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ABSTRACT

This thesis aimed to study the solid solution in the binary system of lead zirconate — lead
cobalt niobate [(1-x)PbZrO, = xPb(Co,,Nb,,)O, ; PZ — PCoN, where x = 0.0 — 0.3] and lead
zirconate — lead zinc niobate [(1-x)PbZrO; - xPb(Zn ,Nb,,)O, ; PZ — PZN, where x = 0.0 — 0.3].
In addition, the ternary system of lead zirconate — lead titanate — lead zinc tantalite [(1-

x)((PbZrO,), s — (PbTIO,), s ~ xPb(Zn,,,Ta,,)0,; PZ — PT — PZnTa, where x = 0.1 — 0.5] was also

0.5
investigated. The solid solution of these systems was prepared by columbite-(wolframite)
methods. The X-ray diffraction (XRD) and Raman spectroscopy were used to investigate the
crystal structure of the sintered ceramics. Moreover, morphology, thermal properties, thermal
expansion, dielectric properties and ferroelectric properties were investigated as a function of
composition via scanning electron microscopy (SEM), differential scanning calorimetry (DSC),
dilatometer, dielectric spectroscopy and P — E hysteresis loop measurements, respectively.

It was found that all compositions in PZ-PCoN and PZ-PZN systems show pure phase
perovskite. The crystal structure successively transforms from orthorhombic to rhombohedral
symmetry with increased PZN and PCoN concentration. Furthermore, intermediate ferroelectric
phase was successfully induced by PZN and PCoN substitution in perovskite PZ. Apparently, the
replacement of the zt'" ion by Zn’',Co” /Nb’" ions decreases the driving force for an antiparallel
shift of Pb’" ions because they interrupt the translational symmetry. Transition from the first to
second order phase was clearly observed as the mole fraction of increased PZN and PCoN. From
the XRD pattern, Raman spectra, ferroelectric and dielectric results, and ferroelectric phase

diagram of PZ-PCoN and PZ-PZN were established.

111



For the PZ-PT-PZnTa system, results indicated that the presence of PZnTa in the solid
solution decreased the structural stability of the overall perovskite phase. A transition from
tetragonal to pseudo-cubic symmetry was observed as the PZnTa content increased, and co-
existence of tetragonal and pseudo-cubic phases was observed at the 0.5PZ-0.5PT-0.1PZnTa
composition. Examination of the dielectric spectra indicated that PZ-PT-PZnTa exhibited an
extremely high relative permittivity at the MPB composition. The permittivity showed a
ferroelectric to paraelectric phase transition at 330 °C, with a maximum value of 19,600 at 100 Hz

at the MPB composition.
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2.3 Ej’ﬁ@!ﬂﬂﬁﬁalﬁﬂﬂ%ﬂ (Ferroelectric material)
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2.3.1 wleslsonn3nuuuynA (Normal ferroelectric)

2.3.1.1 mydalnalsaiildeaazningmsallnlsddanin (Spontaneous

polarization and pyroelectric effect) [24]
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2.3.1.3 wleslsardnnanlamunaz19Ius ane3aa (Ferroelectric domain and

hysteresis loop) [24]

(2.10)
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MgO,, + Nb,0 — MgNb,0 (2.13)

5(s) 6(s)

3PbO,,, + MgNb,0 _— 3Pb(Mg, ;Nb, )0, (2.14)

6(s)

¥
ad A o = =

WUTIMIASuL PMN 22035111918 Pb(Mg,,Nb, )0, ATinnuusqnigan 100% Tag
o A 3 5 =1 Y = U d Q9 1 e a o [ a
MgNb,0, Mtasoy laneuiiuilassaailuladulud 595ond1 35 Tnau lud uaeisuieria
: o aaa uy;‘ Y =1 o S ad dyl as
weilgnsenlutuaeutudrz ldlassadraiugauds lud (ABO,) 3050035015191 35
[ o s 4 i o) a A 3¢ ' 2+ 24
Tnaw lua-gauds lud Feawnsonlaou lossuvesmntluridaduunu Mg™ 18 1w Ni™* Zn

t | + 9 ' ¢ o 54 5+ Y v w
s¢' ' wag Fe' Wudu drulosouves Nb Tuamsold Ta' uay W unu'ldmiun

= = sela o 4 Y amds oy o v <
M99 2.3 mawseuensmeserlalnaiinznuilussdsznoudleis Inau lua-gauns Tua

asinveonlaaAslnanlua Wnadeuazlamhmiinvosasilsznou
det L v
maseva lnanas a1

dnaeenlsa sladulua

3PbO + MgO + Nb,0/,PbO + MgNb,0, 70%/100%

3PbO + MgO + Ta,0,/,PbO + MgTa,0, 60%/100%
3PBO + NiO + Nb,0,/,PbO + NiNb,0O, R0%/100%
3PbO + S¢,0, + Ta,0,/,PbO + SeTa0, 60%/100%
3PHO + In,0, + Nb,04/;PbO + InNbO, 20%/70%

(Excess [n,0,) 70%/95%

d

2.7 NITVIUMITUINDS [44]

= 3/

o o { o a a
NI ULADT (Sintering) ﬁ@ﬂiz“ﬂi]uﬂ”l'iWWﬂ'J"lﬂJ%J@‘LlﬁWﬂﬁﬂuﬂ’lﬂmﬂﬂﬁf‘l’iNWH’ﬁ$ﬂu

3/ @ '

T = v ooq [~ { o 4 { o
vyNTHAR Iﬂﬂﬂiﬂﬁﬂﬂ%’lﬁﬁﬁﬂiﬂil“{l@il!.”l.l\']ﬁwmuﬁl‘]ﬂﬂ’]'ﬂﬂﬁﬂuﬂ’lﬂu]ﬁﬂﬂﬂﬂ!$ﬁ]1@ﬁ ﬁi]ﬂﬂ$

¥
P

a d%J [ a o 4 e 1 o = =
mmm“lmmumammam ