiousiu e
Ysinasveamuadaniovasuaasnauaaaamiinesanasdomudey  iluwa
IWRninsden (Shif) mindwmsiina 20 deolldumisidier 20 wn 90

o o d ' 3 - = a ' 1
AanuduAut sz IemuasAamsiimesnua 20 Tuaunsi 4.2

a A N PP 4.2)

" 25ind
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4 1 a a o o’
NAUNITN 4.2 AsaMIALaAATNIT NS YeIassznoumasona lndlu

3211 (1-x)PZ-xPNN aduaadluasian 4.6

l=; [ o'
M13190 4.6 llﬁﬂ@ﬂﬂymxlﬂw-]xﬂ'ﬂﬂﬁ'ﬁﬂizﬂa‘ﬂlﬂﬂiﬂwﬁqﬂﬂiuﬁxﬁu (1-x)PZ-xPNN

dadaIu Tnssaia t uanfiamiines (A) Snasveq
pamlszney  wan 2 b . wihewan
(A%
x=0.00 0 0.9640 5.826£0.069  11.73120.038  8.175+0.058 558.76
x=10.02 0 0.9643 5.838+0.083 11.719+0.042  8.179+0.053 559.57
x=0.04 0 0.9645 5.838+0.064  11.681+0.004  8.164+0.030 556.73
x=0.06 0 0.9648 5.841+0.065 11.677£0.004  8.173+0.069 557.42
x=0.08 0 0.9650 5.847+0.042  11.703£0.009  8.179+0.045 559.67
x=0.10 R 0.9652  4.149 % 0.0061 & : 71.42
x=0.20 R 0.9662  4.134 £0.0032 - - 70.65
x=0.30 R 0.9672  4.126 +0.0025 . . 70.24
x=0.40 R 0.9682  4.110 % 0.0040 - - 69.42
x=0.50 c 0.9693  4.099 £ 0.0027 - . 68.87

*+0 = 903 IN30UTN, R = 500 TudAT00, C = pilnimilouss=

augii 4.12 vamennudiuiszninauaadamalineiimld fudadou

pan1lsznou

4.16

4.15 +

-
-
-
1

)
-
1 1

-
(]
1

i

Lattice paramerter (A)

4.10 - %

r . T . . :
0.1 0.2 013 024 n:s
Composition of (1-x)PZ-xPNN

4 @ o d ' ' a = ) '
3N 412 uamsnnuduiuszninsuandamiinofdudadiuesdilszney
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i a - " = o s - A J =1
Wennsangli 4.12 wuilSaveuaainia luTewa (PNN) fimudiuiinald

' a = o & = o =1 4+ Y
MuaafaNImesanad (HaIINMIunuNYe lossues latioy (Zr') ddu'lesou
. 4+ = o ] 9 1 o - s -
493 (Ni,,Nb,,)" MUNYUBIINITA (Vegard rule) a9HATHNUILIYAA (unit cell) HU5uas
anaen71.42 A Nl 68.87 A waaaiiniia lulowa (PNN) #30a1 x U0 0.1 D9
% :
0.5 %9 18uanswazidoalunsnen 4.6 [55]
anuansalumsdasosezaeumolsznouilulnswanmoseralnavenla
. 4 4 4 :
@201 tolerance factor (¢) [57] Wan1ldoneaumsn 4.3 Taofl r,, r, uaz r, Ao el
lossuveslessu A B uar 0 @aud1dy wWansAI1uINA Tolerance factor Laaalu

A13197 4.6

ﬁ(rs +1,)

**xf1 Tolerance factor 9YOYTTNTIY 0.8 119 1.05%**

INNITNVITUINANITAIUINAT Tolerance factor 1HA1T19N 4.2 WA Tolerance
‘;I 3 4 = ‘Q‘ -9 1 1
factor IMNGVU alimsiindSunaveuaalulown (PNN) n3ea1 x Tauf1 Tolerance

- A 3 :: =S 1 g b J o o [ ar " S
factor ‘nmwuum:nmwﬂﬂa 1 WNUUMINAIAY  @1HIUAT Tolerance factor NUM

'
=

\ r 1 -ﬂ'd' s = A ! _ 4 '
vy 1 iflusianigalumsiaisssoznendailualugaund  fif1 Tolerance factor
Yoy dsoninaldsaliozaoulianionyuiy MPANUTURUT IUauMsh 4.3 Wesall
1 ] v 1 d
praoulindesdanaliinisdaisvsezaounielulaswwanmesona lnd luudauss
A o 4 - ~ - oL '
iesnnezaauivinamnusalumsdamitoanmeluInsananmeseda lndvsanas  dau
A1 Tolerance factor 11NN 1 denalisaiiozaouiinmin WosmiozaouiiamInadana
o A v o ] [ 4
TMmsdaBesoznoumelulasawan  mesealng luudususuny ilesnnozneuil
1 o = ar o
v Ingi IiAauswwdnmeluTasananmesolalngd
@ a o ' = - 1 1:!'. a J ar 1
nnANuFuNUSTEnITananlulowa (PNN) #wied1 x Mnaudua
| =y = =1 QI J
Tolerance factor HaAal¥nawinysiinluszuy (1-x)PZ-xPNN sziinnuilugdniuin

=4 = - & = = d# &1 'as
@anuilugiinaiiouanas) Weliuauanlulowamudumuddy [55]
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4.1.5 vamsnseaevanianalasdanin

dowIomasiinluszuy (1-0PZAPNN fidadaueaslsznousiie 9 1dods
manzaundd Wi luszuy (1-)PZ-xPNN Nndadaussnilsznouinasnaouauiia
maladidnn3nfinamd 110 100 uaz 500 Aladsad TaoduiinsaseTanngumgd

25°% 9 350° fag1/i 4.13

5000

x=0.08 100001

2500

s I . : 200001

100004

- 0000{ )
x=0.02 \ x=0.20

2500

10000 4

- l

s ;

0 04

Relative permittivity (¢ )

$000——— — . . {15000 - —_——— - |

10000 4 ¢
2500

50 100 150 200 250 300 350 50

100
Temperature (°C)

150 200 250 300 350

W 413 nansnwduiusendedanmooudminiilofinisnldounlasgamgiives

193130 PZ-PNN

= "o ' s ' @ w ¢ =
1INUM 4.13 nunndadiuesnilsznen x = 0.00 sranmesuduing ez iiand
= = g ] o ar é’ 1
vinguvigiiiossutegunginlszina 225  vImfusanmoondningezqeiuod
o o 4 = A — 3
wundudalszinu 4900 Rgamgiiszinm 235 Faideguuginsnlasuma (7,) Ta

[ ¥
wasuvnmuiaueudms Tstidnnin liumsdidonin - uazndanngumgiidmam

o o " o = L4 C
NDUTUNNTILAANIDENTIATINNNYYDIRS- 1T (&, = ———)

(T_To)
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a 5 @ 1 o 1 = 4
mIamuiuvesdaduesnsznou PNN dawalviguugiimsnldousa (7,) 91n
e = a g = o adg a 3 ° § o o
autanouams Tsaidanin luiflum$Isdidnnimindias liedadiuesilsznoy PNN
2 J o o 1 s 1
windu alsingludadiuesntlssney x = 0.02 0.04 4z 0.06 N1 200 150 LAT 105°%
[ ¥
awdwy Tasfigungidenaruasiings 3 Taanmoouduing 2250 1240 uaz 650
o [ = 1 = - e = o ad =
awddy oo lsimu linugungiimsnldoumla (7,) Mnauidueuaslsamnnin
ad a a 1 o
Tihilums Tsdianninludadinesnilsznon x=0.08
gaumgiimsnlasumla (7,) vnauidueuams TsdiaanialddumsTsd@anin
wanasetaltivdyAwdnIIMIanas 22.5° defevazlavlua PNN auaslu Pz
‘é 1 _ dl ey _= = =
Famadngnuguuginmsnlaoura (1)  vnaudAueudnls Tsddanin il
ds ad a o d 1o ]
wleilsdian ninvesdadauesAllszney x = 0.08 dszinm 64w uandulilsing
= oo 1 o u’.: - Y s = o' ad = a
gungiinenan aniudsemnsoagy 8 hauiGuouans Isaannsnluasiinszun (-
[ a " 3
x)PZ-xPNN 9z1)5ng ludadiuesnilszneu x < 0.08 iy
o Y R 4 v 8 o o a
dmsundadiuesntszney x > 0.10 nuduiledadiuesdsznoy PNN iy
J o s o 1 1 of ar o = =)
geiudnuazvesnsmanuduiuissninsanmoenduinsfugungiivzinnm
Tndifsiunsmanuiussznimanimvendiinsnuguugivesmssuanaey
o' ad a dy o @ - = w 9 ; '
wlos lsdaninunvuamuddy Ao nsslanyMEYeIg UNIINTIN  ManTnuow

=

& e P o & 4 = F A | ke
duinsilasuulasmuanudunniu gungimsulasumea (7,) iingevuiiennudimu
3 & =] as o [l o 4 [ Y. A
qeu Furtu lddaludadiuesfilsznon x = 0.50 Mifwuiliiosnn PNN Wumssuan
o o ad = & i o o o 4 HP s
o5 INg Isoannsn Faulumsnimannweeuduinslasunasmunnuanlasy
e i il S i s & & o q ¥ e Rlideh Ve
aatiuiiedadIunenllseneuved PNN muduazi lianudiinaneaianiweaudunns
2 g
WINVUAY
=) Y - 3 [ " o' = o =
e eungiluazmanlasueaiiy [58, 19] nannasilsamaninuuy
l:hu’: " v w &4 =Y 1 n’:
Undrfumanmeouduinsnmileguugiimsulasumlmiusziuldmunguesgs-lad
{ qo’: ' [ ar 4 o' 1 (1
Tasnmilegamgiliumanmeenduinivesasszanasaumnmanimoenlu

1o [ o de ad = n‘: a o o
qaaMa uadmivmssuanmesis Isoanninivvzeiue ldmuaumsdail

1_ SO £
g £ 2e o'

r r,max F,max

(4.4)
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' o w d = 1 @ e — [ '
Taw g flumanmoonduing g Wusanmoendininiqegaiinganiald y fus
o d s ag a ) ' ;
parnvInUIATHANRIING 1581anN5N (degree of relaxor ferroelectric properties) LR
' w ' ~ a = d = wa ds ad =
Wiy 1 naeshagiingdnssuihu llawawngueses-Tid @auidmsTsdidansnuuy
¥
Und) uadafiliawiniy 2 swhldingdnssudlumdsaesvenggs-1ad @audiams
Tsddnninmnifuanses) dwa & dlumifinansdanmsnszaevesiinanimeey

o w o £ y ;d " 3 @ 3 v 3 Vv A4 o P [
AUNND G]Nmﬂmumﬂ%:ﬂawaiﬁaﬂum:ﬂﬁMuuﬂﬂwuﬂ’w WaUITUNITN 44 1199

Weglugauntsded
h{éugimJ:yh@—ﬂ)—&m5+ma;m) (4.5)
6 -
8-
/-E |

» @ x=0.30
-124 @ x=0.40
—@—x=0.50

T T T v T
2 + 6

In(T-T )

£ &

r r.max

: g : 1 1
s 4.14 nsmluansnuduRuSsErag ln(— - ngz In(7 -7,) voq
1571100 TUILVY (1-x)PZ-xPNN

o o

INAUAITN 45 witluaunsduesuiloadransmanuduiug

o
a o ar

Juaz In(T - 7,,) nindeyamanmoenduinidazi 4.13 1y

Do

£ £

r r.max

FEHIN h{i—
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A INTDNIMIA NN FURUTAIAUNTN 45 TasaransmanudunussEng

1 1 4 T ' A
ln[—— Juﬁz In(7 - T,,) a9z 1dnsmidunsedagn 4.14 9nnsmnudnile
&

r r,max

ot

1 Q' 3 3 1 L5 q‘ J o |
dadaunanilsenouvos PNN muﬁuuuazﬁaNaiﬁﬂawuﬂuumﬂqnﬂﬂmuuuiuamﬂmu
nlndiRvanuetianiuldda «Nmmmmmmunﬂﬂuumﬂum ¥ mnuunmm y A
Aruma 8 awaumsn 4.5 aaaslumsiad 4.7 mnwamsmmmu iy uun.,

P4 2
dutuiiedadmemlsznouves PNN mwumuaﬂmmsquanssuwﬂnﬁwqmim

ds a d = = o -:g - | a A o Y g
vaans IsomnninuuusuanyesuINTUMUMIMNdaaIuenlsnoua NUIILIY Lay
L ﬂl J ﬂ' o 1 L] =} o
M S wmuIUMUMSudadueInlsznoua NUITUIFURITY  LAAIINTNTLIY

S L) o u = 9 3 o [] o -
VOINAANINUBNTUNNT  laanyazANIZNINIUMINTAdIUDINsZnoUYes PNN #

a J & o dao s — —
N Feezduiusnudeyadnuazvoansmnlugli 4.13

§ wa a d = =
FI']TN‘ﬁ 4.7 ll?fﬂ\‘lﬂlﬂ]FI'YI'Nvlﬂﬂmﬂﬂiﬂilﬂﬂl“ﬂ'ﬂllﬂ‘Iuizﬂﬂ (1-x)PZ-xPNN

aulsznou T, (°%) £, o 4
x=0.00 235 4900 12.62 0.85
x=0.02 230 3920 14.02 0.86
x=0.04 220 2960 30.69 0.91
x=0.06 213 4060 20.74 0.98
x=0.08 208 4450 24.05 1.00
x=0.10 200 13000 7.95 1.07
x=0.20 175 9400 15.10 1.21
x=0.30 155 15000 16.31 1.39
x=0.40 123 16000 22.00 1:57
x=0.50 80 15000 30.34 1.70
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PZ-PNN x = 0,00
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40
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2.

Polarization (pC/cm”)

1
-30 =20 -10 0 10 20 30
Electric field (kV/cm)

31 4.16 namensuldounasdnsugrnudames Faysiiin PZ-PNN

odadiueansznoy x nlaounilas

gl 416 audAamesadnnSnlumsilinezuy  (1-0PZPNN i

whswasnnauiaueuamsaannsn & = 0.00 89 0.06) TiuaniAws1ssidnnsn

]
=

Tasdnumzuesrumi Isdnnindamondareidnuefun iy iedadan
p9f52NOUYDY PNN (LA Ok Jefy[

Jin wagamg [61] wianuduiutszriem Inan lsdunanie arlnan 15
dud uazm I lsdusmenaun sy esemuns 4.6 Fadnvuzaenda

meisgalugaunaseiini R iy 2
T ... 5 (4.6)

P ) [~ { A =
Tavi R, fo dnvmeanuilufimBonvevrnudameisda
(Squareness of hystresis loop)

P Ao minan lswdunavae (Remanent polarization)
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A '

P fo i ina lssududd (Saturation polarization)

5

P, #omIwanlsaduiiau iy 1.1

¢

(Polarization at an electric field equal to 1.1 time the coercive field)

Tugthit 417 samansmlanuduiuissnindnvuginudamensda R) Ay

s 1 o
dadiusanisznouvos PNN

1.3

0.5 T T T Y T 7
0.1 0.2 0.3 04 0.5
Composition x
" o o v o = o
z‘l.l‘ﬁ 4.17 llﬁﬂﬁﬂS"Iﬂﬂ':l'lllﬂllwuﬁi$ﬁj1ﬂaﬂﬂm33§1'}ugﬁlﬂﬂﬁmﬁ (qu) Ny

ar 4 o
daauoensenouves PNN

13190 4.8 naaInNuFuRUS sz e Inan lsdududadiuesdisznou PNN

aulsenen P (uC cm?) P (uC cm’) E_(kV em’) R,
0.08 23.8 22.1 4 1.90
0.10 31.7 27.8 8.0 1.87
0.20 32.8 26.9 6.3 1.85
0.30 30.6 22.1 5.9 1.67
0.40 27.6 18.1 5.1 1.63
0.50 26.6 13.6 4.0 1.42

= = oA s 4 L
i)'lﬂzﬂ'ﬂ 4.17 uazMINn 4.8 WuIUNeUTUIMYDY PNN NPT mmmrﬂu

= = = - o o LY § ] | ' d'?
THAYUVDINNIUITNDLIY VL DADININA AL ﬁ\i’dﬂﬂﬂﬁﬂ\iﬂ‘uzﬂﬁ 4.15 muﬁxﬂuwuu
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A - 4 a =3 Y 4 a o = =
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Hanyes

4.1.7 Nan1msmaaquﬁnﬁunmﬂ‘é‘ﬂumlanmmsﬁn’lmzuu (1-x)PZ-xPNN
1unu3§’af:"lﬁﬁ1ﬂ1sﬁnymqﬁnsmﬂ15Lﬂ?iﬂmﬂfmmmﬁn'luizuu (1-x)PZ-

PNN SumaiiadrivlesuFoaaunuilsunasiomi (DsC) iodlumstudugamgiints

Wasuma (7)) vnauiAueudmiTssdanin ldums Tsaidansnveans i uszuy
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31N 4.18 uamsnsmAImANTLF 5211719 Heat Flow fugaivigil vouwsiin
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1IN 4.18 WuIuwsiin (1-x)PZ-xPNN fidadiunenilsznon x = 0.00 f9 0.08
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¥ ¥ " " ¥
wuiildnsmlswentmdsnumandoulaada maiiluauiiiiesnndSinadadi
' a a J q’: [ 3y [ o = a
83f)s52 nou PNN Miuduiu dewaldiadesnmueslaseadeens Inseuinluasiin
(1-)PZ-xPNN aaas  msunuwes indionleseu (20" dawiinida lulewaleoou
(Ni, ,Nb, )" dawadausadamilvanelulasawanmesealndvesanleseu (Pb)” iy
o3 Tniflowlooou (o) uaziinfalulewalessu (Ni,Nb,)" Suifunssunuszuy
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U@ (BaTiO,; BT) futeun1all (Enthalpy) dromainaniosudvagunuiiunaosums
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¥
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Py
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4.1.8 UHUAWIDNA (Phase diagram) Y8U¥513N 1UsEVY (1-x) PZ-XxPNN
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J’ [ | o e = d a wa o ad a
AeuuYessIdens wamsnsnaeuauaAn1e ladlnnin autams lsaannsn wa
HaveIMInsNnaaUNgAnssumsnldouma  AumatinaviesuFeaaunuiiunaes
N3 (DSC) ANTOATNUHUNININNIA (Phase diagram) ¥OUYT1N1UIEUY (1-x) PZ-
xPNN 1ddg1l9 4.19
1n3U7 4.19 nunInsawdnveswsinluszuy (1-x)PZ-xPNN imsnlaounlas
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2004 © Paraelectric phase (PE)

(Cubic Structure)
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100 =

Temperature (°C)

—&— Dielectric result
—O— Dielectric result
—&— DSC result
—O— DSC result

50 <

I = 1 W I ¥ 1 ¥ I

0.1 0.2 0.3 0.4 05
Composition x

=7 Anti-ferroelectric (AFE)

o

31 4.19 uamuwuN W IYN A (Phase diagram) Yoarsiin luszuy

(1-x) PZ-xPNN

y = v
4.2 WaMINAABIN InINMSININ PZ-PNN AI6052UIUMIINBATY-
= = - - -
BHINDI3 (Reaction sintering process)
4.2.1 HOINNIIATIVABLANTAN NV INYBAUYTIIIN PZ-PNN
i
TuanAdeilnToueaniin PZ-PNN A20n352109umssudadu-5uimess (Reaction
- - o :i = -] o 3 o
sintering process) 1AoMIthWaney PZ-PNN fw3on lduhinisdatiugiihufianauias
° - ' a & &
MMsEFunesznIeguigl 1100° f9 1250° Wunm 4 6 8 uaz 12 ¥2Tue Fail
] [l ¥
dAnwaizAszIi 4.20 wiui Tasnmsuuduasiinfisson Idiudidnyuz s naudiy
1ed = dy - : o o = = ﬂ.
lifinstadsmieunninluiuau dwsuesiiin PZ ¢ = 000) Hdmasuaue
dmFuesiin PZ-PNN fidadiuesnlszneuanududuangeziidnldounladlond
M (x = 0.00 0.02 0.04) TihiluFmdesdou (x = 0.06 0.08 0.10) MADILIINA (x = 0.20
0.30) uaznldouliluddeioumdos « = 040 0.50) awdy Tasyndadau
osdsznouiivialndifvety  idensfinsananinavesunginiswnFune i)

" o = " 4 ° A = J [~ -
ADANHUSNINIUNTNUDIEITTUAWLIIN lﬁﬂﬂ']ﬂ']ilwnqmHQNQQﬂuﬁﬂlﬂﬂluﬂl"HiTNﬂ ﬂzl{l’



80

= @ '

J = = o/ J o o i 1 =
vunvy N'JL"‘HS'li.lﬂi]m?tl‘l.llm&’lﬂuﬂull'lﬂ‘lluﬂnliﬂﬂll Lmﬁqmwnn 1250°% NAUNWUIINI

a 4 o o @ ' Yt
ey aenszlimmgnannms ldgamgiiigeouihdasisemve  dawalvilg
=3 3 A a a a - [
NJURAYY [54] uaziilowsananinavesszezna g lumswmmud szeznmluns
- ot J [ Yy a = ﬂ o J o @ L") Qs
wnFunes nuuiuszdwa i iined sunazihshunniumudidusuiu dagil

Nn421

k=080 RN

’ . 1250 %
. 1
' 1200 °

-

. 1150 °%

, . 1100
|

x=0.20 x =0.40

x =0.00 x =0.04 x =0.08

31 4.20 uaAsdn Bz 1IN PZ-PNN dadiussnisznoudiegndsnniiunssa

& o = a @
ugudumnFumesiguugi 1100 f9 1250 Huna 4 42 Tue

nnniesiinfisioumihnsasnaeummaa iy fendnns
unuiiwesndAiide (521 unzdnomosnuniiudesnr  TaenBeufloududnam
wmiumanged Fdnnasnendnsasmiesadnilulnswdnvesss Pz uag
PNN  wudeeldwaninmisasnaoudanemanii 4.9 Fwwenlimsndilugg
uniiAfAnKImINI AN susiin PZ-PNN Al aumiiuinanidesas 90

nnkansnAaeszit I dadueeflsznevesdues PNN Aty
Anumuniuiinsvaoy 18ezasi Falwwendsdadiuesdilsznouvas PAN 1h lifina
ADAIAIIUMUIUY Lmzqmwgﬁmsmnfu%xﬁ'amﬁiafhmmwmuﬁu Taswuinsau
o3 igamgil 1200 Hhua 8 $2Tua Timanumuiniugega uaziilogaumgiigenh
1200 Wnanmud 8 $Tue smowmuniveziiualduoans augodacn
qmﬂqﬁﬁh’ﬁumsnmtfuqmmzmmﬁu'lﬂimﬁﬂﬁmﬁai::ma figumgiitszanu 888 o
(541  dawaldarumminfesnimudiuis  vnkansasnaeuiioeasy1dh
quugiimswnduaesimngmnlszana 120009 Funm 8 $2lua dioannlddnam

MUNUUINA



81

x =0.50

' . 12 %2009
. 8 ¥4

1
|

. 6 ¥lua
. 4 ¥4

X = D.SQ

x = 0.00 X = 0.04 x =0.08 x =020 x =040

Ui 421 uamsdnvazvousiin PZ-PNN dadiussfilsznoudiegndanindiunissa

a

E - o &
mugﬂuﬁ’amwumafﬂqmmn 1200°% {11081 4 6 8 uaz 1297 w9

u

M990 4.9 HAAIAIANUHLUILYDUYI 1N PZ-PNN fianzguvgiaunes seoznm

=Y o [ o ¥
MSIENTUADS LazrdadIuedflsznounie

dulsznoy AnuMLIY (%) e 1¥szoznatlumsndumed 4 $9Tug

1100 °a 1150 °a 1200 °a% 1250 °a
x=0.00 60.2 78.8 90.0 92.3
x=0.02 72.8 82.4 84.6 89.3
x=0.04 77.5 87.5 84.6 88.7
x=0.06 78.7 87.8 85.2 87.5
x=0.08 75.3 85.4 83.7 88.3
x=0.10 80.5 81.9 83.6 86.4
x=0.20 81.3 85.7 89.3 85.9
x=0.30 80.9 83.9 81.6 84.9
x=0.40 83.7 88.9 81.0 84.2
x=0.50 84.2 84.1 87.2 83.8
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damlsznou Anumuniy %) deldszeznalunmsmnduned 6 ¥ 1w
1100 1150 °a 1200 °a 1250 ©e
x=0.00 89.7 90.0 94.6 95.6
x=0.02 87.8 82.1 92.3 89.5
x=0.04 84.6 87.8 91.0 88.6
x=0.06 84.6 89.5 91.3 91.1
x=0.08 85.2 83.3 92.2 88.3
x=0.10 83.7 88.6 92.4 86.3
x=0.20 84.6 91.1 92.5 84.8
x=0.30 86.5 88.3 92.7 82.7
x=0.40 86.4 84.4 93.1 83.9
x=0.50 85.3 84.9 92.9 83.1
dmlsznou mAnmuiY %) deldszeznalumsmdunes 8 4211
1100 °a 1150 °o 1200 °a 1250 °o
x=0.00 88.0 88.7 90.7 92.6
x=0.02 90.8 93.8 97.8 92.3
x=0.04 89.7 91.8 95.9 92.4
x=0.06 87.3 89.8 94.6 92.2
x=0.08 88.6 91.0 93.7 92.5
x=0.10 88.9 90.7 93.3 92.2
x=0.20 91.9 90.5 92.2 92.3
x=0.30 91.5 87.0 93.7 94.2
x=0.40 90.4 90.1 94.4 92.6
x=0.50 90.7 90.1 94.8 93.8
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dauilsznou manuMIIiY %) e 1dazeznm lumsmdumned 12 42T

1100 °a 1150 °a 1200 °a 1250 °a
x=0.00 87.8 88.1 93.8 93.3
x=0.02 85.4 88.2 92.3 91.3
x=0.04 86.7 83.0 92.4 89.6
x=0.06 88.3 90.5 92.2 91.8
x=0.08 874 85.6 92.5 90.7
x=0.10 89.2 87.3 91.8 88.3
x=0.20 86.4 90.6 90.5 90.7
x=0.30 88.6 88.3 90.7 89.5
x = 0.40 87.3 89.9 89.7 87.9
x=0.50 89.7 90.2 91.1 89.8
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Uszina 563 lulaswes uazwnansumAsyes PZ-PNN L‘ﬁuqaﬁu dlodadau
paflsEnouBs PNN mudusunszisdadauesilsznouves x = 0.10 dmiuiidadu
oulszneudand x = 020 @ 050 TTuaeTdnuanIURBUINANMTEUHY ay
UsanwanueanTsnaes (Pyrochlore) WUy viiansumasaeudalndifosiy o
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: al - b "
p9fsznouves PNN @19 aeluluszuy Fawmun z:* deo'leoou Ni* uaz Nb™
¥
ez lfiiagesinsveseendionluniin (Oxygen vacancy) Mln¥esINoRNAZEATOD
- a = : = - & 1 1 = L= o
nnanneendnuiunamsingy ldwzdivasennuadios Tnseadawdnves Pz
Tinams TanAnlnAYeuNsY (Abnormal grain growth #1358 AGG) [65] Hsliialsuaves
. ¥
PNN iuganifosaz 10 laoTuamsdsznen PZ-PNN wusziRailumsazaovoui
¥ v »
TaTavauysal  Tasszuuwaniveznlaouniness nseuiinliflusenTudaseaile
= a A; & = = a = o/ P ydy k)
sinmves PNN vy Fewansziins Tamuln@iwuifoany Pz Tavwad 1dlideandes

¥ 1 ¥
nudeyanin XRD wenvniiwai ladsndenuwaiinaluszuy  (Pb, Ba)ZrO, [66]

Ix

v ¥
dmsvvnansumauveuwsiinluszuy PZ-PNN 1uegluri 0.91-6.76 Tulnswas fa

uaraalumsneh 4.10

M1319N 4.10 uaaswan1 AV unaasulasmudadiuesnilsznevves

auilsznoy

- o L] o
Wasuulasmudaaiuesntlsznovves

aulsenov

dulsznoy VLIANTY

(TuTpsny)

0.91+0.14
1.03+0.08
5.63+0.44
6.41+0.32
6.65+0.31
6.76+0.28
1.35+0.08
1.48+0.17
1.67+0.13
1.74+0.23
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MI19N 4.11 LAAIHANTMUIUAINTHAAIVDS (1-x)PZ-xPNN 145130 (PZ-PNN) 1M1

7

Fumosngunail 120 oy Huna 8 ¥1us

duilsznou ANMSHARAD (%)
x=0.00 7.0£0.10
x=0.02 9.9+0.03
x=0.04 10.6+0.13
x=0.06 9.9+0.07
x=0.08 12.240.05
x=0.10 11.3£0.11
x=0.20 9.9+0.12
x=0.30 10.7+0.11
x=0.40 12.140.02
x=0.50 13.0+0.15

nnthnhwninnaseaeummsnadmdsmsdunes  Taswamsmanos
weraalumsedl 411 Fuiludmavadveusniin PZ-PNN fianazmamndunesi
qumgil 1150°% nnrsnaneanyhimsvasan g liiduun Tuidniusiums
wavunlasdaduesfilszneuves PNN wuieadumamumuimivveussiin fiiu
wuiinonileivaen 1dun srsunAvesmsusazyiia uagMsgaydvesmlsznevves

Az lusn [54]

4.2.2 WamM3n339a0U1ATINANVL AW 1HN PZ-PNN
mmsaswdevlaswwdnvesasiiinluszuy  (1.0PZAPNN  yndadiu
td 1
sanlszneudumaiiamsifuaunuesisdiend  (XRD)  wdamniimiasivaey

anvagnmonmyeursiinluszuy  (1-x)PZxPNN  yndadiuesnsznouuds s

naaslugiii 4.23
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= PbNi, Nb, O JCPDS file no.34-0103
g = = £ -8 E 8 8 -2 F
>~ f = I = 1 < e [ Hi=a AT
l i x=050
A A e A A
: > JL k x=040
o: ...L -~ A -L——.h...—.Jw
-
= A i . o
. x=0.20
x=0.10
ol I \
x=008
a\ _J._ J\_ L.h‘ A Ak_ - M
S 5 x=006
=i
Q [L J x=0.04
— J .
5 JL 0.02
N &
] x=0.00
M A
g g‘ ;’_~«,‘ gg R g L PbZrO,JCPDS file no.75-1607
2 22|88 32 825533985 &8¢ g§ &8
§ g85 g7 BIEIE B I
! 70 80

[
(-
(]
=]

" 20/ dggreesm

] ¥
31N 4.23 uamsgduumsamsenuuvesiidonduoausiinluszuy (1-x) PZ-xPNN

ang1lii 4.23 wuhinpazmsErIuLvessiddndvousminluszuy (1-pZ-
PNN  yndadiussdilsznouiidnumsnfondeiugluuunis@eannvesisdondues
w3 in sz (1-)PZPNN fissoudomaiinUfisnaoizvewds Taomsiin pz
ﬁn151§uamwm§’aﬁmncﬁ’ﬁﬂaﬂﬂﬁaar'l”m’fagaﬂmmsﬂsxnaumﬂwaﬁmum (Pz) 7
gas lwanaidlu Pbzro, Tuuftudioya JCPDS file no. 75-1607 il Tassadauuyonsng
ouiin uaziiinfifianudugeiiqaogiidumiiaves 20 fu 30.549 30.357 uaz 54.057
MUAIY HAunaAawilinedfia 5884 A b=11.768 A uazc=822 A iiindadiu
oaflsznovvounaiinfalulown (PNN) unndu liuuns@enuvessdiond
oI unIusEUY (1-0PZPNN  szlndifvadudoyavesmsilsznovaaiinifialule

la £
1we (PNN) #ifigas Tuanaiflu PbNi, , Nb, )0, Tuufludoya ICPDS file no. 34-0103 4

¥
= =

ilnssaduvuginaden  waziifiniinnudugeiaaegidumivess 20 (i

0 w s = a 4 4
31.377 55.850 uag 45.013 @uaay umuammamnmmagﬁ a = 4.0308 A wmnvu
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¥
iy wieewzagl Idhguuunis@enuuvessidiondveassiinluszuy (-
3 & E: ﬂy a L4 o"
X)PZ-xPNN 1iuszi@iou (Shift) Tawgiuuunmisitenuuvessidiondveuaames lnun
¥
(pz) lldspuuunsifenuuvesssdendvouaatinhaluTomwn PNN) mulsinaves

a a 44 2
matnna lulowe (PNN) niwway

(220)

| I\
I\ WY \a

I J [ RN ,_’“r\"-"{‘

WA~ A g M/ i U TV - . R, Nps bl e i

36 37 38 39 2042 23 4 45 4662 63 64 65

20/degrees
gt 424 pliumsideanvessidiendvoansluszu (1-v) PZ-PNN

4 A ~
Aln151@0U (Shift) voaNa

71 424 ri'flugﬂuuun151?1?&3;111‘1mm%‘qﬁmﬂ%mmiuszw (1-x) PZ-xPNN i
ST (111) (200) 1Az (220) WU x = 0.00 (PZ) Aaveaszruiia 3 Timsuonesniy 2
fin 1fiosnndi@ x - 0.00 vie pz Vuilnssadrwanduuuuees nsoudin Ao & a
buaz ¢ veawdn Iy szogvieszriesznuiidweiy dewwaldiodinisasieia
Frumnaiiansi@onuuvessadiondldfinfitnsuoniu 2 i FagUit 426 (53]
wonamiidamuiude x = 0.02 1 0.08 §1JumJﬂ15L'Eivmmuums“’ﬁmncﬁ'ﬁszu‘am% 39
anyuznsuanvesinu@dediy Pz Ssannsaagl ldhasiszney PZ-PNN #i x =

0.00 ©4 0.08 Hlassadrwanihuuuuess Tnseuiin e x = 0.10 A4 040 VuVLMS

v ¥ F v
doauvesssmendiiszui 200) Tudluiindes ualnsuanvesfiafiszuu (111)

66
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' o = - =
Hay (220) uaaIN@15UI2NOY PZ-PNN il x = 0.10 89 0.40 3 Taseardananiiuuuson
Tugasea fio id i a buaz ¢ Uy a B uag y BNy ua Biviiy 90 aam 39
1 YA o o Y ) :f o o ‘o A
dawa liionimsnsiniadiomalinnIs e BUNYeITITeNFNANTSIY  (111)  uag
v 1 v

(220) fimsueneenily 2 fin daun x = 0.50 wuliimIuanveaniane 3 waae
m151l5zney PZ-PNN 91 x = 0.50 T&limsulasunlasgsnvesnanansenludaseals)
dhugiinadiouGovieoudr Gidw a buaz ¢ minu szozvsznIszILiaiy
o yd'l o Y = d’ o o = - =
midiloasiniadumatinmsidoauuyesimengezsngiisannifel) [55]

dioNnsangii 4.24 wuhzduuumsdeanuuvesssdiendiinmsideu (Shift) 910

] . ¥
dumianiian 20 Ydeeldadwmianiinn 20 wn  wuRnIRUILLUMSHEILUYEY
[ o = o o Fy = aan o 2
Fadiondvewsiiin  PZ-PNN  fisoudiumalin §Asenaniuzuoauds (Solid state
reaction) (H033dwMIUNUNUAes Iadivylessu (@) (r = 0.86 A) ddeiinnalu
Towa'leoou (Ni,Nb,,)" ¢ = 0.794) dewalvuainillesousiuvesnitowadh
o ] . o3 4 o L] o a J as’w =1
@MU B (Bsite) 1anad  (lodadiueenilsznouved PNN MuuIniu venntisail
looousWVDINUITAANAWNUY B (B-site) daNdNTNadoAM@afanIINmesale

V- | [} ™ [ o [ =
M1zt AN loeou s IWvBInUIUad NA ML B (B-site) rana szaawalii/suiasves
nUUadanlpuAIR T UAY 11T 1IRT YNNI AR ARt DUAILAAI IR NAAREN
simesanasdamudny Wuwalinaiinsdeu (Shif) Mndwruania 20 el
dedmmianiion 20 wn anudniusseninsasaanimesiuay 20 lu
aunsn 4.2

- 1 = = I3 o'
NNAUMN 4.2 ansavmmuaaaawslmesvesasdsznoumesenalng lu

52U (1-x)PZ-xPNN aaiandluaisian 4.12

A o P ¥ = a a a a J -

WANIIAINTIN 4.12 wulSuavesaaiinna luTowa (PNN) Nhuvuing
Tauaadawisniwesanas  iesnnmsununveslessuwses Iadion )
lopouves (Ni,,Nb,)"" MuNQUesInIia (Vegard rule) danaliniiromsad (unit cell) i

13inasanasnin7iaz A TUn 68.87 A iloaaiinifna luTowa (PNN) ¥5081 x WL

0.00 D4 0.50
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1 o o'
ﬂ'lTNﬁ 4.12 Llﬁﬂﬂﬁﬂﬂﬂlzlﬁ‘l‘“a‘i'ﬂﬂﬂ’ﬂ'ﬁﬂ‘i5ﬂﬂﬂlﬂﬂ?ﬂﬂﬂ1ﬂﬁ1u53'ﬂn (1-x)PZ-

xPNN
dagu  Tnssata ¢ uanfiawsiines (A) USnmsves
panszney  wan a b v WiLaa
A)
x=0.00 0 0.9640 5.826+0.069 11.73120.038  8.175+0.058 558.76
x=0.02 0 0.9643 5.837+0.083 11.719+0.042  8.179+0.053 559.57
x=0.04 0 0.9645 5.838+0.064 11.681+0.004  8.164+0.030 556.73
x=0.06 0 0.9648 5.841+0.065 11.677+0.004  8.173+0.069 557.42
x=0.08 0 0.9650 5.847+0.042 11.703+0.009  8.179+0.045 559.67
x=0.10 R 09652  4.149 % 0.0061 - - 71.42
x=0.20 R 0.9662  4.134 1 0.0032 E - 70.65
x=0.30 R 0.9672  4.126 £ 0.0025 . - 70.24
x=0.40 R 0.9682  4.110 % 0.0040 - - 69.42
x=0.50 c 0.9693  4.099 % 0.0027 = - 68.87

+++0 = po3 Insouiin, R = souTudasen, C = gilniilous*»

4.2.3 wamsasaevaniamaladidanin
A4 o a oo o ' '
damiouasiinluszuy (1xPZ+PNN Ndadiuesnszneuan 9 Idedin
manzaundd duwsiinlusguy (1-x)PZ-xPNN nadadiussnisznouinasvaeuauia
maladidnniniinawd 1 10 uaz 100 F5ad TauiFuimsasinianngangil 250 i
350 A931/N 4.25
- - o ' or o o ab =
1N 4.25 wunndadiuesnlszneu x = 0.00 ManweeuduNG vzl
- = : i o e J 1
nnQunQiiiesIutgungiszna 225°  Minuman meenFuRnT v gaiuet1e
ar o 4 -y A - i
sundudalszua 3400 Ngungii)szuna 2300 apAegamaiimanlasume (7,) Tae

- e - ds ad = ad = [y -ﬂd’l
wasunnauifueudms Tsaaanin lidlumsdidonin - uazndsmngumgiiiiaam

o o o 1 =1 = o C [ @
'V‘IU?JHﬂIJW'Y]ﬁ93ﬂﬂﬂ\ii]U'N‘J"Jﬂl'i']ﬂ’l'.l.lﬂg]'llf)%ﬂi-]l?'ﬂ' (&, =ET—)) I HIRUINUNITNN
s
= F U o A e 3 = aaa
WHDUVDUYI WA PZ-PNN lili]'ﬂﬂﬂ']'NBQﬂ‘]JEZﬂﬂ‘U x = 0.00 'ﬂmiﬂﬂﬂ’wlﬂﬂuﬂﬂaﬂﬁﬂ'l

o
ADIUSUDILV (Solid state reaction)
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8 FEd

=
e

g

Relative permittivity (ar)

N

' Teumpeﬂrate} (°é )

3N 425 urmsnwdiufszndeaanmzsouduindielimsnlounlosungi

YD 1IN PZ-PNN

nsiuuvedadiuefilsznon PNN danaligamginisnldeuma (7,) 9
auianeudAms Tsddnnsn Wi Tsaidnnsnifudas odadaussdilsznon PNN
it dalsng ludadauesdilsznou x = 0.02 0.04 0.06 uaz 0.08 7 202 171 111 uay
730 ey Taofigungiidenaniasiinita 4 Ssan meoudining 1646 971 659 uny

322 MUAAL

gauginsasume (7,) vnauiAaueudis 1stidonsa luidums 1s8@nn3n

m

o

4
raansed nlivdydredasinsanns 22.50% deevas TauTua PNN daiufeauise
aglldhmniAuendini Tsdidnninluasiiinszuy (1-0Pz+PNN kg ludaday
4 =
99A1352N0 x = 0.00 D3 x = 0.08
o - d . d a
dmsundaaiuesallizney x > 0.10 wuduledadiuesnilsznen PNN iy
‘3 as @ ' ' ot @ o = =
QvudnyuzveIn MANuRLTIzHINmaEn meandinsiugungiielinnmlndifos
Munsmanuiusssrdeaanmeenduinsiuguugiivesmssuanvodes 156an3
& o_ w A o o 3 v o o d
R  fie  aawezlidnyuzvesgwnunniu  Aanmeeuduing
= 4 & a = 4 & 4 44 &
wasulasmuniwdunniu gauugiiman/teusa (1) Mugaiudiionnudimugeiy
& o @ i ~ ' Y A
guru lddaludadiuesdilsznon x = 0.50 Mhusuiiiesnn PN fluasiuanves

o ad = A g et 1 @ @ ¢ A - [ [ 3 4
s Isannin ¥atluensiliman meonduinslfouasmuanudi1dsy gaiuds
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@ 1 ¢ 4 & o v = . Yl w o .3
ﬁﬂﬁ’JUﬂﬂﬂﬂSSﬂBU‘Uﬂﬂ PNN mwuilz’nﬂ'ﬂmmnmnﬂamﬁmwuwﬁuwmmﬂw
A

' b
vinnquoungiivazmsafeumleiu (58, 191 nanhesi Isdidnminuuy

Y

= : 1 o H { n!: 4
Un@iusanmoeuduiniinidegamginisn/doummivezdhu lawnguesns-1d

{ a1 o o o o o
Tasfimilogungiiumanmesuduinivescs szanasaudmniaanmeonlu

' o @ ¢ (o ad -~ = {
quaMa uadmsuassuanes s Istianniniuszesune Idamaun1si 4.4 uaz 4.5

—@—x=0.50

Vi g e TR
In (T-T )

r -
L4

1

T )voq

m

g &

r r.max

: o o ' l
i 426 nsmluamenwAuTuTsEHIg ln[——— Jua: In(7 -

151390 TUs2UY (1-x)PZ-xPNN

VINAUNTA 45 witluaumaiduasuiloadensmauduius

T,) vindoyamanmoeuduinidglii 4.28 Wu
Ly £

r r,max

Szﬂ’jwln(l— ]uaz In(7 -

r

o o o = o d '
WMTDNHIANUAUNUTAIAUNITN 4.5 Iﬂﬂﬁ%ﬁ@ﬂﬁ'I‘V‘Iﬂ’J"IHﬁﬂWUﬁixﬂ'JN

Gl &

r r.max

1 1 v _ 14 A
ln(—— Juax In(7 - T,) ez I&nsmidunsedeglil 426 snnswinuduile

ﬁ ] 4 c'n J : ] ¥ [ :'n J o !
AnIUDINsENOUYDY PNN mmmumzmwaiwmmwmmﬂﬂﬂmmu”lumnmu
qi = [ | =1 Y o & Qs 9 e’:

nindifssiueduiu1dda sniuduveadunswhivenium y mnuuﬂmm y

AUIUKIN O ﬂ']ll’sﬂlﬂ‘l'iﬂ 45 Wﬂllﬁﬂﬂiﬂﬂﬁ%‘m 4.13 mﬂnamsmmmu 1 Y M'LI'i]“‘

& &
lW'lJ’lluliJEl?{ﬂﬁ'Juﬂﬁﬂﬂixﬂ'E)ll‘llﬂ\'l PNN LW1I'U‘Ll'lJQ‘IJBﬂﬂ@ﬂTiMﬁnUﬂﬁllﬁﬂl“ﬁﬂﬁLﬂiI‘i‘ﬂ
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o ) z‘. a o o g 9 1 a J A
lﬁﬂﬂiﬂﬂ'lﬂ‘ll‘llﬂ"lllﬂﬁlWNﬁﬂﬂ’JUﬂﬂﬂﬂizﬂGUﬂ’NHL‘U!J‘U‘H HazA1 O VNUVUAIUNITING

ar 1 o @

L | o o
ﬂﬁ’d’}‘u'ﬂ@f{ﬂiﬁﬂﬂﬂﬂ 11mﬂ7m‘num gINU L&ﬂﬂﬁaﬁ N13NIE0Y Bﬂﬁﬂﬁﬂ'lﬂﬂﬂll UNND Tﬂﬂ
w @ da W

= i 4 A o ¢ adim e ek
ﬂﬂ'ﬂﬂl:ﬁwﬂﬁzn’31&1114?1mﬁﬂﬁ’mﬂmﬂizﬂaﬂﬂlﬂﬂ PNN MIWUYU BZAUNUTNUUDYA

anvazvesnsnlugli 4.2

M99 4.13 uaasauiiama laddnnsnvouasiinluszuy (1-x)PZ-xPNN

amlszneu T, (°%%) A o 14
x=0.00 230 3291 16.84 0.85
x=0.02 227 5877 15.61 0.95
x=0.04 223 5955 14.57 0.97
x=0.06 212 6959 13.93 0.98
x=0.08 206 8206 13.35 0.99
x=0.10 201 10560 10.75 1.12
x=0.20 175 14031 11.23 1.02
x=0.30 157 10581 19.74 1.30
x=0.40 130 11355 25.96 1.50
x=0.50 67 10778 40.76 1.81

- " o Qs = o ad = 3 9

1NATNN 4.13 nuhmsidauaneudms 1sBilanmin (x=0.00-0.08) 1wzl

T q'; 1) " = o = :i = 9/ - aan -1
il Y 1A 1 wwAnIfuersiin PZ-PNN Ninssudemainljisnanisyeuds
uaasnmshitiauianeuams Tsdmaninee himusaefuennuduiusaungueegs-

hidladoa y

4.2.4 wamsasdroaevantamslsdidnnin
- é‘.‘o e o ad - ar a = 4
NuAeiiMIasaeuauiams Isaidnnsn Taemsiarudamasdasauilu
@ e " ' o Jd ) ¥ ) i & 1 ar 4
anuduRussznIanuadndn I8 unesa Inan laduifiadum - daglil 427
HAAIHANIZNUVRIANG InThaednymz19IuGames Taveuwsiin PZ-PNN ludadiu
o 4 a a J " oar
89A1/52091 x = 0.00 A2 x = 0.08 49 0.50 o 1A dnd IR UNLTUNUNENYZVE9
- = - 1] o 1] 'g 4
nFamesFaveursinudazdaduentsznevzivinaluguiiosninms
nasundasvesm Inan lsidunanie @) arlwarlswdudud (py) uazmauuiiiy

' i v P v 4 < < 4
(Eo) sewuniimsnlasunladludnuasindondsiu TaodeIddnd IWduiuuniuee
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fhNaiﬁﬂuwﬂuaeﬁﬂxﬂausGﬂgﬂ“lmﬁmﬁimil1nfi1Twm'lsn=m?'u§uﬁ'sunzﬁ1Twm'lims
SunamBoduay  uamenyihissniuroudanei fifusuiidesnniin
dndlidn s Alalhad) szmilonhliwaniams nan lssu 1ddoos e iy
SnuazvenudamesFainouthadn  uaziomudnd i Itinilenihldina
Tnanlsaduanndusuiamdnd IldhamiadnyazrnudamesdassiGuned s fla
Trad) msidnditheiiesi Iiudnians Inat lsesuauidouianun [59]
WuiRertuersiin PZ-PNN finsoudremaiinl§iseaonzueads

g1t 4.27 uaasdninavesdadauesdilszney x dednymYEIIIUTAMOLT
Fa wuhiidadiuesmlszney x = 0.00 3 0.06 LansouanIAnYL BRI
WammesFa ldudiduesiin PZ-PNN fimsoudaemainlfisoanusvounds
winannmau ihingaiilfasueudmes Tsaauiias Tsdidnnsnvos Pz g
84 200 AlaTaad [60] usluanFsuiimsianInfhgegadaus 25 Alhad dawald
A Iih liiisanesenmsnduiamisves laumumeoluasiiin Pz uazdilimis
avuw Mfanniiumesaun Iihingafes dewa s iinfiniomfensuan ed1ls
Anuiidauddadauosilsznen x = 0.08 31 launsouaasdnyuL eI BHINBITTA
18 Tasrowdamendmziisnvazidnuazuavas  Taom Inan lsdunundeuaza
auIWihozannsetiaiu1dda  dous Inan lsmdusudntus i Tiuiranas
ifoaninar Tnan lsidududveusiiindadinesdilsznen x = 0.10 vwiiesnhdadau
oafilszney x = 020 Tifuduiliddosnn PNN uiumsTuanesiig Tseigamsn

o

anyuzuogamelsFaglues PNN aziif Inan lsivsunamdeuazmauy Tl

" ¥
Y

1 dufudodadiussmlsznouves PNN suszdwalimInar lswdunanieuazan
au Ifhlsfvesszuuanas

nnglit 428 auiAnlesBidnninlumailinssuy  (10PZAPNN  fims
wasuasnauifueudmesdidnnin (= 0.00 83 0.06) Tduauiiams Tsdidansn
wunln@ naziuanmes 1saidnnsn edadauosdilsznonuyes PNN mudy

Jin uazame [61] mAnuduwusszndnm Ina ladunaunde a1 Twanlsiadu
a2 waze Twan sidualsameanenn Ifedy 188 aaums 4.6

dnaizanuBamesdalugaundziin R, viiy 2 Tugiit 429 uamensl

o o v o = @ a1
ﬂ'ﬂllfﬂl“ﬂuﬁﬁ'xﬂ'J'Nﬁﬂﬂmz']i')uﬁﬁlﬂﬂﬁ‘ﬂﬂ (qu) ﬂUﬂﬂﬂ?ﬂﬂQﬁﬂ‘iSﬂﬂUﬂﬂQ PNN




40
PZ-PNN x=0.00 01 PZ-PNNx=0.06
30
20 4
204 /
= T 10 : i
;-E n E j
! 0 2, : N:-'
3 [ ; ;
5 0 g § |
. SkV =2 F § o« SKV
é‘.-n. 10kV = + 10kV
15kV 204 . 15KV
-30 o * 20kV « XkV
25kV BTE . 28KV
0 T T T T T T T T T
-0 20 10 o 10 20 30 20 -10 0 n 0 30
Electric field (kV'em) Electric ficld (kV/cm)
“* 4
PZ-PNN x=0.10 PZ-PNN x = 0.20
30 3o 4
204 204
= < oy
§ 01 $ : g
- 4 3 <
HES — S o
E M I -3
g -10 < a = -0+
i o sy
TE 204 10k < .20
° 15KV
. 20kV
-0 4 255y 04 . 2SRV
40
40 T T T ’ ¥ T T T T
30 30 -10 o 10 1'9 30 20 i o 10 20 3
Eleetric ficld (kV/c
Electric field (kV/em) ric feld (kVieem)
an 0
PZ-PNN x =030
304 30 4
20+ 204
E 10 E 104
3 S
‘é 04 ; u4
£ £
! -10 4 S o4
3 5
E =20 4 = 204
104 -30 4
40 - 3 r 40 T T T T T
-3 20 i 0 10 20 -30 -20 -10 o 1 20 30

Elcctric ficld (kViem)

Electric field (kV/em)

PZ-PAN x = 0.50

Polarization (Clem’)
i

. 20KV
= 2%V

T T
i 20 kL]

Electric field (kV.ecm)

anududu Tavinisasnaeundeuiunfsundasiidng Wi
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427 wamsdnpuzIuFTmes Faveuwiin PZ-PNN udardadiuesnisznen



40
30 <
20 <
PIE IO_-
2
<
= 04
=
2
8 104
iy
=
£ .0-
-30 4
* x 050
-40 T T L ] T
-30 -20 -10 0 10 20 30

Electric field (kV/em)

UM 4.28 naasnsiffounlasdnvuzanudmmesdaeaiin PZ-PNN

Wodadiuesdilsznoy x iwaountlag

20

®
1.9 - ®

°
18-
g7 ™
ad ®
1.6
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The perovskite structure of lead zirconate—lead nickel niobate ceramics, (1-x )PbZrO;—
xPb(Ni;;3Nby3)0; (PZ — PNN ) with x = 0.0-0.5, were synthesized via the columbite
precursor method. The formation of the perovskite phase in the calcined powders has
been investigated as a function of calcination conditions by TG-DTA and XRD tech-
niques. The complete solid solutions of perovskite phase of PZ-PNN ceramics were
obtained over a wide compositional range. The results showed that the concentration
of the PNN phase increased the calcination temperature must be increased in order to
obtain phase-pure perovskite. In addition, x-ray diffraction indicated a phase transfor-
mation from a orthorhombic to a pseudo-cubic phase when the fraction of PNN was
increased. A higher relative permittivity value, as a consequence of the higher PNN
concentration, was observed.

Keywords Perovskite; columbite precursor; lead zirconate; lead nickel niobate

Introduction

Lead Zirconate, PbZrO; (PZ), is one end member of the industrially interesting solid-
solution series PbZrO;—PbTiO3 [1] and the first antiferroelectric identified by Sawaguchi
et al. [2]. At room temperature PZ has an antiferroelectric phase (AFE) which has an or-
thorhombic structure [2]. Lead nickel niobate [Pb(Ni, ;3Nb;/3)03, PNN] was one of the first
known relaxor ferroelectrics reported by Smolenskii and Agranovskaya [3]. Ferroelectric
relaxor PNN exhibits a broad maximum in the dielectric constant, and a diffuse phase tran-
sition. Its Curie temperature is about —110°C and the maximum dielectric constant is about
3500 at 1 kHz [4]. Using this compound as one end member, the ternary solid solutions
of PNN-PZ-PT [5] have been developed and utilized for sensors and actuators because of
their excellent piezoelectric behavior.

As one part of a series of the investigations on the solid solutions with PZ, this study
deals with the binary compound of PNN-PZ because of there has been no detailed report
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on dielectric and piezoelectric properties of this entire system. In the present work, the
columbite precursor method was used to synthesize the (1-x)PbZrO;— xPb(Ni, ;3Nby3)0;
(PZ —PNN ) with x = 0-0.5. The phase formation and morphology of the powder calcined
at various conditions are studied and discussed. Dielectric properties of PZ-PNN ceramics
obtained from the columbite precursor method are presented and analyzed.

Experimental

Ceramics of (1-x)PbZrO;— xPb(Ni;/3Nby/3)03(PZ — PNN ) with x = 0-0.5 were synthe-
sized using the columbite precursor method. The NiNb,Og precursor, PbO (Fluka, >99%
purity) and ZrO, (99%) were mixed and milled in ethyl alcohol for 18 h using a ball-
milling. After drying at 120°C for 2 h, the reaction of the uncalcined powders taking place
during heat treatment was investigated by themogravimetric and differential thermal analy-
sis (TG-DTA, Shimadzu), using a heating rate of 10°C/min in air from room temperature up
to 1400°C. Based on the TG-DTA results, the mixture was calcined at various temperatures
ranging from 650 to 900°C, dwell times 4 h and heating/cooling rates ranging 20°C /min,
in closed alumina crucible, in order to investigate the perovskite phase formation. Each
composition was sintered at 1100-1200°C in Pb atmosphere for 4 h in a closed alumina
crucible. X-ray diffraction (XRD; Philips PW 1729 diffractometer) using CuK, radiation
was used to determine the phases formed and optimum firing temperatures for the formation
of desired phase. Lattice parameters of the perovskite phases were determined by Cohen’s
method in conjunction with the least squares method. Dielectric constant and loss measure-
ments were made using an automated measurement system. This system consisted of an
LCR meter (HP-4284, Hewlett-Packard Inc.). The capacitance and loss were measured at
frequencies between 100 Hz and 1 MHz.

Results and Discussion

The result of TG-DTA simultaneous analysis of a powder mixed in the stoichiometric propor-
tions of 0.5PZ-0.5PNN is shown in Fig. 1. In the temperature range 200-400°C, the sample
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Figure 1. TG-DTA analysis of 0.5PZ-0.5PNN prepared by columbite method.
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Figure 2. XRD patterns of (1 — x)PZ-xPNN powder prepared by columbite method (a) as a function
of temperature (x = 0.5) (b) as a function of composition.
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shows several large exothemic peaks in the DTA curve. These DTA peaks can be attributed
to the decomposition of the organic species from the milling process [6]. The different
temperature, intensities, and shapes of the thermal peaks probably are related to the dif-
ferent natures of the organic species and consequently, caused by the removal of species
differently bounded in the network. In the temperature range 650-900°C, both exothermic
and endothermic peaks are observed in the DTA curve. The enlarge zone of this DTA curve
shown that the enothermic peak at ~775°C should be correlated to the phase transition of
perovskite structure, because no weight loss could be found in TG curve and that is also in
accordance to literature data. The last endothermic peak centered at ~ 840°C may be caused
by the decomposition of lead oxide. As a result, crystallization of PZ-PNN powders takes
place at 775°C, and perovskite structure is established above 780°C. Further increase in
temperature or heating time will promote crystallization of perovskite phase powders. These
data were used to define the range of temperatures (650 to 950°C) for XRD investigation.
To study the phase development with increasing calcination temperature, all compositions
were calcined at various temperatures for 4 h in air with constant heating/cooling rates of
20°C/min, followed by phase analysis using XRD technique. Fig. 2(a) shows XRD pat-
tern of the 0.5PZ-0.5PNN powders calcined at different temperatures for 4 h prepared by
columbite methods. The precursor phases PbO, NiNb;Ogand a small amount of crystalline
pyrochlore phase were detected by XRD at 650°C. The sample heated to 750°C contained
the perovskite phase, pyrochlore phase and a small amount of PbO. The heat treatment of the
precursors at 775°C for 2 h results in the formation of single-perovskite phase. The studies
also reflect the growth of crystallinity in the powders with the increasing heat-treatment
temperatures.

The results of the X-ray diffraction measurement support the DTA observation (Fig. 1)
that the perovskite phase is formed at approximately 775°C. The XRD patterns of (1-x)PZ—~
xPNN powder with various x values are shown in Fig. 2(b). It can be seen that a complete
crystalline solution of perovskite structure is formed throughout the whole composition
ranges without the presence of pyrochlore or unwanted phases. From the patterns, PZ powder
is identified as a single-phase material with a perovskite structure having orthorhombic
symmetry which could be matched with ICDD file no. 75-1607. The XRD patterns of
the PZ-PNN compositions show a combination between PZ and PNN patterns, showing a
perovskite structure having the symmetry varying between orthorhombic and pseudo-cubic
types. For better comparison, the ICDD file no. 34-0103 for PNN with a cubic structural
symmetry is also displayed in Fig. 2(b).

Table 1
Structure and dielectric properties of (1 — x)PZ-xPNN
ceramics
Relative
Lattice permittivity Tan §
Composition constant (A) (1kHz) (1kHz)
x=0.1 4.149 + 0.0060 320 0.08
x:=02 4.134 £+ 0.0032 580 0.01
x'=10.3 4.126 £ 0.0025 960 0.05
x=04 4.111 = 0.0040 1400 0.08

x =05 4.099 + 0.0027 2700 0.05
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Figure 4. SEM examination of the serface morphology in (1 — x)PZ- xPNN ceramics (a) x = 0.1
and (b) x = 0.5.

At the composition x = 0.1 to 0.5, an increase in the mole fraction of PNN did not show
any evidence of a change in symmetry. However, the lattice constant decreased as the amount
of PNN increased due to the smaller ionic radii of b-site cation. The lattice parameters of the
perovskite phase calculated from the XRD data for (1 —x)PZ-xPNN samples is summarized
inTable 1. InFig. 3(a) the relative permittivity and dielectric loss are plotted versus frequency
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for different compositions. All curves show the same trend, the permittivity & decreases with
increasing frequency f inthe formofe ~ 1/log f. Furthermore, an increase in permittivity
with increasing x concentration is observed. For dielectric loss results, it can be seen that the
loss tangent increases with increasing the frequency in all the samples. This may be attributed
to the collective relaxation of increased dipoles and change in their relaxation time due to
increased substitution of (Ni;;3Nby3 4. Figure 3(b) represents the relative permittivity
versus the PNN concentration. The relative permittivity was increased with increased mol
percent of PNN as also illustrated in Table I. The effect of increasing the dielectric constant
with increasing PNN content is interpreted to be due to the drive toward the orthorhombic
to pseudo-cubic phase transition at room temperature, or in other words associated with the
possibility of the decrease of the transition temperature to near room temperature. Other
authors have reported a similar behavior [7, 8]. Figure 4 shows scanning electron microscopy
(SEM) images of the surfaces of the composition x = 0.3 and 0.5 respectively. No plate-like
grains were observed in both samples, indicating an absence of pyrochlore formation. There
is not change in the grain size, nor is there any evidence of abnormal grain growth.

Conclusions

The columbite methods is explored in the preparation of single phase (1-x)PbZrO;—
xPb(Ni;/3Nbz/3)03 powders. According to the results of DTA/TG and XRD analysis, crys-
tallization of PZ-PNN powders took place at below 650°C and pure perovskite-type could
be obtained above 775°C. The complete solid solutions of perovskite phase of PZ-PNN
ceramics were obtained over a wide compositional range. The results showed that the con-
centration of the PNN phase increased the calcination temperature must be increased in order
to obtain phase-pure perovskite. The permittivity £ decreases with increasing frequency f
in the form of ¢ ~ 1/log f. Furthermore, an increase in permittivity with increasing PNN
concentration is observed.
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Abstract

The powder in PZ-PNN system with formula (1-x)PbZrO;—xPb(Ni,sNb,;3)0; with
x = 0.0-0.5, are synthesized via the columbite precursor technique. The formation
of the perovskite phase in the calcined powders has been investigated as a function
of calcination conditions by TG-DTA and XRD techniques. = Moreover,
morphology and particle size evolution have been determined via SEM technique,
respectively. The complete solid solutions of perovskite phase of PZ-PNN
ceramics were obtained over a wide compositional range. It was observed that for
the binary system (1-x)PbZrO;—xPb(Ni,sNb,;)Os, the change in the calcinations
temperature is approximately linear with respect to the PNN content in the range x
= 0.0-0.5. With an increase in x, the calcinations temperature shifts up to high
temperatures. It is seen that optimization of calcination conditions can lead to a
100% yield of PZ-PNN in a pseudo-cubic phase.

Key words: Ferroelectric, Relaxor Ferroelectric, Perovskite, Ferroelectric Domains

1. Introduction

The best-known and most frequently studied case of antiferroelectricity in the
perovskites is that of Lead Zirconate (PbZrO;; PZ). At room temperature, single crystal PZ
has the orthorhombic perovskite-type structure with lattice parameters a = 823.1 pm, b =
1177 pm and ¢ = 588.1 pm, space group P2ch (no. 32) [1]. At high temperature it
possesses the prototype cubic perovskite structure but on decrease of temperature it exhibits a
marked dielectric anomaly at about 503 K [1]. The dipoles due to a displacement of the
Zr*" ions from the geometric centre of the surrounding six O* ions in the material are
alternately directed in opposite senses so that the spontaneous polarization is zero. It is
reported that the antiferroelectric to ferroelectric transition can be induced when subjected
to a strong electric field. This material is a potential candidate for energy storage
applications for DC fields and low loss linear capacitor, owing to its AFE nature. Recently,
the double hysteresis behavior of this material makes it attractive for the ultrasonic
transducers, nonvolatile memories, microactuators, multi-layer capacitors and electro-optic
devices as well as for actuator applications [2, 3]. A very large amount of research has
been performed on solid solutions containing PZ such as, Pb(Zr.,,Ti\)O; (PZT) [4],
PbZrO;-PbTiOs-Pb(Mg,sNb,;3)0; (PZ-PT-PMN) [5, 6], PbZrO;—PbTiO;~Pb(Zn;sNb,4)0;




(PZ-PT-PZN) [7-9] and Pb(Zn,3Nby;3)0; —PbZrQ; (PZN-PZ) [10]. One of the most famous
systems is the solid solution of PbNi;;3Nb,;303-PbTiOs—PbZrO; (PNN-PT-PZ) system has
a morphotropic phase boundary at lead zirconate (PZ) concentration around 0.20-0.45 [11,
12]. At these PZ concentrations the electromechanical coupling in the compound reaches
0.8 [11].

As one part of a series of the investigations on the solid solutions with PZ, this study
deals with the binary compound of PNN-PZ because of there has been no detailed report on
the reaction between lead oxide, nickel niobate and zirconium oxide is of interest. In the
present work, the columbite precursor method was used to synthesize the (1-x)PbZrO; —
xPb(Nij3Nby3)0; (PZ — PNN ) with x = 0—0.5. The development of phase, morphology
and particle size of PZ-PNN powders are presented and analyzed.

2. Experimental procedure

The perovskite-phase powders were synthesized using columbite precursor method in
order to avoid the formation of a pyrochlore phase. Commercial oxide powders of PbO,
NiO and Nb,0s, (99.9% purity, Aldrich Chemicals, USA) and ZrO, (99% purity, Aldrich
Chemicals, USA) were used as the starting materials. The following reaction sequences are
proposed for the formation of PZ-PNN:

NiO(s) + NbyOs(s) — NiNb,Og(s) (1)
PbO(s) + ZrOx(s) + NiNbyOg(s) = (1-x)PbZrO; — xPb(Ni;sNby3)0:(s)  (2)

The columbite precursor NiNb,Og was prepared from the reaction between NiO and Nb,Os
at 1373 K for 4 hours and then mixed with PbO and ZrO,, according to the composition of
(1-x)PbZrO; — xPb(Ni;;sNby3)O3 (PZ — PNN ) with x =0 — 0.5. The columbite synthetic
route employed is shown schematically in figure 1. Each mixture of the starting powders
was milled and mixed in a ball mill, as well as wet-homogenized with ethanol using
nylon-coated YTZ zirconia milling as media for 18 h. Afier drying at 393 K for 2 h, the
reaction of the uncalcined powders taking place during heat treatment was investigated by
Thermo-Gravimetric/Differential Thermal Analyzer (TG-DTA, Shimadzu), using a heating
rate of 283 K/min in air from room temperature up to 1673 K. Based on the TG-DTA
results, the mixture was calcined at various temperatures ranging from 923 to 1173 K, dwell
times 4 h and heating/cooling rates ranging 293 K/min, in closed alumina crucible, in order
to investigate the perovskite phase formation.

Calcined powders were subsequently examined by room temperature X-ray diffraction
(XRD; Philips PW 1729 diffractometer), using Ni-filtered CuK,, radiation to identify the
phases formed and optimum calcination conditions for the formation of PZ-PNN powders.
The relative amounts of perovskite and pyrochlore phase were determined by measuring the
primary X-ray peak intensities of the perovskite and pyrochlore phase.

The percentage of perovskite phase was estimated by the following equation:[13]

1

% perovskite phase =| <=2~ [x 100 (i = appearing phase) (3)
2/

where I, and I; represent the integrated intensities of peak from perovskite and

appearing phase, respectively. Lattice parameters of the perovskite phases were
determined by Cohen’s method in conjunction with the least squares method [14]. Powder
morphologies and particle sizes were directly imaged, using scanning electron microscopy
(SEM; JEOL JSM-840A).
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Figure 1 Preparation route for (1-x)PbZrO;-xPb(Ni,;Nb,;3)O; powder in a perovskite phase.

. 3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the stoichiometric
proportions of PZ-PNN is displayed in figure 2. In the temperature range from room
temperature to ~ 673 K, the sample shows both exothermic and endothermic peaks in the
DTA curve, in consistent with a slight drop in weight loss at the same temperature range.
These observations can be attributed to the decomposition of the organic species from the
milling process [15]. The different temperature, intensities, and shapes of the thermal peaks
probably are related to the different natures of the organic species and consequently, caused

by the removal of species differently bounded in the network.
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In the temperature range 923-1173 K, both exothermic and endothermic peaks are
observed in the DTA curve. The enlarge zone of this DTA curve shown that the
endothermic peak at ~ 998 K should be correlated to the phase transition of perovskite
structure, because no weight loss could be found in TG curve and that is also in accordance
to literature data [16, 17]. The last endothermic peak centered at ~ 1113 K may be caused
by the decomposition of lead oxide. As a result, crystallization of PZ-PNN powders takes
place at 998 K, and perovskite structure is established above 1053 K. Further increase in
temperature or heating time will promote crystallization of perovskite phase powders. These
data were used to define the range of temperatures (923 to 1173 K) for XRD investigation.
To study the phase development with increasing calcination temperature, all compositions
were calcined at various temperatures for 4 h in air with constant heating/cooling rates of
293 K/min, followed by phase analysis using XRD technique.
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Figure 3 Powder XRD patterns of the calcined 0.7PZ-0.3PNN powders at various
calcination temperatures at constant time.
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Figure 3 shows XRD patterns of the 0.7PZ-0.3PNN powders calcined at different
temperatures for 4 h prepared by columbite methods. The precursor phases PbO, NiNb,Oy
and a small amount of crystalline pyrochlore phase were detected by XRD at 923 K. The
sample heated to 973 K contained the perovskite phase, pyrochlore phase. By increasing the
calcination temperature from 923 to 1173 K, the yield of the perovskite phase increased
significantly until at 998 K, a single phase of perovskite phase was formed. The studies also
reflect the growth of crystallinity in the powders with the increasing heat-treatment
temperatures. The results of the X-ray diffraction measurement support the DTA
observation (Fig. 2) that the perovskite phase is formed at approximately 998 K. The
perovskite phase formation of PZ-PNN at various calcination temperatures is shown in
figure 4. From the patterns, it could be found that the major phase in all cases is
well-crystallized perovskite and the essentially pyrochlore-free powder was obtained. All
the compositions in the present work showed pyrochlore-free XRD scans at calcination
temperatures at above 1173 K. These experiments indicate that as the concentration of the
PNN phase increased the calcination temperature must be increased in order to obtain
phase-pure perovskite. The XRD patterns of (1-x)PZ— xPNN powder with various x values
are shown in figure 5.
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Figure 4 Percentage of perovskite phase as a function of calcination temperature
for (1 — x)PZ — xPNN ceramics.

It can be seen that a complete crystalline solution of perovskite structure is formed
throughout the whole composition ranges without the presence of pyrochlore or unwanted
phases. From the patterns, PZ powder is identified as a single-phase material with a
perovskite structure having orthorhombic symmetry which could be matched with ICDD
file no. 75-1607. The XRD patterns of the PZ-PNN compositions show a combination
between PZ and PNN patterns, showing a perovskite structure having the symmetry varying
between orthorhombic and pseudo-cubic types. For better comparison, the ICDD file no.
34-0103 for PNN with a cubic structural symmetry is also displayed in figure 5.
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Figure 5 XRD patterns of (1-x)PZ—xPNN powders at the optimum calcinations
conditions.

In the PZ— PNN system, the A-site is occupied by Pb** (0.1630 nm) ions, and the Ni*',
| Nb** and Zr* ions occupy the B site of the ABO; perovskite crystal structure. The
‘ average ionic radius of B-site ions in the composition (1-x)PbZrO;— xPb(Ni;sNb,;)0; can
| be calculated from the following equation:

YB—site = (1 - x)'.rZr4+ J+ xl}é rNi2+ + % rNb5+ J 4)

where the ionic radii of Ni*’, Nb** and Zr*" are 0.0830, 0.0780 and 0.0860 nm
respectively [18]. A simple description of the geometric packing within perovskite
structure can be characterized by tolerance factor ¢/ which is defined by the following
equation:[19, 20]

(r4a+70)

f=\/5(r3+r0) W

where ra, rg and ro are the ionic radii of the A ,B and O ions, respectively. The
calculated average B-site ionic radii and tolerance factor of the PZ-PNN system is
presented in Table I.  The effective size of the B-site ion increased with an increasing mole
fraction of PNN primarily due to the smaller ionic radii of (Nij;Nb,s)*".  This shift in the
B-site ionic radius is shown in the XRD data in figure 6 as the diffraction peaks are shifted
toward higher angles. With the peaks properly indexed, lattice parameter was determined
using UnitCell, a linear least squares refinement program. The calculated lattice parameters
of the perovskite structures are presented in figure 7.
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An increase in the mole faction of PNN did not show any evidence of a change in
symmetry. Also, the lattice constant linearly decreases with the replacement of Zr*' by

(Ni,3sNbys)*" according to the Vegard rule.

It indicates that, together with the XRD

patterns in figure 5, complete series of perovskite solid solutions are formed. In general, the
lattice parameters of the perovskite structure also decreased gradually as x increased,
undoubtedly because of the introduction of the smaller nickel niobium ion (» = 0.079 nm)

into the zirconium site (» = 0.086 nm), resulting in decreasing of the unit cell.

Furthermore,

the corresponding volume change versus PNN content is also present in figure 7. The
volume of the pseudo-cubic decreases from 0.07142 nm’ to 0.06887 nm® with x rising from

0.1 to 0.5.
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Figure 8 SEM micrographs of the calcined (1 — x)PZ — xPNN powder (a) x = 0.0,
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b)x=0.1,(c)x=0.2,(d)x=0.3,(e) x=04, () x=0.5.

Table I Characteristics of (1-x)PZ—xPNN powders with
optimized processing conditions

Composition Calcine %Perovskite Average Tolerance Lattice Particle size Unit cell
temperature (K) phase b-site factor parameter (pam) volume
(nm) (nm) (nm’)

x=0.0 1023 100 0.0860 0.964 - 0.51 +0.06 -
x=0.1 1023 100 0.0853 0967 04149+ 0.0006 0.46+0.05 0.07142
x=0.2 1073 100 0.0847 0970  0.4134+0.0003 0.58£0.05 0.07065
x=03 1073 100 0.0841 0973 04126+ 0.0002 0.56+0.04 0.07024
x=04 1123 100 0.0834 0976 04110+ 0.0004 056+ 0.05 0.06942
x=05 1123 100 0.0828 0.978  0.4099 £ 0.0004 0.58+0.04 0.06887

The morphological evolution during calcinations was investigated by scanning electron
microscopy (SEM). Micrographs of phase pure PZ-PNN powders at various composition x
are shown in figure 8. In general, the particles are agglomerated and basically irregular in
shape, with a substantial variation in particle size and morphology. Particle size can be
estimated from SEM micrographs to be in the range of 0.46 —0.57 um. However, the

average grain size does not vary significantly with the compositions, as listed in table 1.
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4. Conclusions

The columbite methods is explored in the preparation of single phase (1-x)PbZrO; —
xPb(Ni;sNby3)0; powders. According to the results of DTA-TG and XRD analysis,
crystallization of PZ-PNN powders took place at below 923 K and well-crystallized
perovskite-type could be obtained above 1123 K. It was observed that for the binary system
(1-=x)PbZrO3;—xPb(Ni;3Nb,3)03, the change in the calcinations temperature is
approximately linear with respect to the PNN content in the range x = 0.0-0.5. With an
increase in x, the calcinations temperature shifts up to high temperatures. It is seen that
optimization of calcination conditions can lead to a 100% yield of PZ-PNN in a psudo-cubic
phase. A further increase in PNN substitution gradually decreased the unit cell dimensions
of the perovskite structure. Particle size can be estimated from SEM micrographs to be in
the range of 0.46 —0.57 pum.
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Abstract

Perovskite structures in the PZ-PNN system with formula

(I = x)PbZrO3—xPb(Ni;3Nby,3)03 with x = 0.0-0.5 are synthesized via
the columbite precursor technique. The formation of the perovskite phase in
the calcined powders has been investigated as a function of calcination
conditions by using thermogravimetric and differential thermal analysis
(TG-DTA) and x-ray diffraction (XRD) techniques. The complete solid
solutions of the perovskite phase of PZ-PNN ceramics were obtained over a
wide compositional range. It was observed that for the binary system

(1 — x)PbZrO3—xPb(Nij;3Nb2/3)O3. the change in the calcination
temperature is approximately linear with respect to the PNN content in the
range x = 0.0-0.5. With increasing x, the calcination temperature shifts
forward to high temperatures. It is seen that optimization of the calcination
conditions can lead to a 100% yield of PZ-PNN in a pseudo-cubic phase.
The P-E hysteresis loop measurements demonstrated that the ferroelectric
properties of the ceramics in the PZ-PNN system changed gradually from
normal ferroelectric behavior to relaxor ferroelectric behavior with increasing
PNN concentration. In addition, the squareness of the hysteresis loop (Ry)
decreased quasi-linearly as the molar fraction of PNN increased. The
maximum spontancous polarization (P;) and remanent polarization ( P;) for
the x = 0.1 composition were 31.6 2C ecm™2 and 27.8 1C cm™2,
respectively. These results clearly show the significance of PNN in

controlling the electrical responses of the PZ-PNN system.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The best-known and most frequently studied case of anti-
ferroelectricity in the perovskites is that of lead zirconate
(PbZrOs; PZ). At room temperature, single-crystal PZ has the
orthorhombic perovskite-type structure with lattice parameters
of @ = 823.1 pm, b = 1177 pm and ¢ = 588.1 pm in the
space group of P2c¢h (no. 32) [1]. At high temperature, it pos-

1 Author to whom any correspondence should be addressed.

0964-1726/07/030851+07%30.00
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sesses the prototype cubic perovskite structure, whereas with
decreasing temperature it exhibits a marked diclectric anomaly
at about 230°C [1]. The dipoles due to a displacement of
the Zr** ions from the geometric centre of the surrounding
six 0%~ ions in the material are alternately directed in oppo-
site senses, so the spontaneous polarization is zero. It is re-
ported that the anti-ferroelectric to ferroelectric transition can
be induced when the material is subjected to a strong clec-
tric field. This material is a potential candidate for energy
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storage applications for DC fields and low-loss linear capac-
itors, owing to its anti-ferroelectric nature. Recently, the dou-
ble hysteresis behavior of this material has made it attrac-
tive for ultrasonic transducers, nonvolatile memories, micro-
actuators, multi-layer capacitors and electro-optic devices, as
well as for actuator applications [2, 3]. A very large amount
of research has been performed on solid solutions contain-
ing PZ, such as Pb(Zr,_,,Ti, )O3 (PZT) [4], PbZrO;-PbTiO5—
Pb(Mgi/3Nby3)0x  (PZ-PT-PMN) [5], PbZrO;-PbTiOs—
Pb(Zn”_;me)Oj (pZ—PT—PZN) [6—8] and Pb(Zﬂ]/ngg/j)O;
—PbZrO, (PZN-PZ) [9]. One of the best known is the solid so-
lution of the PbNi; ;3Nb, 303-PbTiO;—PbZrO; (PNN-PT-PZ)
system, which has a morphotropic phase boundary at lead zir-
conate (PZ) concentration around 0.20-0.45 [10, 11]. At these
PZ concentrations, the electromechanical coupling in the com-
pound reaches 0.8 [10].

Since PNN is a relaxor ferroelectric with a broad dielectric
peak near T. &~ —120°C and PZ is anti-ferroelectric with
a sharp maximum permittivity at 7. ~ 230°C, the Curie
temperature in the PZ-PNN system can be engineered over
a wide range of temperature by controlling the amount of
PNN in the system. Although PZ ceramic has better dielectric
breakdown strength than PNN, the sintering temperature is
also higher [4, 12]. Thus, mixing PNN with PZ is expected
to decrease the sintering temperature of PZ-based ceramics, a
desirable move towards electrodes of lower cost [9]. Moreover,
since PZ-PNN is not a pure-relaxor ferroelectric system, it is
easier to prepare single-phase ceramics with lower amounts of
undesirable pyrochlore phases [13]. With their complementary
characteristics, it is expected that excellent properties can be
obtained from ceramics in the PZ-PNN system.

This study deals with a binary compound of the PZ-
PNN system because there has been no detailed report
on the reaction between lead oxide, nickel niobate and
zirconium oxide and ferroelectric properties of the PZ-
PNN compositions. In the present work, the columbite
precursor method was used to synthesize (1 — x)PbZrO;—
xPb(Nij3Nby3)03 (PZ-PNN) with x = 0-05. The
development of the phase and the diclectric and ferroelectric
properties of PZ-PNN ceramics are presented and analyzed.

2. Experimental procedure

The perovskite-phase powders were synthesized using the
columbite precursor method in order to avoid the formation
of a pyrochlore phase. Commercial oxide powders of PbO,
NiO and Nb;Os, (99.9% purity, Aldrich Chemicals, USA) and
ZrO, (99% purity, Aldrich Chemicals, USA) were used as
the starting materials. The following reaction sequences are
proposed for the formation of PZ-PNN:

NiO(s) + NbyOs(s) — NiNb,Og(s) (1)
PbO(s) + ZrO:(s) + NiNb:Os(s)
= (l = X)PbZl’Og,HIPb(Ni]/3Nb2/3)03(s). (2)

The columbite precursor NiNb,Og was prepared from the
reaction between NiO and Nb,Os at 1100°C for 4 h and
then mixed with PbO and ZrO,, according to the composition
of (I — x)PbZrO;—xPb(Ni;;3Nby/3)03 (PZ-PNN) with x =
0-0.5. The Columbite synthetic route employed is shown
schematically in figure 1. Each mixture of the starting powders
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Figure 1. Preparation route for (1 = x)PbZrO;—xPb(Ni; sNb1/3)04
powder in a perovskite phase.

was milled and mixed in a ball mill, as well as being wet-
homogenized with ethanol using nylon-coated YTZ zirconia
milling as media for 18 h. After drying at 120°C for 2 h,
the reaction of the uncalcined powders taking place during
heat treatment was investigated by thermogravimetric and
differential thermal analysis (TG-DTA, Shimadzu), using a
heating rate of 10°C min~" in air from room temperature
up to 1400°C. Based on the TG-DTA results, the mixture
was calcined at various temperatures ranging from 650 to
900°C, with dwell times of 4 h and heating/cooling rates
of 20°Cmin~', in a closed alumina crucible, in order to
investigate the perovskite phase formation.

Calcined powders were subsequently examined by room-
temperature x-ray diffraction (XRD; Philips PW 1729
diffractometer), using Ni-filtered Cu Ker radiation to identify
the phases formed and optimum calcination conditions for
the formation of PZ-PNN powders. The relative amounts
of perovskite and pyrochlore phase were determined by
measuring the primary x-ray peak intensities of the perovskite
and pyrochlore phase.

The percentage of perovskite phase was estimated by the
following equation [14]:

I eroy
%perovskite phase = ( ;: 7 ) x 100;
(i = appearing phase) 3)
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Figure 2. DTA-TG curve of the perovskite structure phase of
PZ-PNN.

where Iperoy and [; represent the integrated intensities of peaks
from perovskite and the appearing phase, respectively. The
lattice parameters of the perovskite phases were determined
by Cohen’s method in conjunction with the least squares
method [15].

The calcined powders were milled for 3 h to obtain a
reduced particle size. After grinding and sieving, the calcined
powder was mixed with 5 wt% poly(vinyl alcohol) binder
and uniaxially pressed into a pellet. Binder burnout occurred
by slowly heating to 500°C and holding for 2 h. Sintering
occurred between 1100 and 1250°C with a dwell time of
4 h depending on the composition. To mitigate the effects
of lead loss during sintering, the pellets were sintered in
a closed alumina crucible containing PbZrO; powder. The
density of the sintered PZ-PNN pellets was measured by the
water immersion method (Archimedes method). The relative
density of all the sintered pellets was approximately 94-96%
of the theoretical density. To determine the dielectric and
ferroelectric properties, samples with the maximum density of
each composition were lapped on their major faces and silver
electrodes were made from a low-temperature silver paste by
firing at 500 °C for 30 min to enable electrical measurements
to be taken.

Relative permittivity measurements were made using an
automated measurement system. This system consisted of an
LCR meter (HP-4284, Hewlett-Packard Inc.). The relative
permittivity is then calculated from g, = Cd/epA, where C
is the capacitance of the sample, d and A are the thickness
of sample and the area of the electrode, respectively, and g,
is the dielectric permittivity of vacuum (8.854 x 10712 F m™').
The ferroelectric hysteresis (P—E) loops were characterized by
using a computer-controlled modified Sawyer—Tower circuit.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of PZ-PNN is displayed in figure 2.
In the temperature range from room temperature to ~400°C,
the sample shows both exothermic and endothermic peaks in
the DTA curve, consistent with a drop in weight at the same
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Figure 3. Powder XRD patterns of the calcined 0.7PZ-0.3PNN
powders at various calcination temperatures for 4 h.

temperature range. These observations can be attributed to
the decomposition of the organic species from the milling
process [16]. The different temperatures, intensities, and
shapes of the thermal peaks are probably related to the different
natures of the organic species, and consequently caused by
the removal of species differently bound in the network.
In the temperature range 650-900°C, both exothermic and
endothermic peaks are observed in the DTA curve. The
enlarged zone of this DTA curve showed that the endothermic
peak at ~725°C should be correlated to the phase transition
of the perovskite structure, because no weight loss could
be found in TG curve, and that is also in accordance with
literature data [17, 18]. The last endothermic peak centered
at ~840°C may be caused by the decomposition of lead
oxide. As a result, crystallization of PZ-PNN powders takes
place at 725°C, and the perovskite structure is established
above 780°C. Further increase in temperature or heating time
will promote the crystallization of perovskite phase powders.
These data were used to define the range of temperatures
(650-950°C) for the XRD investigation. To study the
phase development with increasing calcination temperature,
all compositions were calcined at various temperatures for
4 h in air with constant heating/cooling rates of 20°C min~!,
followed by phase analysis using the XRD technique. Figure 3
shows the XRD pattern of 0.7PZ-0.3PNN powders calcined
at different temperatures for 4 h prepared by columbite
methods. The precursor PbO and NiNb,Og phases and a
small amount of crystalline pyrochlore phase were detected by
XRD after calcination at 650 °C. The sample heated to 700°C
contained perovskite and pyrochlore phases. By increasing
the calcination temperature from 650 to 900 °C, the yield of
the perovskite phase increased significantly, until at 725°C a
single perovskite phase was formed. The studies also reflect
the growth of crystallinity in the powders with increasing heat-
treatment temperatures. The results of the x-ray diffraction
measurement support the DTA observation (figure 2) that the
perovskite phase is formed at a temperature of approximately
T25%(,
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Figure 4. Percentage of perovskite phase as a function of calcination
temperature for (1 — x)PZ-xPNN ceramics.

The perovskite phase formation of PZ-PNN at various
calcination temperatures is shown in figure 4. From the XRD
patterns, it could be found that the major phase in all cases
is well-crystallized perovskite, and essentially pyrochlore-
free powders were obtained. All the compositions in the
present work showed pyrochlore-free XRD scans at calcination
temperatures at above 900°C. These experiments indicated
that as the concentration of the PNN phase increased the
calcination temperature must be increased in order to obtain
phase-pure perovskite. The XRD patterns of (1 —x)PZ-xPNN
powders with various x values are shown in figure 5. It can be
seen that a complete crystalline solution of perovskite structure
is formed throughout the whole composition range without the
presence of pyrochlore or unwanted phases. From the patterns,
PZ powder is identified as a single-phase material with a
perovskite structure having orthorhombic symmetry which
could be matched with ICDD file no. 75-1607. The XRD
patterns of the PZ-PNN compositions show a combination
between PZ and PNN patterns, showing that the perovskite
structure has symmetry varying between orthorhombic and
pseudo-cubic types. For better comparison, the ICDD file
no. 34-0103 for PNN with a cubic structural symmetry is also
displayed in figure 5.

In the PZ-PNN system, the A-site is occupied by Pb**
(1.630 A) ions, and the Ni**, Nb* and Zr** ions occupy the
B-site of the ABO; perovskite crystal structure. The average
ionic radius of B-site ions in the compositions (1 — x)PbZrQ;—
XPb(Ni;3Nbs/3)03 can be calculated from the following
equation:

rp—sie = (1 = x) [rze | + x [1/3rg: +2/3rgs ] (@)

where the ionic radii of Ni**, Nb** and Zr** are 0.830,
0.780 and 0.860 A, respectively [19]. A simple description
of the geometric packing within the perovskite structure can be
characterized by tolerance factor (1), which is defined by the
following equation [20, 21]:

_ (ra+ro)

= (5
V2 (r + o) .
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Figure 5. XRD patterns of (1 — x)PZ—xPNN powders at the
optimum calcination conditions.
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Figure 6. Angular shifts of perovskite (200) diffraction doublet with
compositional change.

where ra, rg and ro are the ionic radii of the A, B and O
ions, respectively. The calculated average B-site ionic radii and
tolerance factor of the PZ-PNN system are presented in table 1.
The effective size of the B-site ion increased with increasing of
the mole fraction of PNN, primarily due to the smaller ionic
radii of (Ni; ,3Nb2/3)4+. This shift in the B-site ionic radius is
shown in the XRD data in figure 6, as the diffraction peaks are
shifted toward higher angles.

With the peaks properly indexed, the lattice parameter
was determined using UnitCell [26], a linear least-squares
refinement program. The calculated lattice parameters of the
perovskite structures are presented in figure 7. An increase
in the mole fraction of PNN did not show any evidence of
a change in symmetry. Also, the lattice constant linearly
decreases with the replacement of Zr** by (Nij;3Nby3)*
according to Vegard’s rule. It is indicated that, together with
the XRD patterns in figure 5, complete series of perovskite
solid solutions are formed. In general, the lattice parameters



Preparation and properties of PbZrO3;-Pb(Niy;3Nba,3)03 ceramics

Table 1. Characteristics of (1 — x)PZ—xPNN powders with optimized processing conditions.

%perovskite Average Tolerance ~ Lattice Unit cell 3
Composition, x  phase B-site radius (A)  factor parameter (A) volume (A")
0.0 100 0.860 0.964 - —
0.1 100 0.853 0.967 4.149 £ 0.0061  71.42
0.2 100 0.847 0.970 4.134 £0.0032  70.65
03 100 0.841 0.973 4.126 £0.0025 70.24
04 100 0.834 0.976 4.110 £0.0040 69.42
0.5 100 0.828 0.978 4.099 £+ 0.0027 68.87
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Figure 7. Lattice parameter as a function of composition x.

of the perovskite structure also gradually decreased as x
increased, undoubtedly because of the introduction of the
smaller nickel niobium ion ( = 0.79 A) into the zirconium
site (r = 0.86 A), resulting in decreasing of the unit cell.
Furthermore, the corresponding volume change versus PNN
content is also presented in table 1. The volume of the pseudo-
cubic structure decreases from 71.42 to 68.87 A” with x rising
from 0.1 to 0.5.

The diclectric properties of (1 — x)PZ-xPNN, x =
0.0—0.5, arc shown in figure 8. With increasing concentration
of PNN, the dielectric constant tends to increase. The
effect of increasing dielectric constant at room temperature
with increasing PNN content is interpreted to be due to the
possibility of the decrease of the transition temperature to near
room temperature. When PNN is added into PZ, the transition
temperature of the PZ-PNN ceramics is shifted towards room
temperature; hence the dielectric properties measured at room
temperature are increased. Other authors have reported a
similar behavior [11, 22].

Figure 9 illustrates a series of polarization (P-E)
hysteresis loops for the (1 — x)PZ—(x)PNN ceramics. It is
clearly evidenced that the shape of P—E loops varies greatly
with the ceramic compositions. The P—E hysteresis loop
measurements demonstrated that the ferroelectric properties of
the ceramics in the (1 — x)PZ—(x)PNN system shift gradually
from normal ferroelectric behavior to relaxor ferroelectric
behavior. The polarization loop of 0.9PZ-0.IPNN is well
developed, showing large remnant polarization. The hysteresis
loop is of a typical ‘square’ form as a result of domain
switching in an applied field. This is a typical characteristic

Composition (x)

Figure 8. Relative permittivity as a function of composition x.

40

)

="
1

Polarization (uC/cm’

v
t;.l
1

40

30 45 0 15
Electric Field (kV/cm)

Figure 9. Dependence of the polarization versus electric field (P—E)
loop on the PNN concentration.

of a phase that contains long-range interaction between
dipoles in the ferroelectric micro-domain state. The remanent
polarization P, sharply decreases between x = 0.1 and 0.5,
from 27.8 to 13.6 C cm~2. However, for pure PZ ceramic,
only a linear curve was observed. No double loop was observed
in the range of the applied electric field up to 20 kV em™'. This
is due to the limited capability of the measuring set-up used.
Jin et al [23] derived an empirical relationship between
the remanent polarization, saturation polarization and the
polarization beyond the coercive field. This permits the
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Table 2. Polarization hysteresis data as a function of x in the
(1 — x)PZ—xPNN system.

Loop
P e E. squareness
Composition, x  (uC cm™) (uCem™2) (kVem™) (Ry)
0.1 31.7 278 8.0 1.2
0.2 328 26.9 6.3 1.0
0.3 30.6 22.1 59 0.8
04 27.6 18.1 5.1 0.7
035 26.6 13.6 4.0 0.5

quantification of changes in the hysteresis behavior for each
sample through the following equation:

Ry P " P,

Py P

where Ry, is the squareness of the hysteresis loop, P; is
the remanent polarization, P; is the saturation polarization,
and Py g, is the polarization at an electric field equal to 1.1
times the coercive field. In this equation, an ideal hysteresis
loop would have a squareness parameter equal to 2. The
squareness of the hysteresis loop as a function of composition
x is shown in figure 10. The results shown that the value
of Ry, decreased quasi-linearly as the molar fraction of PNN
increased. This clearly quantified that, when more PNN
content is added to the system, the hysteresis curves become
‘slimmer” hysteresis loops, a characteristic of the suppressed
ferroelectric interaction. This is typically found in relaxor
ferroelectrics with polar nanoregions. These results clearly
indicate that the addition of PNN induces the relaxor behavior
of PZ in the PZ-PNN ceramic system. The coercive field
E_ and the remanent polarization P, were found to decrease
with composition x, as seen in table 2, due to an increased
pseudo-cubic non-ferroelectric phase content [24]. These
values agreed fairly well with the values reported in previous
investigations [5, 25].

(6)

4. Conclusions

The columbite method has been explored for the preparation
of single-phase (1 — x)PbZrO;—xPb(Ni;/3Nb,/3)0; powders.
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According to the results of DTA-TG and XRD analysis,
crystallization of PZ-PNN powders took place at below
650°C, and well-crystallized perovskite-type material could
be obtained above 850°C. It was observed that for the binary
system (1 — x)PbZrO;-xPb(Ni; ;3Nb;/2)O3, the change in the
calcination temperature is approximately linear with respect to
the PNN content in the range x = 0.0—0.5. With increasing
x, the calcination temperature shifts to high temperatures.
It is seen that optimization of calcination conditions can
lead to a 100% yield of PZ-PNN in a pseudo-cubic phase.
The P-E hysteresis loop measurements demonstrated that
the ferroelectric properties of the ceramics in the PZ-
PNN system change gradually from normal ferroelectric
behavior to relaxor ferroelectric behavior with increased PNN
concentrations. In addition, the squareness of the hysteresis
loop (Ry,) decreased quasi-linearly as the molar fraction of
PNN increased. The maximum spontaneous polarization ( P;)
and remanent polarization (P;) for the x = 0.1 composition
were 31.6 uCem™ and 27.8 uC cm™2, respectively. These
results clearly show the significance of PNN in controlling the
electrical responses of the PZ-PNN system.
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Abstract

Ferroelectric lead zirconate titanate-lead cobalt niobate ceramics with the formula (1 — x)Pb(Zry2Ti,/2)O3-xPb(Co,/3Nb/3)O03 where
x = 0.0-0.5 were fabricated using a high temperature solid-state reaction method. The formation process, the structure and homogeneity
of the obtained powders have been investigated by X-ray diffraction method as well as the simultaneous thermal analysis of both differ-
ential thermal analysis (DTA) and thermogravimetry analysis (TGA). It was observed that for the binary system (1 — x)Pb(Zr, /-
Ti;/2)05-xPb(Coy/3Nby3)0s, the change in the calcination temperature is approximately linear with respect to the PCoN content in
the range x = 0.0-0.5. In addition, X-ray diffraction indicated a phase transformation from a tetragonal to a pseudo-cubic phase when
the fraction of PCoN was increased. The dielectric permittivity is remarkably increased by increasing PCoN concentration. The maxi-

mum value of remnant polarization P, (25.3 pC/cmz) was obtained for the 0.5PZT-0.5PCoN ceramic.

© 2007 Elsevier B.V. All rights reserved.

PACS: 77.22.—d; 77.80.Bh; 77.84.Dy; 61.10.Nz; 77.80.Dj

Keywords: Ferroelectric; Relaxor ferroelectric; Perovskite

1. Introduction

Since the late 1960s, lead titanate:lead zirconate ceramic
(generally known as Pb(Zr;_,Ti,)O; or PZT), near the
tetragonal-rhombohedral morphotropic phase boundary
has been considered an important material for a wide range
of piezoelectric, pyroelectric and ferroelectric device appli-
cations such as transducers, computer memory and display
and pyroelectric sensors [1,2]. Most commercial PZT
ceramics are thus designed in the vicinity of the morpho-
tropic phase boundary (MPB) with various doping in order
to achieve optimum properties [1,2]. Recently, many

* Corresponding author. Tel.: +66 89 700 2136; fax: +66 2 326 4415.
E-mail address: naratipemu@yahoo.com (N. Vittayakorn).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/).cap.2007.06.002

piezoelectric ceramic materials have been developed from
binary systems containing a combination of relaxor and
normal ferroelectric materials [3] which yield high dielec-
tric permittivities {e.g. Pb(Zn,;;3Nb,/3)03;-PbTiO; (PZN-
PT) [4,5]), Pb(Zry/;Tiy/2)03-Pb(Nij;3Nb2/3)O3 (PZT-PNN)
[6]}, excellent piezoelectric coefficients {¢.g. Pb(Zn;/3Nbs;3)-
O5-PbTiO; (PZN-PT) [4,5] Pb(Zry/2Tii/2)O5Pb(Zn;;3Nby3)-
03 (PZN-PZT) [7], Pb(Sc,;3Nby/3)03-PbTiO5 (PSN-PT)
[8,9]}, and high pyroelectric coefficients {e.g. Pb(Ni/;-
Nb,/3)03-PbTiO3+-PbZrO;(PNN-PT-PZ) [10]}.

Lead cobalt niobate (Pb(Co;/3Nb,/3)03, PCoN) is a typ-
ical relaxor ferroelectric characterized by a high dielectric
constant, a broad diffuse phase transition near —70°C
and low firing temperature [11]. Though the paraelectric—
ferroelectric transition temperature of PCoN is below room
temperature, it can be easily shifted upward with the
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Fig. 1. Compositions studied in the PbTiO;-PbZrO;-Pb(Co;/3Nby/3)03
ternary system.

addition of PbTiO; (PT), which is a normal ferroelectric
compound with a phase transition at 490°C. So the
PCoN-based relaxors are one of the most attractive mate-
rials for multilayer ceramic capacitors and electrostrictive
actuators [2].

Since PCoN is a relaxor ferroelectrics with a broad
dielectric peak near T, ~ —70 °C and PZT (Zr/Ti = 50/50)
is a normal ferroelectric with a sharp maximum permittivity
at T, ~ 390 °C, the curie temperature in PZT-PCoN system
can be engineered over a wide range of temperature by con-
trolling the amount of PCoN in the system. However, the
PZT-PCoN ceramics have not been obtained as yet.
Fig. 1 schematically shows the pseudo-ternary composition
range which was studied in this work compared with other
studies [2]. In order to get more information about combi-
nation of relaxor and normal ferroelectric materials and
to recognize the properties of PZTCoN ceramics, this paper
attempted to carry out the synthesis of the quasi-binary
solid solution (] - X)Pb(zro_sTioj)Og—XPb(CO|/3sz}3)03,
with x = 0.0-0.5 using a solid-sate reaction method and to
report some properties of obtained ceramics.

2. Experimental

Ceramics of (l = x)pb(Zfo_sTins)O:;——pr(CO1/3Nb2/3)‘
O4(PZT-PCoN) with x=0-0.5 were synthesized using
the solid-state reaction method. The CoO (99.9%), Nb,Os
(99.9%), PbO (Fluka, >99% purity) TiO, (99.8%) and
Zr0, (99%) were mixed and milled in ethyl alcohol for
18 h using a ball-milling. After drying at 120 °C for 2h,
the reaction of the uncalcined powders taking place during
heat treatment was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analysis
(TGA; Shimadzu), using a heating rate of 10 °C/min in air
from room temperature up to 1400 °C. Based on the TG~
DTA results, the mixture was calcined at various tempera-
tures ranging from 650 to 900 °C, dwell times 4h and

heating/cooling rates ranging 20 °C/min, in closed alumina
crucible, in order to investigate the perovskite phase forma-
tion. The calcined powders, with polyvinyl alcohol (PVA)
added as binder, were pressed into pellets of 15 mm diam-
eter and ~2 mm thickness, which were then sintered at
1100-1200 °C in Pb-atmosphere for 4 h in a closed alumina
crucible. X-ray diffraction (XRD; Philips PW 1729 diffrac-
tometer) using Cu K, radiation was used to determine the
phases formed and optimum firing temperatures for the
formation of desired phase. For measuring the dielectric
and ferroelectric characteristics, the specimens were pol-
ished to 1 mm thickness. After ultrasonic cleaning in etha-
nol bath, silver-paste was coated on the polished samples
on both sides by the screen printing method, and then
subsequently, fired at 650 °C for 30 min. For the dielectric
properties measurement, capacitance was measured at
1 kHz using an automated measurement system consisted
of an LCR meter (HP-4284, Hewlett—Packard Inc.). The
dielectric constant is then calculated from & = Cd/epA,
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
107" F/m). The ferroelectric hysteresis loop parameters
were measured with aid of a home-built Sawyer-Tower
circuit.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed
in the stoichiometric proportions of PZT-PCoN is illus-
trated in Fig. 2. In the temperature range from room tem-
perature to ~350 °C, the sample shows both exothermic
and endothermic peaks in the DTA curve, in consistent
with a slight drop in weight loss at the same temperature
range. These observations can be attributed to the decom-
position of the organic species from the milling process
[12,13]). The different temperature, intensities, and shapes
of the thermal peaks probably are related to the different
natures of the organic species and consequently, caused

Weight Loss (%)

Endotherm ——AT ('C) —Exotherm

Temperature ("C)

Fig. 2. DTA-TG curves for the mixture of PZT-PCoN powder.
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by the removal of species differently bounded in the net-
work [13]. In the temperature range 650-900 °C, both exo-
thermic and endothermic peaks are observed in the DTA
curve. The enlarged zone of this DTA curve shows that
the endothermic peak at ~750 °C should be correlated to
the phase transition of perovskite structure, because no
weight loss could be found in the TG curve and that is also
in accordance to literature data [14,15]. The last endother-
mic peak centered at ~840 °C may be caused by the decom-
position of lead oxide. As a result, crystallization of PZT-
PCoN powders is established above ~750°C. Further
increase in temperature or heating time will promote crys-
tallization of perovskite phase powders. These data were
used to define the range of temperatures (650-950 °C) for
XRD investigation. To study the phase development with
increasing calcination temperature, all compositions were
calcined at various temperatures for 4 h in air with con-
stant heating/cooling rates of 20 °C/min, followed by phase
analysis using XRD technique.

XRD patterns of the calcined 0.7PZT-0.3PCoN pow-
ders at different calcination temperatures are illustrated
Fig. 3. The XRD results show that the pyrochlore phase
Pb,Nb,O, pyrochlore phases was dominant at calcination
temperatures below 700 °C. In the work by Chen et al.
[12] it was reported that in the lead-niobium pyrochlore
system the cubic Pb;NbsO,;, pyrochlore phase (ICDD
No. 25-443) forms first around 580 °C. At higher temper-
atures, it transforms to Pb,Nb,0O,, (ICDD No. 40-828)
and finally to Pb;Nb,Og, (ICDD No. 30-712) with
increased calcination temperatures. At 700 °C, the pyroch-
lore phase began to decrease and disappeared completely at
750 °C. The yield of the perovskite phase increased signif-
icantly until at 750 °C, a single-phase of perovskite phase
was formed. The studies also reflect the growth of crystal-
linity in the powders with the increasing heat-treatment
temperatures. The results of the X-ray diffraction measure-
ment support the DTA observation (Fig. 2) that the perov-
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Fig. 3. XRD patterns of 0.7PZT-0.3PCoN powder calcined at various
temperature for 4 h.

skite phase is formed at approximately 750 °C. The
relationship between the relative content of perovskite
phase and the calcination temperature is illustrated in
Fig. 4. The relative content of perovskite phase is calcu-
lated based on the value of (Ipe”m)/(fpe(”o,+Ipy{222))),
where Ipe110) and Ipy22o) indicate the intensity of the
(110) diffraction peak of perovskite phase and the intensity
of the (222) diffraction peak of the pyrochlore phase,
respectively. Based on the XRD data obtained here
together with the % phase perovskite, it may be conclude
that the change in the calcination temperature is approxi-
mately linear with respect to the PCoN content in the range
x =0.0-0.5. With an increase in x, the calcination temper-
ature shifts up to high temperatures. The XRD patterns of
(1—x)PZT-xPCoN ceramics with various x values are
shown in Fig. 5. The patterns show single-phase perov-
skite-structured ceramics with x < 0.4. Evidence for the
pyrochlore or other second phases was not detected in
the patterns. Pyrochlore peaks, identified with “‘#” in
Fig. 5, were found in the samples with x =0.5. These
results indicated that the presence of PCoN in the solid
solution decreases the structural stability of PZT perov-
skite phase by its tolerance factor and electronegativity
[16].

The PbZrO;-PbTiO; phase diagram predicts that at
room temperature Pb(Zr,;;Ti,/,)O; falls within the tetrago-
nal phase field near the MPB. The crystal symmetry for
pure PCoN is cubic at room temperature. Below
Tmax = —70 °C, the symmetry changes to rhombohedral.
Therefore, with increasing x the crystal symmetry should
change due to the effects of the increased PCoN fraction
and the decrease in Tc. It is well know that in the
pseudo-cubic phase, the {200} profile will show a single
narrow peak because all the planes of {200} share the same
lattice parameters, while in the tetragonal phase, the {200}
profile should be split into two peaks with the intensity
height of the former being half of the latter because the
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Fig. 4. Percentage of perovskite phase as a function of calcinations
temperature for (1 — x)PZT-xPCoN powder.
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Fig. 5. XRD patterns of (1 — x)PZT-xPCoN ceramics.

lattice parameters of (200) and (020) are the same but are
slightly different from those of (002).

Based on the careful XRD study of {200} reflections in
Fig. 6, we can find that a phase transformation from the
tetragonal structure to the pseudo-cubic structure occurs
with increasing PCoN content. The ceramics exist as
tetragonal phase which is indicated by the splitting of
(002)r and (200)y peaks in the 26 range from 43.5° to
46.5° at x =0.10. As PCoN content increases from x =
0.1 to 0.3, the ceramics coexist as tetragonal and pseudo-
cubic phase revealed by the coexistence of (002)r and
(200)g peaks in the 26 range from 43.5° to 45.5°. To a first
approximation, it could be said that the composition with
x=0.1-0.2 is close to the morphotropic phase boundary
(MPB) of the Pb(Zrg s0Tip 50)O3-Pb(Coy/3Nby/3)O0; system,
where the structure of the PZT-PCoN compositions is
gradually changing from tetragonal to pseudo-cubic. Elec-
trical data described later further supports this assumption.
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Fig. 6. XRD pattern of the (200) peak of (1 — x)PZT-xPCoN, x = 0.0~
0.1 ceramics.

The ceramics with x =0.50 exist as pseudo-cubic phase
revealed by the single (200)r peak. It is interesting to note
that the influence of the addition of Pb(Co,;3Nbs/3)05
on the phase transition of the Pb(Zr;;;Tij;n)0; system
is similar to that of Pb(Zr;Ti;/;)05-Pb(Ni;;3Nby/3)0s,
Pb(Zr,/;Ti;/2)03-Pb(Mg;/3Nby/3)O5 and Pb(Zry2Ti2)05-
Pb(Zn,;3Nb,/3)05 systems [6,17-19].

The dielectric properties of (1 — x)PZT-xPCoN, x =
0.0-0.5 are illustrated in Fig. 7. With increasing concentra-
tion of PCoN, the dielectric constant tends to increase. The
effect of increasing the dielectric constant at room temper-
ature with increasing PCoN content is interpreted to be due
to the possibility of the decrease of the transition tempera-
ture to near room temperature. Because of when PCoN is
added into PZT, the transition temperature of the PZT-
PCoN ceramics are shifted towards the room temperature;
hence the dielectric properties measured at room tempera-
ture are increased. Other authors have reported a similar
behavior [6,20]. Fig. 8 shows the saturated loops of
0.9PZT-0.1PCoN samples with difference electric fields
strengths. It is clearly evident that the shape of hystere-
sis various greatly with the electric fields strength. At
5 kV/cm electric fields strength, a near-linear relationship
of P-E is observed. This result is due to the fact that the
electric field is not large enough to switch any domains.
At 10 kV/cm electric fields, the polarization nonlinearity
is developed in both regions of the positive and negative
fields. These results clearly demonstrate that the electric
field strength of 10 kV/cm is of enough energy to con-
strain realignment of some domains in the direction of
the applied fields. No evidence of pinning effect or asym-
metric loop was detected in all electric fields strength. At
25kV/em electric field strength, the loop reveals fully
developed symmetric hysteresis loop. This shows that the
electric fields strength of 25 kV/cm has of enough energy
to constrain realignment of all domains in the direction
of the electric fields.
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Fig. 7. Relative permittivity of (1 — x)PZT-xPCoN as a function of
compositions.
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Fig. 8. Polarization of (1 — x)PZT-xPCoN ceramics with x=0.1 as a
function of electric fields.

Fig. 9 illustrates the P-E curves of the samples with
x=20.0, 0.1 and 0.5 measured at 25 kV/cm. All composi-
tions show symmetry in shape and reveal rectangular hys-
teresis loops. From the fully saturated loops, the remanent
polarization P, and coercive field E, were determined. The
values of P, and E,. for composition x = 0.1 are 21.4 pC/
cm? and 9 kV/cm, respectively, whereas for composition
x=0.0 the remanent polarization P, is 15.2 pC/cm®. At
the composition 0.0 < x £ 0.5, the hysteresis loop has a
typical “square” form stipulated by switching of a domain
structure in an electrical field, which is typical of a phase
that contains long-range cooperation between dipoles.
That is characteristic of a ferroelectric micro-domain state.
Room temperature values of P, are found to be ~15.2,21.4
and 25.3 pC/em? for composition x = 0.0, 0.1 and 0.5 sam-
ples, respectively. The results on other compositions are
also listed Table 1.

It is seen that the samples with compositions x = 0.1 and
0.5 exhibit the highest saturation and remnant polarization
among all the ceramics studied. As indicated by the above

Polarization ( pcicm:)
(-3

.30 20 10 0 10 20 0
Electric fields (kViem)

Fig. 9. Hysteresis loops of the (1 — x)PZT-xPCoN ceramics with x = 0.0,
0.1 and 0.5 measured at 25 kV/cm.

Table 1

Polarization hysteresis data as a function of x in the (1 — x)PZT-xPCoN
system

Composition P, (uC/em?) P, (uC/em?) E. (kV/cm)
x=00 19.3 15.2 16.7
x=0.1 25.0 214 9.0
x=02 10.1 0.5 9.7
x=03 12.5 7.6 8.4
x=04 13.9 8.6 9.8
x=05 28.7 25.3 9.3

XRD, the composition with x = 0.1 contains both tetrago-
nal and pseudo-cubic phases, so it should favor a strong
ferroelectric effect due to the increased ease of reorientation
during poling by transformation of a number of 180°
domains into 90° ones. From the present results, it also
can be revealed that the MPB coexisting in the tetragonal
and pseudo-cubic phases in the present system is a broad
composition region of x ~ 0.1, which exhibits high ferro-
electric properties around the center of the MPB. Recent
literature reviews [18,21] show that there are 2 MPBs in
the PZT-PZN system; first, the separated tetragonal phase
with rhombohedra phase at the composition 0.8PZT-
0.2PZN and the second MPB showing transformation
relaxor pseudo-cubic ferroelectric to normal pseudo-cubic
ferroelectric at the composition 0.5PZT-0.5PZN [7]. It is
interesting to note that the composition x = 0.5 in PZT-
PCoN system may be attributed to the transition from nor-
mal ferroelectric to relaxor ferroelectric which is similar to
the PZT-PZN and PZT-PNN system [6,7,21].

4. Conclusions

The effect of PCoN modification on the phase formation
and transition mechanism of perovskite PZT-PCoN
ceramics has been investigated for various chemical com-
positions. X-ray diflraction has indicated that except at
x = 0.5, complete solid solutions occur across the entire
compositional range of the (1 — x)Pb(Zry;Tis)O05—
xPb(Co,/3Nb,3)0; system. PZT ceramic was identified
by XRD as a single-phase material with a perovskite struc-
ture having tetragonal symmetry, while the mixed compo-
sitions showed a gradual change f[rom tetragonal to
pseudo-cubic symmetry, with a possible morphotropic
phase boundary (MPB) between the two phases near the
0.9PZT-0.1PCoN composition. Ferroelectric and dielectric
properties of the PZT-PCoN ceramics were investigated.
The maximum value of remnant polarization P; (25.3 pC/
cm?) was obtained for the 0.5PZT-0.5PCoN ceramic. Most
importantly, this study showed that the addition of PCoN
could improve the ferroelectric behavior in PZT ceramics.
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Abstract The solid solution between the antiferroelectric, PbZrO; (PZ), and relaxor ferroelectric,
Pb(Ni;3Nby3)O0;3 (PNN), was synthesized by the columbite method. The phase structure and phase
transition of Pb(Zr|.«(Ni;sNby;3)x03 (PZNN), where x = 0.0 < x < 0.50, were investigated. The
samples were kept at the calcination temperature of 900°C for 4 h and at the sintering temperature
of 1,150°C for 2 h. Phase formation and phase transition of PZNN were investigated by x-ray
diffraction (XRD) and thermal analysis, respectively. It was found that the structure of sintered
pellets is orthorhombic for 0.0 < x < 0.10, rhombohedral for 0.20 < x < 0.30 and pseudo-cubic for x
= 0.5. DSC measurement shows that in the antiferroelectric (AFE) phase — ferroelectric (FE) phase
and FE to paraelectric (PE) phase; phase transformation temperatures decrease with increasing PNN
concentration. The AFE-FE phase transformation was detected for compositions 0.00 < x < 0.08.

Introduction

Lead zirconate, PbZrO3 (PZ). is considered to be an excellent candidate as a key material of
antiferroelectric ceramics [1-3]. At room temperature, PZ has an orthorhombic structure, with a =
587 A,b=11.74 A and ¢ = 8.20 A [4], and an antiferroelectric (AFE) phase. It undergoes the AFE
to a paraelectric (PE) phase and transforms from an orthorhombic structure to a cubic structure at
236°C [4]. It is reported that a ferroelectric (FE) phase exists over a very narrow temperature range
(230-233°C) [5-8]. Lead nickel niobate (Pb(Ni;;sNby;3)03;PNN) has a perovskite structure and
typical relaxor ferroelectric properties. It exhibits a diffuse phase transition at around -120°C, with a
much lower peak permittivity of about 4000 [9]. The crystal structure of PNN at room temperature
is cubic (Pm3m)., with a lattice parameter of 4.03 A [9]. PNN based systems, such as
Pb(Ni1;3Nb2,f3)O3- pb(FC[/ng[,fg)O; []0] and Pb(NiU;sz,g)O;- Pb(ngzWuz)O;— PleO3 [1 1], have
been evaluated to possess low sintering temperatures and high dielectric constants. Thus, mixing
PNN with PZ is expected to decrease the sintering temperature of PZ-based ceramics, a desirable
move towards lower-cost electrodes [12].

In this work, the columbite precursor method was used to synthesize the Pb(Zr;,(Ni;3Nb,13),0;3
(PZNN) with x = 0.0 — 0.5. The effect of PNN substitution on the phase transformation behavior of
PZ was investigated. Phase structure, phase transitions and the related properties were studied by a
differential scanning calorimeter.

Experimental

The perovskite structure of lead zirconate — lead nickel niobate ceramic, Pb(Zr,;(Ni;;3Nb2s3),03
(PZNN), was prepared by the columbite precursor method via the ball-milling technique. The
columbite structure (NiNb,Og) was synthesized first. Stoichiometric amounts of the precursor (NiO,
Nb,0Os) were mixed and milled in ethyl alcohol for 18 h. The mixture was dried and calcined at
1,100°C for 4 h. Then, NiNb,Og and ZrO, were mixed with PbO, according to the composition of
Pb(Zr;«(Ni;3Nbys3),03 (PZNN), 0.0 < x < 0.5, with an excessive content of 2 mol% PbO. After re-
milling and drying, the mixtures were calcined at 850°C for 4 h in a closed alumina crucible. Pellets

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
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of 15 mm in diameter were pressed using 5% PVA. The binder was burnt out by slowly heating to
500°C over 2 h. The samples were sintered at temperatures ranging from 1,100°C to 1,150°C for 6
h. Phase formation and phase transition of PZ-PNN were investigated by x-ray diffraction (XRD)
and a differential scanning calorimeter (DSC).

Results and Discussion

The XRD patterns of Pb(Zr;(Ni;;sNb23),03, (0.0 < x < 0.5) ceramics, sintered at 1,150°C, are
shown in Figure 1. From the patterns, PZ powder was identified as a single-phase material with a
perovskite structure having orthorhombic symmetry, which could be matched with ICDD file no.
75-1607. The XRD patterns of the PZNN compositions showed a combination between PZ and
PNN patterns, which indicated a perovskite structure having a symmetry that varied from
orthorhombic to pseudo-cubic types. The ICDD file no. 34-0103 for PNN, with a cubic structural
symmetry, showed a better comparison. The Pb(Zr;(Nij;sNbas),0;3 was orthorhombic,
rhombohedral and pseudo-cubic for compositions where x = 0.00 <x <0.10,x=0.10 <x <0.40 and

x = 0.50, respectively.
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Figure 1 XRD patterns of Pb(Zr;,(Ni;;sNbas3),03 ceramics.

The DSC was used to investigate the phase transition in the Pb(Zr;,(Ni;3Nbys3),05 system. AFE-FE
phase transition temperatures, enthalpy and paraelectric (PE) transitions are summarized in Table 1.
Figure 2 shows results of the DSC analysis of the PZNN ceramics. Two distinct endothermic peaks
were observed for Pb(Zr;.,(Nij;3Nby/3),03 samples with 0.0 < x < 0.08. The lower temperature
corresponds to the transition temperature of the AFE — FE phase transition, while the higher
temperature corresponds to the FE—PE phase transition.

a
)
3
2
&
i
&
e
3
3
3
2
\
"
)
=
=
!

W
5
ﬁ
m
1)
.
o
Y
A




Advanced Materials Research Vols. 55-57 119

Table 1 Phase transition temperatures of Pb(Zr;_,(Ni;sNbys3),03 ceramics (R, Rhombohedral;
0, Orthorhombic; C, pseudo-cubic)
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Composition Crystal Temperature (°C) Enthalpy (J/g)
(x) Structure AFE—FE FE—SPE AFE—SFE FE—PE
0.00 0 2295 2355 155 2.34
0.04 0 150.1 220.8 1.33 2.89
0.08 O 55 205.5 0.29 2.44
0.10 R - 200.2 - 1.88
0.30 R - 149.0 - 0.16
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Figure 2 DSC thermographs of Pb(Zr;(Ni,;3Nb2),05 ceramics.

Based on the results of XRD, and DSC data, the ferroelectric phase diagram for the
Pb(Zr;«(Nij;3Nba3),03 binary system has been established, as shown in Figure 3. The transition
temperature decreases at approximate linearity with x. The phase diagram consists of three distinct
crystallographic phases in this system; high temperature paraelectric cubic (Pm3m), rhombohedral
(R3m), and ferroelectric orthorhombic [P2¢b (no. 32)]. At low concentrations of PNN x < 0.08, the
symmetry can be defined as orthorhombic. The orthorhombic symmetry transforms into
rhombohedral at a composition near x = 0.08.
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Figure 3 Phase diagram of the Pb(Zr;.,(Ni;sNb23),03, x = 0.0-0.5 binary system.

Summary

The Structure of Pb(Zr;..(NijsNbz;3),03 (PZNN) is orthorhombic, rhombohedral and pseudo-cubic
for compositions where x = 0.00 < x < 0.10, x = 0.10 < x < 0.40 and x = 0.50, respectively. In the
antiferroelectric (AFE) phase — ferroelectric (FE) phase and FE to paraelectric (PE) phase, phase
transformation temperatures decrease with increasing PNN concentration. The AFE-FE phase

transformation is detected for compositions 0.00 <x < (.08.
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Abstract

A solid solution of lead zirconate-lead nickel niobate ceramics, Pb[Zr;_,(Ni;;3Nby/3),]03
(PZNN) with x = 0.0-0.5, was synthesized via the columbite precursor method. The crystal
structures as well as the thermal and dielectric properties were investigated in terms of the lead
nickel niobate (PNN) concentration. X-ray diffraction indicated that all samples exhibited a
single-phase perovskite structure. At room temperature, Pb[Zr;_,(Ni;;3Nbs/3),]0; is
orthorhombic for a composition where x = 0, rhombohedral for the compositions where

x = 0.1, 0.2 and 0.3 and pseudo-cubic for compositions where x = 0.4 and 0.5. The results of
the addition of lead nickel niobate to the lead zirconate ceramic showed enhancement of the
room-temperature dielectric permittivity. Lead nickel niobate substitution also led to lower
transition temperatures. Furthermore, this transition from normal to relaxor FE ceramics was
typified by a quasi-linear relationship between the diffuseness parameter 4, and the PNN mole

fraction x.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of antiferroelectricity in the perovskite
structure in the 1950s, lead =zirconate oxide (PbZrO;
or PZ) has been the focus of extensive experimental and
theoretical studies [1]. PbZrO; has a phase transition
which occurs at ca 230°C, but the transition from
the orthorhombic antiferroelectric (AFE) structure to the
rhombohedral ferroelectric (FE) structure a few degrees below
the paraelectric (PE) transition temperature has been reported
by several authors [2, 3]. Both AFE-to-FE and FE-to-PC
phase transitions are first order and show a thermal hysteresis
of around 10°C [3,4]. The structure of the PbZrO; is
orthorhombic witha = 5.87A, b = 11.74 A and c = 8.20 A.
Antiparallel shifts of Pb** ions in the PbZrO; are responsible
for the quadrupling of the pseudo-cubic cell and the AFE
behaviour [5, 6]. The characteristic double hysteresis loop

3 Author to whom any correspondence should be addressed.

0022-3727/08/125406+07$30.00

resulting from forward phase switching with zero remanent
polarization makes AFE material compositions suitable for
high charge storage applications [7,8]. The most intensively
studied AFE PbZrOj; is chemically modified by adding Sn,
Ti, Nb and Ba or La to adjust the critical field for the
phase transition and to optimize properties for processing and
applications [3,4]. PbZrO3 was also studied for its microwave
dielectric properties, but it shows a dielectric relaxation near
microwave frequencies [9]. The FE relaxor PNN exhibits a
broad maximum in the dielectric constant and a diffuse phase
transition. Its Curie temperature is about —120°C, and the
maximum dielectric constant is about 3500 at 1 kHz [10].
Recently, many piezoelectric ceramic materials have
been developed from binary systems containing combi-
nation types of piezoelectric materials which have high
piezoelectric and dielectric properties [7, 8]. Much
research has been done on solid solutions containing
PZ, such as Pb;_,Ba,ZrO; (PBZ) [4], Pb(Zr;_,,Ti,)Os

© 2008 IOP Publishing Ltd  Printed in the UK
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(PZT) []], PbZl‘O;—PbTiOg—Pb(Mg”:;sz/g,)03 (PZ—PT—
PMN) [11,12], PbZrO3;-PbTiO3-Pb(Zn;3Nb;/3)O; (PZ-PT-
PZN) [13-15] and Pb(Zn;;3Nby/3)03-PbZrO; (PZN-PZ)
[16). New piezoelectric ceramics for high-frequency ultra-
sonic transducer applications using modified PbZrO; ceramic
COI!IpOSiIiOﬂS ina(l —x— y)PbZrO; +be(Mn1/3Nb2,3)03 +
yPbTiO; system with an FE rhombohedral phase near the
AFE orthorhombic phase (0.0 < x < 0.1and 0.0 < y £ 0.2)
have been reported by Takeuchi et al [17]. Changes in the
electromechanical properties of ceramics with compositions
at the morphotropic phase boundary (MPB) in the rhombo-
hedral phase (y = 0.05 and x = 0.05 and y = 0.025 and
x = 0.1) were rather sharp, although no noticeable changes
could be observed in the lattice parameters. The anisotropy
of electromechanical coupling factors (k, / k, ratio) was 24 for
x = 0.05 and y = 0.00, which is a boundary composition
between the AFE orthorhombic phase and the FE rhombohe-
dral phase. One of the most famous systems is the solid solu-
tion of the PbNi,;3Nb;/,303-PbTiO3-PbZrO; (PNN-PT-PZ)
system which has a MPB at a lead zirconate (PZ) concentra-
tion around 0.20-0.45 [18, 19]. At these PZ concentrations
the longitudinal electromechanical coupling coefficient (ka3)
in the compound reaches 0.8 [18]. As a part of a series of
investigations on the solid solution with PbZrO;, this study
deals with the PZ-PNN binary compound because no detailed
report on the structural and dielectric properties of this entire
system exists.

In this work, the effect of PNN substitution on the
phase transformation behaviour of PZ was investigated. The
phase structure, phase transitions and related properties are
studied by a differential scanning calorimeter and dielectric
measurement. Furthermore, the influence of the PNN content
in the system that was studied on the diffuseness of the
dielectric peaks is discussed.

2. Experimental

Ceramic powders with a composition of Pb[Zr,_,
(Nij;3Nby/3):]0; with x = 0.0-0.5 (hereinafter abbreviated
as PZNN) were synthesized using the columbite precursor
method in order to avoid the formation of a pyrochlore phase.
Commercial oxide powders of PbO, NiO and Nb,Os (99.9%
purity, Aldrich Chemicals, USA) and ZrO;, (99% purity,
Aldrich Chemicals, USA) were used as the starting materials.
The columbite precursor NiNb,Og was prepared from the
reaction between NiO and Nb;Os at 1100°C for 4 h and then
the precursor was mixed with PbO and ZrO,. Each mixture
of the starting powders was milled and mixed in a ball mill
as well as wet-homogenized with ethanol using nylon-coated
YTZ zirconia milling as media for 18 h. The mixture was
dried and reacted at 650-900 °C; dwell times of 4 h and heat-
ing/cooling rates of 20°Cmin~"' in a closed alumina crucible
were utilized. Calcined powders were subsequently examined
by room-temperature x-ray diffraction (XRD; Philips PW 1729
diffractometer) using Ni-filtered Cu K, radiation to identify
the phases formed and the optimum calcination conditions
for the formation of PZNN powders. The calcined powders
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Figure 1. XRD profiles of Pb[Zr,_, (Ni; 3Nb3),]0;; x = 0.0-0.5
ceramics at optimum sintering conditions.

were milled for 3 h to reduce the particle size. After grind-
ing and sieving, the calcined powder was mixed with a 5 wt%
polyvinyl alcohol binder and uniaxially pressed into a pel-
let. Binder burnout occurred by slowly heating the pellets
to 500 °C and holding them at that temperature for 2 h. Sinter-
ing occurred between 1100 and 1250°C with a dwell time of
4 h depending on the composition. To mitigate the effects of
lead loss during sintering, the pellets were sintered in a closed
alumina crucible containing PbZrO; powder. The density of
the sintered PZNN pellets was measured by the Archimedes
water immersion method. The relative density of all the
sintered pellets was approximately 94-96% of the theoreti-
cal density. Lattice parameters of the perovskite phases were
determined by Cohen’s method in conjunction with the least
squares method [20]. Ceramic morphologies were directly
imaged using scanning electron microscopy ((SEM) JEOL
JSM-840A). To determine the dielectric and FE properties, the
maximum density of each composition sample was mapped
on their major faces, and silver electrodes were made from
a low-temperature silver paste by firing at 500 °C for 30 min
to enable electrical measurements to be taken. The relative
permittivity (g;) and dissipation factor (tan§) of stress-free
samples were measured using an HP-4284A LCR meter. The
capacitance and dissipation factors of the samples were mea-
sured at 100 Hz—1 MHz; the temperature varied between 25
and 300°C, and a heating rate of 2°Cmin~' was used during
the measurements. The phase transitions were also measured
by a differential scanning calorimeter (DSC 2920, TA Instru-
ment) between ambient and 350 °C at a rate of 10°C min~!.

3. Results and discussion

3.1. Crystal structure

X-ray diffraction (XRD) was performed on the sintered
samples with the composition in the range x = 0.0-0.5. As
shown in figure 1, all samples exhibited the characteristics
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Figure 2. X-ray pattern of the (111), (200) and (2 2 0) peaks of Pb[Zr;_,(Ni;;3Nby/3):]10s; x = 0.1-0.5 ceramics.

of a single-phase perovskite structure. The XRD patterns of
the PZNN compositions show a combination of PZ and PNN
patterns with the symmetry varying between orthorhombic
and pseudo-cubic types. The PNN composition at room
temperature was determined to be cubic with the lattice
parameter a = 4.031 A, space group Pm3m. Superstructure
lines along with strong peaks are clearly observed in the
composition x = 0.0, indicating that this composition
belongs to the AFE phase. At room temperature, pure PZ
has an orthorhombic perovskite-type structure with lattice
parameters @ = 8.231A, b = 11.77A and ¢ = 5.881A,
space group P2ch (no. 32) [21,22]. For the composition
x = 0.0, the 004, 240, 130, 112 and 110 peaks are
observed, indicating that the major phase in this composition
had an orthorhombic symmetry which could be matched
with ICDD file no. 75-1607 [23]. However, for x = 0.1,
0.2 and 0.3, the enlarged profiles of the diffraction lines
111, 200 and 220 are shown in figure 2. Although
a single peak is indicated for 200, splitting was clearly
observed for 11 1 and 2 2 0, and therefore the crystal structure
is rhombohedral. —These results indicate that the phase
transition from the orthorhombic to the rhombohedral phase
should be located between the composition x = 0.0-0.1.
The substitution of larger (Nij;3Nby/3)** ions with Zr#*
sites, implying the transition of the Pb[Zr;_,(Ni;;3Nb3/3):103
structure from orthorhombic to rhombohedral as shown in
figure 2, may facilitate parallel displacement along the [111]
direction and the associated displacements of three oxygen
ions in the Pb[Zr;_,(Ni;;3Nby/3),]O5 structure, resulting in
an improvement in the ferroelectricity. The presence of a

polar axis in the [11 1] direction has been reported for the
FE rhombohedral structure [24]. For the composition x = 0.4
and 0.5, the XRD data show that splitting of the 200 and
111 peaks is not observed. Only a single 220 peak is
visible, indicating that the major phase in these compositions
has pseudo-cubic symmetry, reflecting the phenomenon that
these compositions have a transition temperature higher than
room temperature as shown in the dielectric section. With the
peaks properly indexed, a lattice parameter was determined
using UnitCell, a linear least squares refinement program.
The calculated lattice parameters of the perovskite structures
are presented in table 1. In the PZ-PNN system, the A site
is occupied by Pb** (0.1630nm) ions, and the Ni%*, Nb**
and Zr** jons occupy the B site of the ABO; perovskite
crystal structure. The average ionic radius of B site ions in
the composition Pb[Zr;_,(Ni;3Nb,/3),]03 can be calculated
from the following equation:

7B sie = (1 — X)[rzw ]+ x[3rya + 3ngs ], (1)

where the ionic radii of Ni?*, Nb** and Zr** are 0.0830nm,
0.0780nm and 0.0860nm, respectively [25]. In general,
the lattice parameters of the perovskite structure also
gradually decrease as x increases, undoubtedly because of the
introduction of the smaller nickel/niobium ion (r = 0.79 A)
into the zirconium site (r = 0.86 A), resulting in a decrease
in the unit cell according to the Vegard rule [26]. The
influence of the addition of Ni2*/Nb°* ions on the lattice
constant of the Pb[Zr; ,(Ni;;3Nbz/3),]03 system is similar
to that of the PbZrO3;—Pb(Cd,;,2W,,2)O; and the PbZrO;—
Pb(Mn; ;W 2)03 systems [27].
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Table 1. Characteristics of Pb[Zr,_,(Ni,;3Nby/3).]03 ceramics with optimized processing conditions (R, rhombohedral; PC, pseudo-cubic).

Relative Relative
Crystal Lattice Tw ('C) permittivity  permittivity
x structure  parameter (A) at I00Hz at25°C at Tinax ¥ dy,
x=0 R 4.149 + 0.0061 200 325 13 000 1.06 79
x=02 R 4.134+£0.0032 175 580 19400 1.20 14.1
#=03 R 4.126 £ 0.0025 155 960 17200 139 163
x=04 PC 4,110+ 0.0040 123 1415 16 500 157 220
x=05 PC 4.099 £ 0.0027 80 2635 12000 1.70 303
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Figure 3. Temperature dependence of the mlat_ive permittivity &, for 5'0 I;l(l 1;0 260 A ; 0 360 350
Pb[Zr,_,(Nij;3Nbz/3)]03; x = 0.0-0.5 ceramics. Temperature (°C)
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3.2. Dielectric and thermal properties o (b)
The compositional dependence of the dielectric response 2.0 i
characteristics for PZNN ceramics where the normal and ‘ o)
relaxor FE behaviour cross over is shown in figure 3 _
for the compositions x = 0.0-0.5 taken at measurement =’ 1.5
frequencies of 0.1, 1, 10 and 100kHz. For composition g O
x = 0.0, the relative permittivity increased slowly = X
until the temperature approached 230°C. At 235°C the § 104 kY
relative permittivity increased considerably, passing through 5 %
a maximum at about 236 °C. With further heating, the relative 0.5 4
permittivity decreased in accordance with the Curie-Weiss
law, &, = C/(T — T,), where &, is the relative permittivity of O > D
a stress-free sample, T is the temperature and C and T, are 0.0 : : : I : CT)
constants which, in this study, were 1.04 x 10° and 460.7K, 0.0 0.1 0.2 03 04 0.5

respectively. With an increase in the PNN concentration to
x = 0.3, the first-order dielectric features of the spontaneous
transformation became increasingly less distinct, whereas the
relaxor-like dielectric dispersion became increasingly more
pronounced, existing over a broader temperature range near
Tmax. These results clearly show that dielectric response
crossovers between the relaxor and the normal states exist
over a relatively wide PNN content range between x = 0.3
and 0.4. Upon increasing the PNN concentration to x = 0.5,
the ceramic exhibits a broad maximum of relative permittivity
with a strong frequency dispersion which is reminiscent of
the relaxor FE behaviour of a PNN crystal. The maximum
value of the relative permittivity decreases with increased
frequency. The dielectric dispersion below the transition

Composition x

Figure 4. (a) Typical DSC curves for Pb[Zr,_,(Ni; 3Nb;/3),]0;;
x = 0.0-0.5 ceramics. (b) Nonlinear decrease in latent heat with
increasing PNN concentration.

temperature reflects typical relaxor FE behaviour arising from
the responses of polar micro-domains with the spectrum of
relaxation time [28, 29].

From dielectric permittivity—temperature measurements
and also differential scanning calorimetry (DSC), we
investigated the nature of the FE-PE phase transitions in the
PZNN system. The transition temperature was determined
from both the latent heat anomaly in the DSC data and the
peak of the permittivity—temperature plots. Figures 4(a)
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Figure 5. Transition temperatures (7T},,x) as a function of the
composition x.

and (b) show the results of the DSC for the PZNN system.
As shown in figure 4(a), two anomalies at about 229 and
235°C have been observed for pure PbZrO;. The lower
temperature corresponds to the transition temperature of the
AFE — FE phase transition, while the higher temperature
corresponds to the FE — PE phase transition. The trend of
latent heat for the FE phase transition was found to lessen
with a progressive increase in the PNN content as shown in
figure 4(b). The tricritical point, the composition at which
a first-order transition becomes a second-order transition, is
close to the composition x = 0.3 which has a tolerance factor
of t ~ 1.0 using the ionic radii of Shannon [25]. Choi
et al [30] reported that in Bi(Ni]/gTillz)O;;—PbTiO;; (BNiT-
PT) the tricritical point in the solid solution also corresponded
closely to t+ ~ 1.0. Similar behaviour was also observed in
the Bi(Mg3;4W1/4)O3-PbTiO; (BMW-PT) system by Stringer
etal[31] and in the PZT system by Rossetti and Navrotsky [32].

A clear transition in T, (defined as the temperature
at which &, is maximum at 100 Hz) is observed with Tjay
decreasing with x. The transition temperature (Tj,,) as a
function of the mole fraction of PNN (x) is represented in
figure 5. A good linear relationship between T, and x
indicates that this system is a well-behaved and complete
solid solution, suggesting that the transition temperature of
the PZNN system can be varied over a wide range from —120
to 236 °C by controlling the amount of PNN in the system. The
results show that PNN substitution produces a linear reduction
in the transition temperature (7;,,) = 232.19—285x °C with the
concentration (x). The PNN shifts the transition temperature of
this system at a rate of 28.5 °Cmol !, agreeing quantitatively
with other lead-based perovskite systems [14, 19,33].

The relative permittivity of normal FE materials above the
maximum relative permittivity temperatures can be expressed
by the Curie~Weiss law. However, the broad relative
permittivity of the relaxor FE composition more appropriately
follows the quadratic law. The relative permittivity can be
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Figure 6. Double logarithmic plot of In(1/& — 1/&m4x) versus
In(T — T,,) for evaluating the diffusivity exponent y for the
(Pb[Zl'| -x (Ni]/;Nb;/j),]OgCCl‘aﬂliC.

derived via the following expression [34,35]:

o (T =T

DT 1<y<2, @

where ¢/, is the maximum value of the permittivity at
T =Tu(f), y is the diffusivity and § is the diffuseness
parameter. The value of y is the expression of the degree
of dielectric relaxation while the parameter §, is used to
measure the degree of diffuseness of the phase transition. The
limiting values y = 1 and y = 2 reduce expression (2) to the
Curie-Weiss law valid for the case of a normal FE and the
quadratic dependence valid for an ideal relaxor, respectively.
The quadratic dependence of 1/, on temperature has been
claimed to be obeyed by several materials with diffuse phase
transition behaviour.

By plotting In(1/& — 1/&max) versus In(T — T,,), ¥ can
be determined directly from the gradient. Figure 6 gives these
results; the plotted lines for all specimens show remarkably
good linearity within the measured temperature range. Using
the intercept and slope of the lines in figure 6, 8, and y for
each specimen are calculated and shown in figure 7. The
values of y and § illustrated in figure 7 vary between 1.06 and
1.70, confirming that a diffuse phase transition occurs in the
PZNN system. Both diffuseness parameters §, and y increased
with an increase in the mole fraction of PNN. As illustrated
in figure 7, a near-linear relationship was observed over the
wide compositional range which is consistent with a perfect
solid solution. The diffuseness of the phase transition in the
x = 0.5 composition can be attributed to the relaxor nature
of PNN.

The dielectric behaviour of Pb containing the relaxor
ferroelectrics is generally explained in the literature in terms
of small regions of local spontaneous polarization (so-called
polar regions) with a nanometre scale size [28,36]. In a
mixed-perovskite system, where the same site is occupied
by two differently charged ions (e.g. Ni** and Nb** in the
case of the PNN), a self-limiting mechanism operates for the
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average size of the ordered regions. Although the global value
of the Ni:Nb ratio in PNN is 1:2, the local value in the
unit cell is 1:1, resulting in a net charge for the unit cell,
a situation that cannot exist over too many unit cells. Small
ordered (polar) regions are therefore surrounded by disordered
regions to compensate for the charge imbalance. These ordered
polar regions exhibit relaxational behaviour as observed in the
dielectric measurements. There are several theories which
attempt to explain these properties. Such materials have some
features analogous to magnetic spin glasses [37]. As the
PNN content increases, the relaxor characteristic of PZNN is
observed to increase because the substitution of (Ni; ;3Nby/3)**
for the B site ions Zr** increases the number of polar regions
as well as their size. The distribution of the relaxation times
depends on the distribution of the size and the polarization
strength of the polar regions. It is very possible that the region
size is diverse, leading to the broadening of the relaxation
time and an increase in the degree of frequency dispersion.
A similar tendency has also been observed in several prior
investigations [11, 14,19, 38].

3.3. Microstructure characterization

Figures 8(a) and 8(b) show SEM images of the surfaces
of Pb[Zr;_(Ni;;3Nby/3),]03 ceramics at x = 0.2 and 0.5,
respectively. No plate-like grains were observed in either
sample, indicating the absence of pyrochlore formation. Other
compositions of the system also exhibited a high density and
an irregular grain size and shape. By applying the linear
intercept methods to these SEM micrographs, the average grain
size was calculated to be between 2.6 and 3.8 yum for all the
samples. There was no systematic variation in the grain size
as a function of the composition according to the different
sintering schedules used.

4. Conclusions

For the first time, we have demonstrated the effect of
PNN in stabilizing the rhombohedral phase relative to

2um

Figure 8. SEM micrographs of thermally etched surfaces of
Pb[Zrl_,(Nimsz,x).]Og ccramics; (a) x =0.2 (b) x=0.5.

the orthorhombic phase in PZ powders and ceramics.
Relaxor FE PNN has been found to strongly influence the
phase development and dielectric responses of PZ ceramics.
The crystal structure data obtained from XRD indicate
that the solid solution Pb[Zr;_,(Nij;3Nby/3).]0;, where
x = 0.0-0.5, successively transforms from orthorhombic to
rhombohedral to pseudo-cubic symmetry with an increase
in the PNN concentration. The dielectric constant
of Pb[Zr;_,(Nij;3Nby/3),]03 was found to increase with
increased PNN concentration. The PNN shows a clear trend
of a reduced temperature (7},) of maximum permittivity (&),
while slightly increasing the diffuse nature of the FE-to-
PE phase transition. Furthermore, the transition from the
normal FE to the relaxor FE state was clearly observed
as the mole fraction of the PNN increased. Furthermore,
this transition from the normal to the relaxor FE state was
typified by a quasi-linear relationship between the diffuseness
parameter §,, and the PNN mole fraction x. Optimum dielectric
properties were observed for the x = 0.4 composition with a
permittivity of 16 000.
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The solid solution between the antiferroelectric (AFE) PbZrO; (PZ) and the relaxor ferroelectric
(FE) Pb(Ni;;3Nb,;3)05 (PNN) was synthesized by the columbite precursor method. The crystal
structure, phase transformations, and dielectric and thermal properties of (1—x)PZ-xPNN where
x=0.00-0.30 were investigated. With these data, the FE phase diagram between PZ and PNN has
been established. The crystal structure data obtained from X-ray diffraction indicate that the solid
solution PZ-PNN, where x=0.00-0.30, successively transforms from orthorhombic to
rhombohedral symmetry with an increase in the PNN concentration. The AFE phase — FE phase
transition occurs in compositions of 0.00=x=0.08. The AFE— FE phase transition shifts to lower
temperatures with higher compositions of x. The FE phase temperature range width increases with
increased PNN. Apparently the replacement of the Zr** ion by Ni**/Nb** ions decreases the driving
force for an antiparallel shift of Pb*>* ions because they interrupt the translational symmetry and
facilitates the appearance of a rhombohedral FE phase when the amount of PNN is higher than

8 mol %. © 2008 American Institute of Physics. [DOI: 10.1063/1.2956598]

INTRODUCTION

Since the 1990s, many studies on the phase transition
between the antiferroelectric (AFE) and the ferroelectric
(FE) phase in pure and compositionally modified lead zir-
conate [PbZrO; (PZ)] ceramics have been completed.'™
AFE PZ-based ceramics can undergo transformation from
AFE to FE with a large volume change under an external ac
bias, temperature, or hydrostatic pressure.“ The maximal
Jongitudinal strain reached 0.87%.” These high-strain phe-
nomena have been investigated for applications including
charge-storage capacitors, large displacement actuators, and
shape memory devices.”® The relative stability of the AFE
and FE phases can be altered through chemical substitutions
such as Ba?*, Sr*, and Ca®* at the Pb?* site’ and Ti** at the
Zr** site. The substitution of Ba** for Pb** in PZ is of con-
siderable interest for transducer applications since the vol-
ume change associated with the field forced AFE to FE tran-
sition increases with Ba®* substitution.'’ Also the switching
field for the AFE to FE transition decreases as a result of
Ba®* substitution. "'

Lead nickel niobate [Pb(Niungzm)O:; (PNN)] is a re-
laxor FE having a Ni** and Nb** complex on the B-site of
Pb(B'B")0; gerovskjte with a cubic symmetry at room
temperature,'~ PNN-based ceramics are considered to pos-
sess low sintering temperatures and high permittivity, high
electrical resistivity, and diffuse phase transition characteris-
tics. Therefore, these materials can be used to fabricate
multilayer cafacimrs with low-temperature melting inner
electrodes.”™™ When PNN forms solid solutions with
Pb(Zr,_,Ti,)O;, the system exhibits excellent piezoelectricity
and becomes a potential candidate for use in actuators.'>"’
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Since PNN is a relaxor FE with a broad dielectric peak near
Te=~-120"C" and PZ is AFE with a sharp maximum per-
mittivity at T~ 230 °C, the Curie temperature in a PZ-PNN
system can be engineered over a wide range of temperatures
by controlling the amount of PNN in the system. Although
PZ ceramics have better dielectric breakdown strength than
PNN, the sintering temperature is also higher.”'"* Thus, mix-
ing PNN with PZ is expected to decrease the sintering tem-
perature of PZ ceramics, a desirable move toward lower-cost
electrodes.'® Moreover, since PZ-PNN is not a pure-relaxor
FE system, it is easier to prepare single phase ceramics with
a smaller amount of undesirable pyrochlore phases."* Fur-
thermore, no work has been done on the metastable FE phase
induced by the B-site substitution in perovskite PZ. With
their complimentary characteristics, it is expected that excel-
lent properties can be obtained from ceramics in a PZ-PNN
system.

In this study, a metastable FE phase induced by a B-site
substitution was studied as a function of composition. The
columbite precursor method was used to synthesize the (1
—x)PbZrO;-xPb(Ni,;;Nb, ;) O, (PZ-PNN)  with «x
=0.00-0.30. The structural phase and the dielectric and ther-
mal properties of PZ-PNN ceramics were investigated as a
function of composition x. Differential scanning calorimeter
(DSC) measurements were also used to study the details of
AFE to FE and FE to PE phase transformations accompanied
by an evaluation of the thermal behaviors of the PZ-PNN
samples. The results are discussed.

EXPERIMENTAL PROCEDURE

Perovskite-phase powders were synthesized using a
columbite precursor method to avoid the formation of a py-
rochlore phase. Commercial oxide powders of PbO, NiO,
Nb,Ojs (99.9% purity, Aldrich Chemicals, Milwaukee, WI),

© 2008 American Institute of Physics
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and ZrO, (99% purity, Aldrich Chemicals, Milwaukee, WI)
were used as starting materials. NiNb,Og was first formed at
1100 °C for 4 h, and then NiNb,Og and ZrO, were mixed
with  PbO, according to the composition of (1
—x)PbZrO;—xPb(Ni, 5Nb,;3)05, 0.00=<x=0.30, with an ex-
cessive content of 2 mol % PbO.

Each mixture of the starting powders was milled and
mixed in a ball mill, as well as wet homogenized with iso-
propyl alcohol for 18 h using nylon-coated YTZ zirconia
milling as media. The mixtures were dried in an oven and
calcined at 900-950 °C for 4 h in a double crucible configu-
ration with a heating rate of 20 °C/min. After remilling, dry-
ing, and sieving, the various powders were cold pressed into
disks 15 mm in diameter and then sintered at temperatures
ranging from 950 to 1250 °C using a heating rate of
5 °C/min and a dwell time of 2 h in sealed alumina cru-
cibles. To limit the loss of PbO, the disks were covered with
PbZrO; powder. X-ray diffraction (XRD) patterns of the sin-
tered pellets were measured using an x-ray diffractometer
(PW1729, Philips, Netherlands). CuKa radiation with step
scanning was used with a step size of 0.02° and a scan rate of
2 s per step. The density of the sintered PZ-PNN pellets was
measured by water immersion (Archimedes method). The
relative density of all the sintered pellets was approximately
95%-97% of the theoretical density. To determine dielectric
properties, the maximum density of each composition
sample was lapped on its major face. Silver electrodes were
made from a low-temperature silver paste by firing at 500 °C
for 30 min to enable electrical measurements to be taken.
Relative permittivity measurements were made using an au-
tomated measurement system consisting of an LCR meter
(HP-4284, Hewlett-Packard Inc.). The relative permittivity
was then calculated from &,=Cd/gyA, where C is the capaci-
tance of the sample, d and A are the thickness of the sample
and the area of the electrode, respectively, and g is the di-
electric permittivity of the vacuum (8.854 X 1072 F/m). The
phase transition temperatures and enthalpy (AH) of the phase
transitions were determined by DSC at room temperature to
350 °C with a heating rate of 10 °C/min.

RESULTS AND DISCUSSION
Crystal structure

The XRD patterns of (1-x)PZ-xPNN ceramics with
various x values are shown in Fig. 1. A complete crystalline
solution of perovskite structure is formed throughout the
composition range without the presence of pyrochlore or un-
wanted phases. Ceramics with 0.02= x=0.08 have the same
crystal structure with pure PZ (x=0.00), i.e., an orthorhom-
bic unit cell at room temperature. Furthermore, the XRD
patterns indicate that the replacement of Zr** by Ni**/Nb’*
ions apparently influenced the orthorhombic PbZrO; struc-
ture. If the XRD pattern of PZ is indexed on the basis of the
pseudocubic cell, then % (h k I)-type superlattice reflections
representing the antiparallel shifts of Pb>* ions will appear.””

In Fig. 1, all the indices were based on the pseudocubic
cell and the XRD patterns of the samples with 0.02<x
=0.08 showed the presence of % (h k I)-type superlattice
reflections. The intensity ratio of 004/240 peaks and the rela-
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FIG. 1. XRD patterns of (1 -x)PZ-xPNN; x=0.0-0.3 ceramics at the opti-
mum sintering conditions.

tive intensity of % (h k I)-type superlattice reflections
(namely, 130/112) decreased with increased NiZ*/Nb** con-
tent, as shown in Fig. 2. According to Glazce,20 these types of
reflections represent antiphase tilting of the oxygen octahe-
dra without distortion. Furthermore, the PZ-PNN samples
with 0.1 =x=0.3 showed only the fundamental reflections
of the pseudocubic perovskite cell. The relative intensity of
superlattice reflections decreased with increased PNN con-
tent, as shown in Fig. 2, demonstrating that the superlattice
disappeared with the addition of 10 mol % PNN. Figure 2
also shows the results for % (h k I)-type superlattice (1 1 1),
(2 00), and (2 2 0) reflections. The samples with x=0.1, 0.2,
and 0.3 had a split (1 1 1) and (2 2 0) reflection and a single
(2 0 0) reflection, confirming that the crystal structure of the
samples with x=0.1, 0.2, and 0.3 is primitive rhombohedral
perovskite. For a pure rhombohedral structure, the 2 0 0
group of reflections should be a singlet.

Furthermore, the specimens displayed a progressive
peak shift toward higher diffraction angle directions with in-
creased PNN. This phenomenon can be qualitatively ex-
plained with respect to the unit cell volume caused by the
Ni**/Nb** incorporation. According to Shannon’s effective
ionic radii with a coordination number of 6, the average ionic
radius of B-site ions (Ni;;Nb,3)** has a radius of 0.79 A,
which is close to a radius of Zr** (0.86 A).?' Therefore,
(Ni,;3Nby;3)** can enter into the sixfold coordinated B-site of
the perovskite structure to substitute for Zr'** due to radius
matching. The structure of ABO; type perovskites can be
viewed as a network of [BO4] oxygen octahedra. The substi-
tution of the relatively smaller (Nij;;Nb,;)** for the rela-
tively larger Zr** led to a decrease in the unit cell volume.
This radius effect is presumably responsible for the steady
shift of the XRD peak positions to higher diffraction angle
directions with increased PNN, The influence of the addition
of (Nij3Nby3)* on the phase structure of the
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FIG. 2. XRD patterns of the ;} (h k l)-type superlattice reflections, (111), (200), and (220) peaks of (1 —x)PZ-xPNN; x=0.0-0.3 ceramics.

PbZrO;—Pb(Nij;;Nb,,;)O; system is similar to the influence
of (Pb,_,Ba)ZrO,° The substitution of smaller
(Ni;;3Nby3)** ions with Zr** sites (which implies the transi-
tion of the PZ-PNN structure from orthorhombic to rhombo-
hedral, as shown in Fig. 2) may facilitate the parallel dis-
placement along a [1 1 1] direction and the associated
displacements of three oxygen ions in the PZ-PNN structure,
resulting in an improvement of ferroelectricity. The presence
of a polar axis in the [1 1 1] direction has been reported for
a FE rhombohedral structure.”

Phase transition and dielectric properties

The permittivity temperature dependences of (1
—x)PbZrO;—xPb(Ni,;3Nb,;)O; ceramics were measured at
several frequencies from 25 to 350 °C. Figures 3(a)-3(h)
show the relative permittivity versus temperature of (1
—x)PbZrO;—xPb(Ni; sNb,;;)O4 ceramics for compositions
x=0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, and 0.30, respec-
tively, at frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz,
and 500 kHz. For composition x=0.0, the relative permittiv-
ity increased slowly until the temperature approached
225 °C. Near 230 °C the relative permittivity increased
greatly, passing through a maximum at about 231 °C. With
further heating, the relative permittivity decreased in accor-
dance with the Curie—Weiss law, &,=C/(T-T,), where &, is
the relative permittivity, 7 is the temperature, and C and T}
are constants which, in this study, were 1.04X10° and
460.7 K, respectively.

The substitution of PNN lowers the AFE to FE phase
transition temperature. The AFE to FE phase transition oc-

curs at 200, 150, and 105 °C for 0.02, 0.04, and 0.06, re-
spectively [see Figs. 3(b)-3(d)]. The jumps in the relative
permittivity at the transition temperature are found to be
nearly 2250, 1240, and 650 for x=0.02, 0.04, and 0.06, re-
spectively. Furthermore, for x=0.08, no dielectric anomaly
corresponding to the AFE-FE transition is observed [Fig.
3(e)].

Since the AFE to FE transition decreases nearly linearly
at the rate of 22.5 °C/mol % of PNN with respect to its
value for pure PZ, the expected AFE to FE transition tem-
perature for the composition x=0.08 is around 64 °C. No
anomaly corresponding to AFE-FE transition in the compo-
sition x=0.08 was found. From these results, we can con-
clude that the AFE phase of pure PZ persists in the PZ-PNN
system for x<<0.08 only. At the composition x=0.10, the
relative permittivity peak values became gradually higher in
parallel with the decrease in the transition temperature (T,,).
The x=0.2 and 0.3 compositions showed a broadening of the
permittivity maxima, and the 7,, increased with an increased
measurement frequency [Figs. 3(c) and 3(h)], indicating that
this composition shows a diffuse phase transition with a
strong frequency dispersion which is characteristic of relaxor
ferroelectricity.

The DSC technique was also used as the primary tool to
confirm the AFE-FE phase transition in the PZ-PNN system.
AFE-FE phase transition temperatures, enthalpy, and
paraelectric (PE) transitions are summarized in Table 1. Fig-
ure 4 shows the results of the DSC analysis of the PZ-PNN
samples. As shown in Fig. 4, two distinct endothermic peaks
were observed for PZ-PNN samples with 0.0 =<x<0.08. The
lower temperature corresponds to the transition temperature
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FIG. 3. (Color online) Dielectric properties as a function of temperature on heating at a frequency of 1-500 kHz varies PNN concentration.

of the AFE — FE phase transition, while the higher tempera-
ture corresponds to the FE-— PE phase transition. It is well
known that good quality ceramics as well as single crystal
samples of PZ show two distinct endothermic peaks around

230 and 215 °C corresponding to the PE to FE and FE to
AFE transitions, respectively, on heating and cooling.”**
The AFE—FE phase transition was found in compositions
of 0.0=x<0.08. The peaks shift to lower temperatures with

TABLE I. Characteristics of (1-x)PZ-xPNN ceramics with optimized processing conditions (R, rthombohedral;

0, orthorhombic).

Composition Crystal

Phase transition
temperature (°C) Enthalpy (J/g)

(x) structure By tocia kst AFE—FE FE—PE AFE—FE FE—PE
0.00 0 120 3370 2295 2355 1.53 2.34
0.02 0 166 4 300 200.7 227.0 1.56 295
0.04 o 127 3200 150.2 2208 1.33 2.89
0.06 0 177 4200 105.7 2133 1.10 2.70
0.08 0 319 4700 T 205.5 s 244
0.10 R 375 13 800 200.2 1.88
0.20 R 602 18 900 1753 (1 1.39
0.30 R 1120 18 200 149.0 L 0.16
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FIG. 4. Typical DSC curves for (1-x)PZ-xPNN; x=0.0-0.3 ceramics.

higher compositions of x. From Table I, the temperature
range width of the FE phase continuously increases progres-
sively with the PNN content. The temperature range widths
of the FE phase are around 6, 25, 70, and 101 °C for com-
positions x=0.00, 0.02, 0.04, and 0.06, respectively. Further-
more, the areas under two endothermic peaks in Fig. 4 de-
creased with increased PNN. Since those areas represent a
free-energy difference between the two phases, this result
indicates that the addition of PNN decreases the stability of
orthorhombic phase. Apparently the replacement of the Zr'
ion by (Nij;;Nb,;3)** ions decreases the driving force for an
antiparallel shift of Pb®* ions because they interrupt the
translational symmetry.”® This interruption caused the ap-
pearance of a rhombohedral FE phase when the amount of
PNN was more than 8 mol %. Gotor et al.”® studied relation-
ships between the structure change of BaTiO; and its en-
thalpy by using DSC. They found that the tetragonality (c/a)
of BaTiOj; is reduced along with the reduction in enthalpy.
However, in the present work, the decrease in AH is propor-
tional to the fraction ratio of the FE and PE phases in the
PZ-PNN. The tricritical point (the composition at which a
first-order transition becomes a second-order transition) is
close to the composition x=0.3, which has a tolerance factor,
1~ 1.0, using the ionic radii of Shannon.”’ Choi et al.? re-
ported that in the Bi(Ni;;Ti;;;)O3—PbTiO;, the tricritical
point in the solid solution also corresponded closely to ¢
~1.0. Similar behavior was also observed in the
Bi(Mgs,sW,,4)0;—PbTiO, system by Stringer et al.”’ and
PZT by Rossetti and Navrotsky.™

Based on the results of XRD, dielectric properties, and
DSC data, the FE phase diagram for the (1-x)PZ-xPNN
binary system has been established (see Fig. 5). The transi-
tion temperature decreases approximately linearly with x,
from T¢=235 °C for x=0.0 to 149 °C for x=0.3. The phase
diagram consists of three distinct crystallographic phases in
this system: high-temperature PE cubic (Pm3m), rhombohe-
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mined from room temperature XRD, DSC as a function of temperature. The
symbols refer to O =the transition temperature from AFE state to FE state;
@ =the transition temperature from FE state to PE state.

dral (R3m), and FE orthorhombic [P2¢cbh (No. 32)]. At low
concentrations of PNN x=0.08, the symmetry can be de-
fined as orthorhombic. The orthorhombic symmetry trans-
forms into rhombohedral at the composition near x=0.08.

CONCLUSIONS

Relaxor FE PNN has been found to strongly influence
crystal structure dielectric responses and thermal properties
of PZ ceramics. The crystal structure data obtained from
XRD indicate that the solid solution (1-x)PZ-xPNN, where
x=0.0-0.3, successively transforms from orthorhombic to
rhombohedral symmetry with increased PNN concentration.
The AFE— FE phase transition is found in compositions of
0.0=x=0.08. The AFE— FE phase transition shifts to lower
temperatures with higher compositions of x. The temperature
range width of the FE phase increases with increased PNN, It
is apparent that the replacement of the Zr** ion by Ni**/Nb**
ions would decrease the driving force for an antiparalle] shift
of Pb?* ions because they interrupt the translational symme-
try. The dielectric properties of (1—x)PZ-xPNN was found to
increase with increased PNN concentration. PNN shows a
clear trend toward reducing the temperature (7,,) of maxi-
mum permittivity (£,,), while slightly increasing the diffuse
nature of the FE to PE phase transition. Furthermore the
transition from the normal FE to the relaxor FE state was
clearly observed as the mole fraction of PNN increased.
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The phase evolution with temperature in the 0.98PbZrO;—0.02Pb(Ni,;Nb,;)0; ceramic was
investigated with dielectric permittivity and polarization measurements, hot stage transmission
electron microscopy, and high temperature x-ray diffraction. Below 190 °C, the ceramic is in the
antiferroelectric phase with characteristic ﬁ{llO}C superlattice diffractions. In this stage, typical
antiferroelectric 180° domains were observed. Between 190 and 220 °C, an intermediate phase,
which is characterized by 2{1 10},-type superlattice diffractions, was detected. Evidences are found
to suggest that this intermediate phase is ferroelectric. The .,{110} -type superlattice diffraction
persists even into the paraelectric phase above 220 °C. In addition, there exists an incommensurate
phase between the low temperature antiferroelectric phase and the intermediate ferroelectric phase.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3065087]

I. INTRODUCTION

The classic antiferroelectric (AFE) compound lead zir-
conate (PbZrO; or PZ) has been extensively studied since
1950s." At temperatures below 220 °C, PbZrO, displays an
orthorhombic perovskite structure with antiparallel shifts of
Pb** ions along the pseudocubic (110) direction, which leads
to the AFE behavior."”? The space group for the low tempera-
ture AFE phase was determined to be Pbam.>™ At tempera-
tures above 230 °C, PbZrO; is in the paraelectric phase with
the cubic m3m symmetry.” In between the AFE and the
paraelectric phase within a narrow temperature range, there
is an intermediate phase, which is characterized by
%{l 10} -type superlattice diffractions.”*® However, the na-
ture of this intermediate phase is still open for debate. Ex-
perimental evidence have been found to support either a
ferroelectric™®’ or an AFE>* phase.

In our previous study, it has been found that by introduc-
ing minor amounts (2—-6 mol %) of relaxor ferroelectric
Pb(Ni,;;3Nb,,3)0; (PNN) into PZ, the temperature range is
expanded for an intermediate phase, which is characterized
by an evident frequency dispersion in dielectric permittivity.
As a consequence, a series of striking ghase transitions was
revealed by the dielectric measurement.” In the present work,
the 0.98PbZrO;—0.02Pb(Ni;;3;Nb,3)O; (PZ98-PNN2) ce-
ramic was selected to further investigate the phase evolution
sequence during heating up to 300 °C with hot stage trans-
mission electron microscopy (TEM) and high temperature
x-ray diffraction (XRD).

Il. EXPERIMENTAL PROCEDURE

The phase pure PZ98-PNN2 ceramic was prepared using
the columbite precursor method in order to avoid the pyro-
chlore phase formation. Detailed prepar.mun Procedures
have been reported in our previous publications.”' The rela-

“Electronic mail: xtan@iastate.edu.

0021-8979/2009/105(1)/014106/5/$23.00

105, 014106-1

tive density of the as-sintered ceramic was measured using
the Archimedes method to be 98%. The grain size was ex-
amined by scanning electron microscopy (SEM) (JEOL
JSM-606LV). As shown in Fig. 1, the freshly fractured cross
section of the PZ98-PNN2 ceramic is almost free of pores
and the grain size is in the range of 2-5 um.

The surface layers of the sintered pellets were removed
by mechanical grinding. XRD analysis was performed with
Cu Ka radiation at a series of temperatures up to 300 °C on
a PANalytical X-Pert Pro diffraction system to investigate
the structural evolution. Dielectric properties were measured
with an LCR meter (HP-4284A, Hewlett-Packard) on a Au-
electroded specimen during heating from room temperature
to 300 °C at a rate of 2 °C/min. The electrical polarization
versus field hysteresis loops were recorded at a series of
temperature with a standardized ferroelectric test system
(RT-66A, Radiant Technologies). The peak field was main-
tained at 20 kV/cm during measurement.

Thin disks with a diameter of 3 mm were cut from the
as-sintered ceramic pellet, ground, and polished to a thick-
ness of 0.15 mm for TEM specimen preparation. The central
portion of the disks was further thinned and polished by
mechanical dimpling. Argon ion mill was then used to per-

FIG. 1. SEM micrograph of the freshly fractured cross section of the PZ98-
PNN2 ceramic.

© 2009 American Institute of Physics
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FIG. 2. Dielectric properties during heating at 100 Hz, 1 kHz, and 10 kHz in
a bulk PZ98-PNN2 ceramic.

forate the disk at the center. Hot-stage TEM observations
were performed with a heating rate less than 2 °C/min on a
Philips CM30 instrument operating at 300 kV. Bright field
images and selected area electron diffraction (SAED) pat-
terns were recorded 10 min after the temperature was stabi-
lized.

Ill. RESULTS AND DISCUSSION
A. Electrical properties

The temperature dependence of relative dielectric per-
mittivity and loss tangent was measured at frequencies of
100 Hz, 1 kHz, and 10 kHz during heating from 30 to
300 °C and the results are displayed in Fig. 2. Clearly, there
are two abrupt changes in both relative permittivity and loss
tangent in the PZ98-PNN2 ceramic. The first one occurred at
around 190 °C where both relative permittivity and loss tan-
gent increased by one order of magnitude. The second abrupt
change took place at the Curie temperature of 220 °C where
significant suppression of loss tangent is seen. Therefore, the
dielectric response in the PZ98-PNN2 ceramic can be di-
vided into three stages. At temperatures below 190 °C, the
relative permittivity and the loss tangent both have low val-
ues and show negligible increases with increasing tempera-
tures. At temperatures above 220 °C, the relative permittiv-
ity starts to decrease following the Curie-Weiss law, &,
=C/(T-T,), where g, is the relative permittivity, T is the
temperature, and C and T, are Curie constant and Curie
point, respectively. By fitting the data between 220 and
300 °C in Fig. 2, C and T, were determined to be 1.89
% 10° and 185.8 °C, respectively. In the intermediate tem-
perature range (190-220 °C), the relative permittivity in-
creases dramatically, while the loss tangent remains high
around 0.1. The most remarkable feature of the dielectric
behavior in this temperature range is the evident frequency
dispersion of both relative permittivity and loss tangent, re-
sembling that in relaxor ferroelectric ceramics. Ty,,,, the tem-
perature at which the maximum dielectric permittivity is
achieved, was measured to be 219.4 °C at 100 Hz, 220.1 °C
at 1 kHz, and 220.4 °C at 10 kHz, respectively, shifting
slightly toward higher temperatures with increasing fre-
quency.

To further clarify the dielectric behavior of the different
phases in the PZ98-PNN2 ceramic, electrical polarization
hysteresis loop measurements were performed under a peak
field of 20 kV/cm at a series of temperatures. During heating,
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M@ 25°C

3 8

Pol.ariza.tion ( uCIcm')

10 0 10
Electric field (kV/cm)

FIG. 3. Polarization hysteresis loops recorded from a bulk PZ98-PNN2
ceramic at 4 Hz during heating at (a) 25 °C, (b) 173 °C, and (c) 200 °C.

the two electrodes were shortened. The loop was recorded
after the temperature was stabilized for at least 5 min. As
shown in Fig. 3(a), very small polarizations can be induced
by the applied electric field in the ceramic at room tempera-
ture. This is typical for an AFE ceramic subjected to electric
fields that are not sufficient to induce the AFE to ferroelectric
phase transition. Such a linear behavior with minimum po-
larization remains at temperatures up to 170 °C.

When the temperature further increases, a hysteretic be-
havior starts to develop. As shown in Fig. 3(b), a regular
hysteresis loop with a coercive field E, of 3.9 kV/cm was
recorded at 173 °C. However, the observed hysteresis loop
does not indicate the presence of a ferroelectric phase.
Close examination of the loop in Fig. 3(b) reveals that slight
distortions occurred at ~5 kV/ecm, marked with
the two dashed circles on the hysteresis loop. Similar
distortions on  hysteresis loops were found in
Pby 99Nbg 6ol (Zrg 57819 43) -, Tiy Jo.9sO3  ceramics and have
been attributed to the onset of the electric field-induced AFE
to ferroelectric phase transition.'? Therefore, the PZ98-PNN2
ceramic at this temperature is still in the AFE phase. It
should be noted that the distortions marked in Fig. 3(b) in-
dicate the AFE-to-ferroelectric phase transition. The distor-
tion associated with the backward ferroelectric-to-AFE tran-
sition was not seen because it may overlap with the coercive
field of the induced ferroelectric phase. The observed large
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polarization is due to the induced ferroelectric phase by the
applied field of 20 kV/cm, which is much higher than the
critical electric field Ex of ~5 kV/cm.

Further increase in temperature leads to the decrease in
the critical field Ep and the increase in both the saturation
polarization P, and the remanent polarization P,. P, saturates
at 25 uC/cm® when the temperature reaches 177 °C and
stays unchanged up to 186 °C. It should be noted that the
coercive field E, (not the critical field Eg) remains the same
at 3.9 kV/cm in the temperature range of 172—186 °C. The
results suggest that the volume fraction of the ferroelectric
phase induced by a field of 20 kV/cm in the ceramic in-
creases with increasing temperatures between 172 and
177 °C. In the temperature range of 177-186 °C, the whole
piece of sample was forced into a ferroelectric phase by the
external electric field of 20 kV/cm. Therefore, the P, satu-
rates in this temperature range.

Dramatic change in the coercive field E,. was observed at
186 °C. At this temperature, although a well defined hyster-
esis loop was still observed, E, abruptly reduced to 2.4 kV/
cm, indicating the appearance of a new phase. Up to 200 °C,
the hysteresis loop remains largely unchanged, with the one
at 200 °C shown in Fig. 3(c).

Combined with the results presented in Fig. 2, we be-
lieve that the abrupt change in E, at 186 °C marks the phase
transition at 190 °C revealed by the dielectric measurement.
The discrepancy in temperature is due to the different test
conditions. In the dielectric measurement, the ceramic
sample was subjected to continuous heating at a rate of
2 °C/min, while in the polarization measurement, the hys-
teresis loops were recorded after at least 5 min the tempera-
ture is stabilized. In summary, the macroscopic property
measurements reveal that at temperatures below 190 °C, the
PZ98-PNN2 ceramic is AFE with stable and low dielectric
permittivity and loss tangent. Under applied electric fields,
the AFE phase can be transformed into a ferroelectric phase
at temperatures slightly below the transition temperature. An
intermediate phase exists between 190 and 220 °C. The in-
creased loss tangent and the well defined hysteresis loops
with reduced coercive fields E, seem to suggest that this
phase is ferroelectric.” Further supporting evidence is found
in our previous study where the intermediate phase is stabi-
lized down below room temperature in the PZ90-PNN10 ce-
ramic and an undistorted hysteresis loop was observed in this
ceramic at room temperulure.m However, this intermediate
phase is a unique ferroelectric phase with evident frequency
dispersion in its dielectric behavior.

B. Hot stage TEM

The temperature induced phase transitions were visual-
ized by hot stage TEM during heating. One grain about
3 um in size was tilted so that its (001)-zone axis was
aligned with the electron beam direction. The evolution of
the SAED pattern with temperature is exemplified in Fig. 4.
At room temperature, the primary feature is the presence of
the 1{110}-type superlattice diffraction spots [Fig. 4(a)],
where the subscript ¢ indicates that the indices are based on
the parent cubic perovskite unit cell. The superlattice struc-
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FIG. 4. Hot stage in situ TEM experiment on a thin foil specimen of the
PZ98-PNN2 ceramic. The {001} -zone axis SAED patterns observed during
heating at (a) 25 °C, (b) 179 °C, (c) 194 °C, and (d) 240 °C.

ture is identical to that of PbZrO; at room Iemperature.z'("7

Therefore, adding 2 mol % of PNN does not change the
crystal structure of PbZrO;. The SAED pattern with the
i{llO}, superlattice spots does not change with increasing
temperature up to 179 °C.

At 179 °C, the {110}, superlattice spots disappeared, as
shown in Fig. 4(b). Instead, incommensurate superlattice dif-
fraction spots emerged. These extra diffraction spots are of
the ﬁ{l 10}.-type, where n is not an integer. The value of # is
determined to be 6.48 for the PZ98-PNN2 ceramic from Fig.
4(b). The incommensurate superlattice diffraction spots only
existed over a narrow temperature range of ~3 °C and com-
pletely disappeared at 181 °C. This type of incommensurate
superlattice diffraction has been previously observed in
PbZrO5 and was attributed to the competition between the
low temperature AFE phase and the intermediate ferroelec-
tric phase.6

In the temperature range of 181-212 °C, the primary
feature in SAED patterns is the presence of %{HO}‘.—typc
superlattice diffraction, as exemplified by the diffraction pat-
tern recorded at 194 °C shown in Fig. 4(c). The %{I]O}(.
superlattice diffraction was reported previously and has been
considered as the signature of the intermediate phase in
PbZr03.2** However, considerable controversy remains
concerning the symmetry and the nature of the intermediate
phase. It was reported to be either rhombohedral® or
orthorhombic,>” either ferroelectric™®’ or AFE.®

The %{ll()}(. superlattice diffraction started to become
weaker and diffuse at 212 °C and finally vanished at
240 °C. Further increase in temperature up to 300 °C did
not lead to any change in the diffraction pattern. The SAED
pattern at 240 °C is shown in Fig. 4(d) and can be indexed
with the parent cubic perovskite structure.
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FIG. 5. The bright field micrographs under the (001)_-zone axis of the grain
used for the electric diffraction study in Fig. 4 at (a) 148 °C, (b) 179 °C, (c)
186 °C, and (d) 300 °C.

Corresponding changes in the bright ficld image of the
same grain were observed as well, as shown in Fig. 5. From
room temperature to 179 °C, one set of lamellar 180° AFE
domains was observed in the grain [Fig. 5(a)], consistent
with the one set of i{l 10}, superlattice spots in the diffrac-
tion pattern. These lamellar domains became thinner as tem-
perature was increased. At 179 °C, corresponding to the ap-
pearance of the 1/n{110}, incommensurate and the
disappearance of the {110}, superlattice diffraction, the
180° AFE domains in the whole grain were replaced by
wedge-shaped domains near grain boundaries. The tip of one
wedge-shaped domain is marked by an arrow in Fig. 5(b). In
the temperature range of 181-212 °C, corresponding to the
%{l 10} -type superlattice diffraction in SAED patterns, the
grain displays a checkerboard-like domain morphology with
domain walls primarily on the {100}. planes. The domain
walls of the large domain with bright contrast are indicated
by arrows in Fig. 5(c). Such domain morphology is a remi-
niscence of the AFE domains in lead zirconate stannate ti-
tanate ceramics.”” The walls of these checkerboard-like do-
mains started to move and disappear at 212 °C and
completely vanished at 224 °C. This grain remains contrast
free during the further heating up to 300 °C, as shown in
Fig. 5(d).

Compared with the results from dielectric measurement
in bulk samples, the in situ TEM heating experiment reveals
almost the same phase transition sequence. Below 179 °C,
the PZ98-PNN2 ceramic is in the AFE phase that is isostruc-
tural to PbZrO;. Between 181 and 212 °C, the ceramic is in
the intermediate ferroelectric phase characterized by the
%{l 10} -type superlattice diffraction and the checkerboard-
like domains. Above 212 °C, the ceramic is in the paraelec-
tric phase. However, the %{1 10} -type superlattice diffraction
and the checkerboard domain morphology persists up to
224 °C in the paraelectric phase. The persistence of the
é{l 10}, superlattice into paraelectric phase was noticed be-
fore in PbZrO;.>® The difference in the transition tempera-
tures between the TEM experiment and the dielectric mea-
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FIG. 6. XRD patterns of a bulk PZ98-PNN2 ceramic during heating at 25,
190, 200, and 240 °C.

surement is due primarily to the different sample geometries.
The advantage of the in situ TEM study over the dielectric
measurement is manifested in the revealing of the transient
incommensurate phase around 179 °C between the low tem-
perature AFE phase and the intermediate phase.

C. High temperature XRD

The crystal structure of the PZ98-PNN2 ceramic was
further analyzed with XRD at a series of temperatures during
the heating process. Four temperatures were selected to
record the diffraction pattern: 25 °C where the AFE phase
isostructural to PbZrO; is expected, 190 °C where the in-
commensurate phase is expected in the bulk sample, 200 °C
where the intermediate phase is expected, and 240 °C where
the paraelectric phase should be dominant. All the patterns
were recorded after the temperature was stabilized at the de-
sired temperature for at least 10 min. The results are shown
in Fig. 6, where the major peaks are indexed based on a
cubic unit cell.

At 25 °C, the diffraction pattern fits the space §mup
Pbam, the same as PbZrO; at room temperature.” The
peaks marked by the asterisks indicate the peaks that belong
to this symmetry but are forbidden in the cubic structure. All
these peaks can be indexed as 41{1 10}.-type superlattice dif-
fractions. When the temperature increased to 190 °C, ortho-
rhombic Pham symmetry remained, as indicated by the as-
terisks. However, two additional peaks, one on each side of
the {110}, peak, emerged at 25.4° and 35.0°, respectively.
They are marked with squares in Fig. 6. These additional
peaks cannot be indexed with either cubic or orthorhombic
symmetry. Considering the observed incommensurate phase
observed in TEM, these two peaks may be the satellite dif-
fraction peaks of the strongest {110}, peak. This is indeed the
case. They can be indexed as {110},—1/n{110}_ and {110},
+1/n{110},, respectively, with n=6.48. This value of n is
exactly the same as determined by the TEM result. The ob-
servation of the incommensurate modulation with XRD is
significant because so far it has been only revealed by elec-
tron diffraction in TEM in PbZrO;-based ceramics."

On further heating to 200 °C, the ;1*{] 10}, -type superlat-
tice peaks became weaker and some of them even disap-
peared. While an orthorhombic symmetry was reserved, the
overall pattern fits better with the space group P2c¢h. To our
surprise, the incommensurate superlattice peaks can still be
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clearly observed. This appears to disagree with the TEM re-
sult shown in Fig. 4, where the incommensurate satellite
spots existed over a very narrow temperature range of less
than 3 °C. This discrepancy can be explained by considering
the difference in the experimental conditions. In the TEM
experiment, observations were made in a single grain, while
in XRD, hundreds of thousands of grains were exposed to
the x-ray beam. The unsynergized phase transition of each
individual grain leads to a much wider temperature range for
the incommensurate phase.

At 240 °C where the PZ98-PNN2 ceramic is supposed
to be in the high temperature paraelectric phase, the major
peaks can be indexed with a cubic symmetry. However, close
examination revealed the presence of trace amount of the
orthorhombic phase.

IV. CONCLUSIONS

By introducing 2 mol % Pb(Ni,;;Nb,;)0; into PbZrO;,
a series of phase transitions occurred above room tempera-
ture. The high temperature phases show distinct crystal struc-
tures and domain morphologies, as well as distinct dielectric
and ferroelectric properties. Below 190 °C, the ceramic is in
the Pbam symmetry with AFE 180° domains. Both the di-
electric permittivity and the loss tangent are low and stable
against temperature change. Around 190 °C, one order of
magnitude increase in dielectric permittivity and loss tangent
occurs within a narrow temperature range. Corresponding to
the dramatic change in dielectric property is the presence of
an incommensurate phase with 3%5{110}, satellite diffrac-
tions. In the temperature range of 190-220 °C, the ceramic
is in an intermediate phase, which is believed to be ferroelec-
tric. This phase is characterized by the fast increasing dielec-
tric permittivity, stable and high loss tangent, well defined
polarization hysteresis loops, and the %{ 110}, superlattice
diffraction. This ferroelectric intermediate phase is unique

J. Appl. Phys. 105, 014106 (2009)

because of the frequency dispersion in its dielectric proper-
ties, the checkerboard-like morphology of its domain struc-
ture, and the orthorhombic space group of P2ch. Above
220 °C, the ceramic is in the cubic paraelectric phase with
the relative permittivity following the Curie—Weiss law.
However, the structural change at the Curie point is by no
means abrupt. Some residual orthorhombic phase persists
even at temperatures several tens of degrees above 220 °C.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation through the CAREER Grant No. DMR-0346819 and
the U.S.-Israel Binational Science Foundation through Grant
No. 2006235. The in situ TEM and high temperature XRD
experiments were carried out at the Materials & Engineering
Physics Program, Ames Laboratory, which is supported by
the United States Department of Energy-Basic Energy Sci-
ences under Contract No. DE-AC02-07CH11358.

'E. Sawaguchi, H. Maniwa, and S. Hoshino, Phys. Rev. 83, 1078 (1951).
’D. Viehland, Phys. Rev. B 52, 778 (1995).

D. L. Corker, A. M. Glazer, J. Dec, K. Roleder, and R. W. Whatmore,
Acta Crystallogr., Sect. B: Struct. Sci. 53, 135 (1997).

*K. Yamasaki, Y. Soejima, and K. F. Fischer, Acta Crystallogr., Sect. B:
Struct. Sci. 54, 524 (1998).

%S, Teslic and T. Egami, Acta Crystallogr., Sect. B: Struct. Sci. 54, 750
(1998).

®Z. Xu, X. Dai, D. Viehland, and D. A. Payne, J. Am. Ceram. Soc. 78, 2220
(1995).

M. Tanaka, R. Saito, and K. Tsuzuki, Jpn. J. Appl. Phys., Part 1 21, 291
(1982).

*H. Fujishita and S. Hoshino, J. Phys. Soc. Jpn. 53, 226 (1984).

’S. Wirunchit and N. Vittayakorn, J. Appl. Phys. 104, 024103 (2008).

'ON. Vittayakom and S. Wirunchit, Smart Mater. Struct. 16, 851 (2007).

"'S. Wirunchit, P. Laoratanakul, and N. Vittayakorn, J. Phys. D 41, 125406
(2008).

"2H. He and X. Tan, J. Phys.: Condens. Matter 19, 136003 (2007).

"*H. He and X. Tan, Phys. Rev. B 72, 024102 (2005).

"J. Ricote, D. L. Corker, R. W. Whatmore, S. A. Impey, A. M. Glazer, J.
Dec, and K. Roleder, J. Phys.: Condens. Matter 10, 1767 (1998).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http:/jap.aip.org/jap/copyright.jsp




701 GFER_A_387171 April 20, 2009 14:7

GFER #387171, VOL 380, ISS 1

Preparation of Lead Zirconate-Lead Nickel Niobate
Ceramics by the Reaction Sintering Process

SUPAMAS WIRUNCHIT, RANGSON MUANGHLUA,
SURASAK NIEMCHAROEN, WANWILAI C. VITTAYAKORN,
PITAK LAORATANAKUL AND NARATIP VITTAYAKORN

QUERY SHEET

This page lists questions we have about your paper. The numbers displayed at left can be
found in the text of the paper for reference. In addition, please review your paper as a whole
for correctness.

There are no Editor Queries for this paper.

TABLE OF CONTENTS LISTING

The table of contents for the journal will list your paper exactly as it appears below:
Preparation of Lead Zirconate-Lead Nickel Niobate Ceramics by the Reaction
Sintering Process

Supamas Wirunchit, Rangson Muanghlua, Surasak Niemcharoen, Wanwilai C. Vittayakorn,
Pitak Laoratanakul and Naratip Vittayakorn




701

GFER_A_387171

April 20, 2009 14:7

Ferroelectrics, 380:1-6, 2009 e Taylor & Francis

Copyright © Taylor & Francis Group, LLC

Taylor & Francis Group.

ISSN: 0015-0193 print / 1563-5112 online
DOI: 10.1080/00150190902869996

Preparation of Lead Zirconate-Lead Nickel Niobate
Ceramics by the Reaction Sintering Process

SUPAMAS WIRUNCHIT,' RANGSON MUANGHLUA,?
SURASAK NIEMCHAROEN,” WANWILAI C.
VITTAYAKORN,? PITAK LAORATANAKUL,*

AND NARATIP VITTAYAKORN"*

'Materials Science Research Unit, Department of Chemistry, Faculty of Science,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand

2Department of Electronics, Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok Thailand 10520

3Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai
50200, Thailand

4National Metal and Materials Technology Center (MTEC), Pathumthani 12120,
Thailand

10

15

20

The perovskite structure of lead zirconate — lead nickel niobate ceramics, (1-x) PbZrO3—
xPb(Ni13Nb2/3)03 (PZ — PNN) at x between 0.00-0.50, has been prepared by the
reaction-sintering process. The specimens were prepared directly from a mixture of
their constituent oxide without any calcination step. The PZ — PNN ceramics could be
obtained after 6 h sintering at 1,100-1,250°C. Crystal structure and phase transition of
PZ-PNN were investigated by x-ray diffraction (XRD). XRD indicated that the structure
of PZ-PNN ceramics is orthorhombic for a composition where x = 0.00, rhombohedral
for compositions where x = 0.10 < x < 0.40 and pseudo-cubic for a composition
where x = 0.50. The dielectric properties of the ceramics were measured as functions
of both temperature and frequency. The results indicated that the transition temperature
decreases with increasing PNN concentration. Furthermore, morphology and grain size
evolution have been determined via a scanning electron microscope (SEM)

Keywords Reaction-Sintering process; Materials preparation; Lead Zirconate and
Lead Nickel Niobate

PACS: 64.70.K-, 77.22.Ch, 81.05.Je, 85.80.-n and 77.84.Dy

Introduction

Lead zirconate [PbZrO4;PZ] is an antiferroelectric ceramic, which has an orthorhombic
structure and a Curie temperature of about 230°C [1, 2]. PZ is a parent compound of
PbZr;_,Ti, O3 (PZT) solid solutions, which are of high scientific and technological interest
25 for their ferroelectricity and piezoelectricity that have been observed over a wide range of
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compositions [3]. Lead nickel niobate (Pb(Ni; ;3Nb2/3)03;PNN) is a perovskite structure
and has typical relaxor ferroelectric properties. It exhibits a diffuse phase transition of
around —120°C, with a much lower peak permittivity of about 4,000 [4]. The crystal
structure of PNN at room temperature is cubic (Pm3m) [5]. Thus, mixing PNN with PZ
is expected to decrease the sintering temperature of PZ-based ceramics, which is desirable
towards lower-cost electrodes [6]. In our previous work [7, 8], we studied synthesis of
the solid solution of PZ-PNN ceramics via the columbite precursor method. This method
consists of two calcination processes. Columbite is formed first, followed by the formation
of perovskite. Two calcination and pulverization stages were carried out before sintering
PZ-PNN ceramics. The crystal structure of the solid solution (1-x)PZ-xPNN, where x =
0.00-0.50, successively transforms from orthorhombic through rhombohedral to pseudo-
cubic symmetry with increase of the PNN concentration [9].

The reaction-sintering process is a simple and effective route in synthesizing ceramics.
The calcination step is skipped and the raw material mixture is pressed into pellets and
sintered into ceramics directly. The purpose of this study was to investigate the sintering
behavior of (1-x)PZ-xPNN (x = 0.00-0.50) ceramics prepared by the reaction-sintering
process. The phase transition, morphology and dielectric properties are presented and
analyzed.

Experimental Procedure

The ceramics of lead zirconate — lead nickel niobate ceramics, (1-x)PbZrO;-
Pb(Ni;;3Nb,/3)03 (PZ-PNN), have been prepared by the reaction-sintering process via
the columbite precursor method. Firstly, the columbite structure (NiNb,Og) was synthe-
sized. Stoichiometric amounts of the precursor (NiO, Nb,Os) were mixed and milled in
ethyl alcohol for 18 h. The mixture was dried and calcined at 1,100°C for 4 h. Then,
NiNb,Og and ZrO, were mixed with PbO, according to the composition of (1-x)PbZrO;-
Pb(Ni, ;3Nby/3)03 (PZ-PNN), 0 < x < 0.50, with an excessive content of 2jmol% PbO.
After re-milling and drying, the milled powders were directly pressed into 15 mm diam-
eter pellets using 5% PVA and without calcination. The binder was burnt out by slowly
heating up to 500°C for 2 h. The samples were sintered at 1,100-1,250°C for 6 h. Phase
formation and phase transition of PZ-PNN were investigated by x-ray diffraction (XRD).
Dielectric properties measured the ceramics by using an HP-4284A LCR meter. Ceramic
morphologies were imaged, using scanning electron microscopy (SEM; JEOL JSM-840A).

Results and Discussion

The formation of the perovskite phases in the (1-x)PZ-xPNN (x = 0.0-0.5) specimens,
produced by the reaction-sintering process, were studied and analyzed by XRD. The XRD
patterns from this system are shown in Fig. 1. It can be seen that a complete crystalline
solution of perovskite structure is formed throughout all of the composition ranges without
the presence of pyrochlore or unwanted phases. From the patterns, PZ ceramic is identified
as a single-phase material with a perovskite structure having orthorhombic symmetry, which
could be matched with international center for diffraction data (ICDD) file no. 75-1607.
The XRD patterns of the PZ-PNN compositions show a combination between both PZ
and PNN patterns, indicating a perovskite structure having a symmetry that varies from
orthorhombic to pseudo-cubic types. A better comparison is the ICDD file no. 34-0103
for PNN, with a cubic structural symmetry. The (1-x)PZ-xPNN is orthorhombic for a
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Figure 1. XRD patterns of (1—x)PbZrO3;— xPb(Ni;;3Nb;/3)0; ceramics.

70 composition where x = 0.00, rhombohedral for compositions where x = 0.10 < x < 0.40
and pseudo-cubic for a composition where x = 0.50. It increases from 10.08 to 12.22%,
11.63 to 13.57 and 13.18 to 14.73 for x = 0.10, 0.20 and 0.50, respectively. The shrinkage
percentages of PZ-PNN ceramics are shown in Fig. 2.
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Figure 2. Shrinkage percentage of (1-x)PZ— PNN ceramics. (See Color Plate XXX)
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ics. (See Color Plate XXX)

compositionx. The density percentage increases with increasing sintering temperature and
reaches 93.17% at 1,200°C. For composition x = 0.20, 0.30 and 0.50 at 1,250 °C, density
percentages are lower than the 1,200°C sintering temperature.

The compositional dependence of the dielectric response characteristics for PZ-PNN
ceramics, where the normal and relaxor ferroelectric behavior crosses over, is shown in
Fig. 4 for the composition x = 0.00-0.50 taken at measurement frequencies of 0.1, 1, 10
and 100 kHz. For composition x = 0.0, the relative permittivity increased slowly until

Figure 3 shows the density percentage of PZ-PNN ceramics as a function of
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Figure 4. Temperature dependence of relative permittivity £, for (1 — x)PZ —xPNN; x = 0.0-0.5
ceramics. (See Color Plate XXX)
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the temperature approached 230°C. At around 235°C, the relative permittivity increased
greatly, passing through a maximum at about 236°C. With further heating, the relative
permittivity decreased in accordance with the Curie-Weiss law, & = C/(T-T,), where &,
is the relative permittivity, T is the temperature and C and T, are constants that, in this
study, were 1.04 x 10° and 460.70 K, respectively. With increasing PNN concentration
to x = 0.3, the relaxor-like dielectric dispersion became increasingly more pronounced by
existing over a broader temperature range near Tpay. The first-order dielectric features of
the spontaneous transformation became decreasingly distinct when x > 0.4,. These results
clearly show that a spontaneous crossover between relaxor and normal state exits over a
relatively wide PNN content range of between x = 0.3 and 0.4. Upon increasing the PNN
concentration to x = 0.5, the ceramic exhibits a broad maximum of relative permittivity
with strong frequency dispersion, which is reminiscent of the relaxor ferroelectric behavior
of PNN crystal. The maximum value of relative permittivity decreases with increasing
frequency. The dielectric dispersion below transition temperature reflects typical relaxor
ferroelectric behavior arising from the responses of polar micro-domains with a spectrum
of relaxation time [10, 11].

Figure 5(a)—(d) show the scanning electron microscopy images of the fracture surfaces
of (1-x)PbZrO; — xPb(Ni, ;3Nby/3)03 ceramics. No plate-like grains were observed in any
sample, indicating the absence of pyrochlore formation. Other compositions of the system
also exhibited high density and irregular grain size and shape. By applying the linear
intercept methods to these SEM micrographs, the average grain size was calculated to be
between 0.91-1.74 pm for all of the samples.

Figure 5. SEM photographs of four (1 — x)PZ —xPNN ceramics; (a) and (b) x = 0.20, (c) and (d)
x = 0.50.
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Conclusions

The perovskite (1-x)PbZrO; — xPb(Ni,;3Nb,;3)0; (PZ-PNN) ceramics could be obtained
successfully by the reaction-sintering process. The structure of PZ-PNN is orthorhombic for
a composition where x = 0.00, rhombohedral for compositions where x =0.10 < x <0.40
and pseudo-cubic for a composition where x = 0.50. Density of PZ-PNN ceramics higher
than 85% of theoretical density was obtained. The density percentage increases with increas-
ing sintering temperature. The dielectric constant of (1-x)PbZrO; —xPb(Ni; ;3Nb;/3)03 was
found to increase with increased PNN concentration. The transition from the normal FE to
relexor FE state was clearly observed as the mole fraction of the PNN increase.
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Abstract

The phasic and microstructural developments of perovskite PbZrO;-Pb(Ni;3Nby3)O;3
during reaction processes using NiNb:Og columbite precursor were investigated. The
formation of the perovskite phase in the calcined powders has been investigated as a function
of calcination conditions by TG-DTA and XRD techniques. Moreover, morphology and
particle size evolution have been determined via SEM technique, respectively. The complete
solid solutions of perovskite phase of PZ-PNN ceramics were obtained over a wide
compositional range. In addition, x-ray diffraction indicated a phase transformation from a
orthorhombic to a pseudo-cubic phase when the fraction of PNN was increased. A higher
relative permittivity value, as a consequence of the higher PNN concentration, was observed.

Background

Ferroelectric relaxor Lead nickel niobate [Pb(Ni;3Nb2s)O; or PNN] is one of the first
known relaxor ferroelectrics reported by Smolenskii and Agranovskaya in 1958 '. The first
study on PNN single-crystals showed typical relaxor ferroelectric behavior with a room
temperature dielectric constant of ~ 2500 (measured at 1 kHz) that increased to ~ 4000 at the
transition temperature (—120 °C). These results were confirmed by Bokov and Myl'nikova in
1961 *. PNN crystals were grown in platinum crucible containing a melt of PNN and PbO
with a weight ratio of 2:3. Crystallization was achieved by cooling the melt from 1200 °C at
the rate of 20-40 °C/h. X-ray diffraction studies suggested that the crystals possessed the
cubic perovskite structure with a lattice parameter (ap) of 4.03 A at room temperature °.

Lead Zirconate, PbZrO; (referred to as PZ hereafter), is a anti-ferroelectric materials
. exhibiting a sharp maximum in the dielectric constant, and its Curie temperature is about 230
°C *. The solid solution PNN-PT-PZ has shown as a promising low-hysteresis sensor and
actuator material due to high dielectric and piezoelectric properties °. The Curie temperature
of PZ — PNN in the very wide range from —110 to 230 °C may be designed by controlling the
composition. The present investigation uses the columbite precursor method to prepare
phase-pure PZ - PNN ceramics and reports the dielectric properties.

Materials and Methods

Ceramics of PZ - PNN were synthesized using the columbite precursor method . In
this two-step process, the NiNb,Og precursor was formed from high purity NiO (99.6%,) and
Nb.Os (99.99%). Stoichiometric amounts of NiO and Nb,Os were mixed and milled in
acetone for 24 h using a ball-milling. After drying, the mixture was calcined at 1000 °C for 4
h in a closed alumina crucible. The NiNb»Og precursor was then mixed with PbO (99%) ans
Zr05 (99.9%), in a stoichiometric ratio, to form (/-x)PbZrO;-xPb(Ni;sNb1;)0s ; x = 0.0-0.5
compositions. After re-milling and drying, the mixtures were calcined at 900 °C for 4 h. The
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calcined powders were then re-milled for 24 h and ground to 80 meshes. Ceramics were
formed by uniaxially pressing powders containing 3 wt% PVA. The green ceramics were
sintered at temperature between 1100 and 1250 °C after a low-temperature binder burnout
step. X-ray diffraction was used to determine the amount of perovskite phase present and the
microstructure was observed using a scanning electron microscope. The sintered ceramics
were polished and cleaned in an ultrasonic bath before depositing sputtered-gold electrodes.
Dielectric measurements were performed with a HP4284A LCR meter, from room
temperature to 300 °C, at a heating rate of 2 °C/min using an automated measurement
system..

Results and Discussion
The result of TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of 0.5PZ-0.5PNN is shown in Fig. 1. In the temperature range
200-400 °C, the sample shows several large exothemic peaks in the DTA curve. These DTA
eaks can be attributed to the decomposition of the organic species from the milling process
. In the temperature range 650-900 °C, both exothermic and endothermic peaks are observed
in the DTA curve. The enlarge zone of this DTA curve shown that the enothermic peak at ~
775 °C should be correlated to the phase transition of perovskite structure, because no weight
loss could be found in TG curve and that is also in accordance to literature data. The last
endothermic peak centered at ~ 840 °C may be caused by the decomposition of lead oxide. As
a result, crystallization of PZ-PNN powders takes place at 775 °C, and perovskite structure is
established above 780 °C. Further increase in temperature or heating time will promote
crystallization of perovskite phase powders. These data were used to define the range of
temperatures (650 to 950 °C) for XRD investigation.

<& rase o
o o
680 C 775 C

Weight Loss (%)

=]
(=]

P
C)
840 C
700 750 800 850

850

Temperature ("C)

Endotherm =——AT (°C) — Exotherm

SRS S .
200 400 600 800 1000 1200
Temperature (°C)

Figure. | TG-DTA analysis of 0.5PZ-0.5PNN prepared by columbite method.

The XRD patterns of (7-x)PZ-xPNN powder with various x values are shown in figure 2.
From the patterns, it could be found that the major phase in all cases is well-crystallized
perovskite and the essentially pyrochlore-free powder was obtained. All the compositions in
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the present work showed pyrochlore-free XRD scans at calcination temperatures at above 900
OC‘

These experiments indicate that as the concentration of the PNN phase increased the
calcination temperature must be increased in order to obtain phase-pure perovskite. A similar
phenomenon has been observed in polycrystalline PZT-PNN 7. PZT-PZN %and PZT-PZN-

PNN °.
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Figure 2 XRD patterns of (1-x)PZ-xPNN powder prepared by columbite method as a function
of composition.
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Figure 3 Relative permittivity of PZ-PNN as a function of composition.

Figure 3 represent the relative permittivity versus the PNN concentration. The
relative permittivity was increased with increased mol percent of PNN. The effect of
increasing the dielectric constant with increasing PNN content is interpreted to be due to the
drive toward the orthorhombic to pseudo-cubic phase transition at room temperature, or in
other words associated with the possibility of the decrease of the transition temperature to
near room temperature. Other authors have reported a similar behavior . Figure 4 shows
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scanning electron microscopy (SEM) images of the surfaces of figure 5 shows SEM
microstructures of the fracture surfaces of samples sintered at various temperatures. The
distributions in the grain shape and size of the samples are rather uniform.

Figure 4 SEM examination of the serface morphology in (1-x)PZ- xPNN ceramics (a) x = 0.1
and (b) x = 0.5

All the samples showed an intergranular fracture mechanism indicating that the grain
boundaries are mechanically weaker than the grains. These samples appear very dense, no
pores being evidenced on SEM microstructures. No plate-like grains were observed in both
samples, indicating an absence of pyrochlore formation. There is not change in the grain size,
nor is there any evidence of abnormal grain growth.

Conclusions

The columbite methods is explored in the preparation of single phase (1-x)PbZrOs; —
xPb(Nij3Nby3)O; powders. According to the results of DTA/TG and XRD analysis,
crystallization of PZ-PNN powders took place at below 650°C and pure perovskite-type could
be obtained above 775°C. The complete solid solutions of perovskite phase of PZ-PNN
ceramics were obtained over a wide compositional range. The results showed that the
concentration of the PNN phase increased the calcination temperature must be increased in
order to obtain phase-pure perovskite. Furthermore, an increase in permittivity with
increasing PNN concentration is observed.
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zirconate-lead nickel niobate powders
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Abstract

The (1-x)PbZrO;-Pb(Nii3Nby3)Os ferroelectric powders produced by a simplified
columbite precursor synthetic route was studied. Columbites NiNb;Og and the phase
structure of PZ-PNN were examined using X-ray diffraction (XRD). The surface
morphology of the formed powders was examined by scanning electron microscopy (SEM).
[t was observed that for the binary system (1-x)PbZrO;—xPb(Ni;sNb,3)0s, the change in the
calcinations temperature is approximately linear with respect to the PNN content in the range
x =0.0-0.5. With an increase in x, the calcinations temperature shifts up to high temperatures.
[t is seen that optimization of calcination conditions can lead to a 100% yield of PZ-PNN in a
psudo-cubic phase.

Background

Lead zirconate, PbZrQOs, is an antiferroelectric ceramic with a Curie temperature of
230°C. It is reported that the antiferroelectric (AFE) to ferroelectric transition (under the
application of a strong electric field to the ceramic in the antiferroelectric state) leads to
significant energy storage for DC field'. Piezoelectric and dielectric properties of lead
zirconate thin films, derived from a sol-gel technique, were studied and compared with the
most significant piezoelectric compositions >. This material is a potential candidate for
energy storage applications for DC fields and low loss linear capacitor, owing to its AFE
nature °. Recently, the double hysteresis behavior of this material makes it attractive for the
ultrasonic transducers, nonvolatile memories, micro actuators, multi-layer capacitors and
electro-optic devices as well as for actuator applications "**. A very large amount of research
has been performed on solid solutions containing PZ such as, Pb(Zr.,,Tiy)O; (PZT) >,
PbZrO;-PbTiO3—Pb(MgisNby3)0;  (PZ-PT-PMN) *7, PbZrOs~PbTiOs~Pb(Zn,;3Nbys3)0s
(PZ-PT-PZN) *' and Pb(Zn;3Nby3)O; —PbZrO; (PZN-PZ) ''. One of the most famous
systems is the solid solution of PbNi;3Nb;30;—PbTiO3—PbZrO; (PNN-PT-PZ) system has a
morphotropic phase boundary at lead zirconate (PZ) concentration around 0.20-0.45 '>'*. At
these PZ concentrations the electromechanical coupling in the compound reaches 0.8 2.

As one part of a series of the investigations on the solid solutions with PZ, this study
deals with the binary compound of PNN-PZ because of there has been no detailed report on
the reaction between lead oxide, nickel niobate and zirconium oxide is of interest. In the ,
present work, the columbite precursor method was used to synthesize the (1-x)PbZrO; — ;
xPb(Nii3Nb23)O;3 (PZ — PNN ) with x =0 - 0.5. The development of phase, morphology and
particle size of PZ-PNN powders are presented and analyzed.

Materials and Methods

The columbite precursor NiNb,Og was prepared from the reaction between NiO and
NbyOs at 1100°C for 4 hours and then mixed with PbO and ZrO,, according to the i
composition of (1-x)PbZrO; — xPb(Ni;;3Nby3)O3 (PZ — PNN ) with x = 0 — 0.5. The mixture
was calcined at various temperatures ranging from 650 to 900 °C, dwell times 4 h and
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. heating/cooling rates ranging 20 °C /min, in closed alumina crucible, in order to investigate

the perovskite phase formation. Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Philips PW 1729 diffractometer), using Ni-filtered

' CuK,, radiation to identify the phases formed and optimum calcination conditions for the
' formation of PZ-PNN powders. Powder morphologies and particle sizes were directly
* imaged, using scanning electron microscopy (SEM; JEOL JSM-840A).

. Results and Discussion

Figure 1 shows XRD pattern of the 0.7PZ-0.3PNN powders calcined at different
temperatures for 4 h prepared by columbite methods. The precursor phases PbO, NiNb,Os
and a small amount of crystalline pyrochlore phase were detected by XRD at 650 °C. The
sample heated to 700 °C contained the perovskite phase, pyrochlore phase.
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Figure 1 Powder XRD patterns of the calcined 0.7PZ-0.3PNN powders at various calcination
temperatures at constant time.
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Figure 2 Percentage of perovskite phase as a function of calcination temperature
for (1 — x)PZ — xPNN ceramics.

By increasing the calcination temperature from 650 to 900 °C, the yield of the perovskite
phase increased significantly until at 725 °C, a single phase of perovskite phase was formed.
The studies also reflect the growth of crystallinity in the powders with the increasing heat-
treatment temperatures. The perovskite phase formation of PZ-PNN at various calcination
temperatures is shown in figure 2. From the patterns, it could be found that the major phase
in all cases is well-crystallized perovskite and the essentially pyrochlore-free powder was

357



24" MST Annual Conference Journal of Microscopy Society of Thailand 2007, 21(1):

obtained. All the compositions in the present work showed pyrochlore-free XRD scans at
calcination temperatures at above 900°C.

These experiments indicate that as the concentration of the PNN phase increased the
calcination temperature must be increased in order to obtain phase-pure perovskite. It can be
seen that a complete crystalline solution of perovskite structure is formed throughout the
whole composition ranges without the presence of pyrochlore or unwanted phases. From the
patterns, PZ powder is identified as a single-phase material with a perovskite structure having
orthorhombic symmetry which could be matched with ICDD file no. 75-1607. The XRD
patterns of the PZ-PNN compositions show a combination between PZ and PNN patterns,
showing a perovskite structure having the symmetry varying between orthorhombic and
pseudo-cubic types.

Figure 3 SEM micrographs of the calcined (1 — x)PZ — xPNN powder (a) x = 0.0,
(b)x=0.1,(c)x=0.2,(d)x=0.3,(e)x=04, () x=0.5.
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Table I Characteristics of (1—x)PZ—xPNN powders with optimized processing conditions

Composition  Calcine  %Perovskite Particle size

temperature phase (nm)
CC)
x=0.0 750 100 0.51 £0.06
x=0.1 750 100 0.46 £0.05
x=02 800 100 0.58 £0.05
=013 850 100 0.56 +£0.04
x=04 850 100 0.56 £ 0.05
x=05 850 100 0.58 £0.04

Conclusions

The columbite methods is explored in the preparation of single phase (1-x)PbZrO; —
XPb(NisNby3)0; powders. According to the results of DTA-TG and XRD analysis,
crystallization of PZ-PNN powders took place at below 650°C and well-crystallized
perovskite-type could be obtained above 850°C. It was observed that for the binary system
(1-x)PbZrO;—xPb(Ni;sNby/3)O3, the change in the calcinations temperature is approximately
linear with respect to the PNN content in the range x = 0.0-0.5. With an increase in x, the
calcinations temperature shifts up to high temperatures. It is seen that optimization of
calcination conditions can lead to a 100% yield of PZ-PNN in a psudo-cubic phase. A further
increase in PNN substitution gradually decreased the unit cell dimensions of the perovskite
structure. Particle size can be estimated from SEM micrographs to be in the range of 0.46 —
0.57 pm.
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Multilayer Actuators and Ultrasonic Motors based on Piezoelectric
Pb(Mg;;3Nb;/3)O03-PbTiO; Single Crystal Materials

Haosu Luo™, Xiangyong Zhao', Laihui Luo®, Zuyong Feng®
“ Shanghai Institute of Ceramics, Chinese Academy of Sciences, 215 Chengbei Road, Jiading, Shanghai, 201800,
P.R. China
" hsluo@mail.sic.ac.cn

Our recent results show that the ultrahigh piezoelectric performances of Pb(Mg;;3Nbs;3)05-PbTiO; (PMNT)
single crystals can be used for many novel piezoelectric devices such as ultrasound transducers, and piezoelectric
actuators. For example, we have fabricated PMNT single crystal stacked actuators with the layer thickness in
0.15mm and the stack length in 9mm, which have a displacement about 18.2um under a drive voltage less than
200V, and the effective dj; higher than 1620pC/N, which is twice higher than those of PZT-5A counterparts. The
stacked actuators exhibit also broad, fast and stable dynamic responses below resonance frequency about 60
kHz. We have also fabricated PMNT single crystal rod-type propagating wave ultrasonic motors using both
thickness mode and transverse vibration mode. The motors could work at resonant frequencies of 20 to 50 kHz
under much lower drive voltage, smaller than one third of those of PZT motors. It is promising that PMNT
piezocrystals will greatly contribute to development of actuation technology and mechatronics with higher
performance, remarkable miniaturization and lower energy consumption.

“Keywords: D. PMNT single crystal; C. Piezoelectric properties; E. Actuators; E. Motors.
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Effect of Lead Nickel Niobate Substitution on Structural, Phase Formation and
Phase Transitions of Lead Zirconate Ceramics

Wasin Koonalintip*, Supamas Wirunchit, Naratip Vittayakorn
Department of Chemistry, Faculty of Science,
King Mongkut's Institute of Technology of Ladkrabang, 10520 THAILAND
E-mail: mix_create@yahoo.co.th

Solid solution perovskite structure of lead zirconate — lead nickel niobate ceramics, (l-x)PbZrO; —
xPb(Ni;sNby3)03 (PZ — PNN) with x = 0 — 0.5, were synthesized via the columbite precursor method. The
formation of the perovskite phase in the calcined powders has been investigated as a function of calcination
conditions by TG-DTA and XRD techniques. The morphology evolution was determined by scanning electron
microscopy (SEM) technique. The complete solid solutions of perovskite phase of PZ-PNN ceramics was
obtained over a wide compositional range. The results showed that the calcination temperature and dwell time
have been found to have a pronounced effect on the phase formation of the calcined PZ-PNN powders. [n
addition, the calcinations temperature increased with increasing the PNN concentration. It is seen that perovskite
phases undergo the transitions orthorhombic to pseudo-cubic in the x value range 0.0-0.5.

Keywords: Dielectric properties, Perovskites, X-ray methods, Transition metal oxides
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B3-1. Conf-387

[nvited Lecture: Prof. Riidiger-A. Eichel

Characterization of the Defect Structure in Acceptor- and Donor-Doped PZT Ceramics
Riidiger-A. Eichel

Eduard-Zintl-Institute, Darmstadt Technical University, Petersenstr. 20, D-64287 Darmstadt, Germany

High-frequency and multi-pulse electron paramagnetnic resonance (EPR) provides a local probe to
characterize functional center and defect states in acceptor- and.donor-doped PZT ceramics. In particular,
the creation of lattice vacancies due to aliovalent doping may be monitored, giving a detailed picture about
the orientation of internal bias fields as provided by iron-oxygen vacancy defect dipoles. Furhtermore,
temperature-dependent EPR gives insight into the physics of the association process between functional
center and the charge-compensating lattice vacancy.

B3-2. Conf-35

Local Poling of Ferroelectric Copolymer Films by Scanning Probe Microscopy
C.Y.Lin,* C. C. Hsu,” and Forest S.-S. Chien®

* Department of Physics, Tunghai University, Taichung, Taiwan

® Department of Physics, National Chung-Cheng University, Chiayi, Taiwan

KEY WORDS: ferroelectric polymer, scanning probe microscope, local poling, susceptibility, polarization

The microscopic thermodynamics of the ferroelectric polarity in a copolymer film was studied by scanning
probe microscopy. The polymer film (DR1-PMMA) was spin-coated on the glass with a' conducting
Indium Titanium Oxide layer. The local poling of ferroelectric polymer was performed by a biased
proximal probe of atomic force microscopy at various pulse width and voltage. The electrostatic force
microscopy was utilized to characterize the retaining of local polarity at different elevated temperature.
Also, the second-order susceptibility of the poling region was studied by second harmonic generation with
830-nm Ti-sapphire laser. The correlation between ferroelectric polarization and second-order
susceptibility will be reported.

B3-3. Conf-271

Perovskite Phase Formation and Dielectric Properties of Lead Zirconate — Lead Nickel
Niobate Ceramics :
Naratip Vittayakorn, Wasin Koonalintip and Supamas Wirunchit

Department of Chemistry, Faculty of Science, King Mongkut's Institute ofTechnology Ladkrabang, Bangkok 10520
THAILAND

KEY WORDS: lead Zirconate; Lead Nickel Niobate; Perovskite; Calcination; Powders: solid state reaction

Solid solution of lead zirconate — lead nickel niobate ceramics, (1-x)PbZrO; — xPb(Ni,3sNb,3)0; (PZ —
PNN ) with x = 0-0.5, were synthesized via the columbite precursor method. The formation of the
perovskite phase in the calcined powders has been investigated as a function of calcination conditions by
TG-DTA and XRD techniques. As a results, the complete solid solutions of perovskite phase of PZ-PNN
ceramics was obtained over a wide compositional range. In addition, the calcinations temperature increased
with increasing the PNN concentration. Furthermore, the dielectric constant values of the ceramics
increased with the fraction of PNN, whereas the dielectric maximum temperatures were rather insensitive to
the compositional change. The change in transition phase is approximately linear with respect to PNN

content in the range of x =0 to 0.5. With increase in x, the transition point shift to lower temperatures.
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PREPARATION OF LEAD ZIRCONATE-LEAD NICKEL
NIOBATE CERAMICS BY REACTION SINTERING PROCESS

Supamas Wirunchit and Naratip Vittayakorn

Materials Science Research Unit, Department of Chemistry, Faculty of Science, King

Mongkut’s Institute of Technology Lardkrabang, Bangkok, Thailand 10520

E-mail: inorlee@yahoo.com , naratipemu(@yahoo.com

Abstract: The perovskite structure of lead zirconate — lead nickel niobate ceramics,
(1=x) PbZrO;—xPb(NijsNbs3)O3 (PZ — PNN) at x between 0.00-0.50, have been
prepared by the reaction sintering process. The specimens were prepared directly from
a mixture of their constituent oxide without any calcination step. The PZ — PNN
ceramics could be obtained after 2-6 h sintering at 1150 °C. Crystal structure and
phase transition of PZ-PNN were investigated by x-ray diffraction (XRD) and thermal
analysis, respectively. X-ray diffraction indicated that the structure of PZ-PNN
ceramics is orthorhombic for compositions where x = 0.00, rhombohedral for
compositions where x = 0.10 < x < 0.40 and pseudo-cubic for composition where x =
0.50. The dielectric properties of the ceramics were measured as functions of both
temperature and frequency. The results indicated that the transition temperature
decreases with increased PNN concentration. Furthermore, morphology and grain size
evolution have been determined via scanning electron microscope (SEM).
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PHASE TRANSITIONS OF LEAD ZIRCONATE- LEAD NICKEL NIOBATE
CERAMICS PREPARED BY REACTION
SINTERING PROCESS

Supamas Wirunchit and Naratip Vittayakorn

Materials Science Research Unit, Department of Chemistry, Faculty of Science, King Mongkut’s Institute of
Technology Ladkrabang, THAILAND

E-mail: naratipcmu@yahoo.com

Abstract-The polycrystalline samples of Pb[Zr; (Ni;sNbas),]O; (PZNN), where x = 0.10-0.50 were prepared
using the reaction sintering process via ball-milling technique. The samples were prepared directly from a mixture
of their constituent oxide without any calcination step. The PZNN ceramics of 100% perovskite phase were
obtained successfully. Crystal structure and phase transition of PZNN were investigated by x-ray diffraction
(XRD) and thermal analysis, respectively. At room temperature, Pb[Zr; (Ni ;;3Nba;3),]O5 is orthorhombic for
composition where x = 0.00 < x < 0.10, rhombohedral for compositions where x = 0.10 < x < 0.40 and
pseudo-cubic for composition where x = 0.50. The antiferroelectric phase (AFE) — ferroelectric phase (FE)
transition occurs in compositions of 0.00 < x < 0.08. The AFE—FE phase transition shifts to lower temperatures
with higher compositions of x.
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PEROVSKITE PHASE FORMATION, PHASE TRANSFORMATIONS AND
' ELECTRICAL PROPERTIES OF LEAD NICKEL NIOBATE -
LEAD ZIRCONATE CERAMICS

Naratip Vittayakorn and Supamas Wirunchit

‘Department of Chemistry, Faculty of Science, King Mongkut's Institute of
Technology Ladkrabang, Bangkok 10520 THAILAND
"narati pecmu@yahoo.com

ABSTRACT-Lead Zirconate, PbZrO; (PZ), is one end member of the industrially
interesting solid-solution series PbZrO;-PbTiO; [1] and the first antiferroelectric
identified by Sawaguchi et al. [2]. At room temperature PZ has an antiferroelectric
phase (AFE) which has an orthorhombic structure [2]. It undergoes the AFE to a
paraelectric phase (PE) and transforms from an orthorhombic structure to a cubic
structure at 236 °C [3]. Lead nickel niobate [Pb(INi;;3Nby3)0s3, PNN] was one of the
first known relaxor ferroelectrics reported by Smolenskii and Agranovskaya [4].
Ferroelectric relaxor PNN exhibits a broad maximum in the dielectric constant, and a
diffuse phase transition. Its Curie temperature is about —110 °C and the maximum
dielectric constant is about 3500 at 1 kHz [5]. Using this compound as one end
member, the temnary solid solutions of PNN-PZ-PT [6] have been developed and
utilized for sensors and actuators because of their excellent piezoelectric behavior.

As one part of a series of the investigations on the solid solutions with PZ, this
study deals with the binary compound of PNN-PZ because of there has been no
detailed report on dielectric and piezoelectric properties of this entire system. To
illuminate the ferroelectric and phase relations of the binary system of PNN-PZ, solid
solution ceramics having various compositions were synthesized by the columbite
precursor method, and their dielectric and piezoelectric properties were measured as
functions of composition and temperature. The powders were characterized by
thermogravimetric and differential thermal analysis (TG-DTA), X-ray diffraction
(XRD) and Scanning electron microscopy (SEM) techniques. The calcinations
temperature was found to have a pronounced effect on the phase formation of the
calcined powders. Furthermore the existence of the phase boundary between the
normal ferroelectric and the relaxor ferroelectric state was observed, where the
remanent polarization showed considerable change.

" Reference

[1] B. Jaffe, W. R. Cook, Piezoelectric ceramic, R.A.N. Publishers, 1971,

[2] E. Sawaguchi, G. Shirane, S. Hoshino, Phys. Rev. 83 (1951) 1078.

[3] S. Roberts, J. Am. Ceram. Soc. 33 (1953) 63-66.

[4] G. A. Smolenskii, A. L. Agranovskaya, Sov. Phys.-Tech. Phys. (1958) 1380.
[5] S. Sharma, R. Sati, R. N. P. Choudhary, Can. J. Phys, 71 (1993) 322.

[6] E. F. Alberta, A. S. Bhalla, Int. J. Inorg. Mater 3 (2001) 987.

— 185




International Conference on Smart Materials
Smart/Intelligent Materials and Nanotechnology
: and
2" International Workshop on
Functional Materials and Nanomaterials

Smartmat-"08
& IWOFM-2

22-25 April 2008

Chiang Mai, Thailand

COAY. GROUP

FPORATICHN LT




Splge  Smartmat’ -08 & IWOFM-2
%’b Chiang‘/vlm' Thailand @ 7 i
[

|

Effect of Lead Nickel Niobate Substitution on Phase
Trausitions of Lead Zirconate Ceramics Prepared
by Solid State Reaction Method

S. Wirunchit"*, P. Laoratanakul® and N. Vittayakorn'

‘Materials Science Research Unit, Faculty of Science, King Mongkut’s [nstitute of Technology Ladkrabang, Bangkok,
Thailand 10520
*National Metal and Materials Technology Center (MTEC), Pathumthani 12120, Thailand
* Corresponding author:  inorlee@yahoo.com, naratipcmu@yahoo.com

The solid solution between the Anti-ferroelectric F‘bZrDl (PZ) and relaxor ferroelectric Pb
(Nimme)OJ (PNN) was synthesized by the columbite method. The phase structure and dielectric proper-
ties of Pb(er_‘(Nimme)xOJ (PZNN) where x = 0.0 < x < 0.50 were investigated. The samples were kept at
the calcination temperature 900 “C for 4 h and at the sintering temperature 1150 °C for 2 h. Phase formation
and phase transition of PZNN were investigated by x-ray diftraction (XRD) and thermal analysis, respec-
tively. [t was tound that the structure of sintered pellets is orthorhombic for 0.0 <.x <0.10, rhombohedral for
0.20 € x £ 0.30 and pseudo-cubic for x = 0.5. DSC measurements show that the antiferroelectric phase
(AFE)-terroelectric phase (FE) and the FE to paraelectric phase (PE) phase transformation temperatures
decrease with increasing PNN concentration. The AFE-FE phase transformation is detected for
compositions 0.00 < x < 0.08.
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CROSSOVE FROM ANTIFERROELECTRIC TO NORMAL
FERROELECTRIC BEHAVIOR IN LEAD ZIRCONATE - LEAD NICKEL
NIOBATE CERAMICS PREPARED BY REACTION SINTERING PROCESS

Supamas Wirunchit and Naratip Vittayakorn

Materials Science Research Unit, Department of Chemistry, Faculty of Science, King
Mongkut’s Institute of Technology Lardkrabang, Bangkok, Thailand 10520

E-mail: inorlee(@yahoo.com, naratipcmu@yahoo.com

Abstract- The lead zirconate — lead nickel niobate ceramics, (l-x)PbZrO; —
xPb(Ni;sNby3)O;3 (PZ-PNN) with x = 0.00-0.10, have been prepared by reaction
sintering. Without any calcination involved, the mixture of raw materials was pressed
and sintered directly. The PZ — PNN ceramics could be obtained after 2-6 h sintering
at 1150 °C. The crystal structure data obtained from XRD indicate that the solid
solution PZ-PNN, where x = 0.00-0.10, successively transforms from orthorhombic to
rhombohedral symmetry with an increase in the PNN concentration. The
antiferroelectric phase (AFE) — ferroelectric phase (FE) transition occurs in
compositions of 0.0 < x < 0.08. The AFE—FE phase transition shifts to lower

temperatures with higher compositions of x. The FE phase temperature range width
increases with increased PNN.
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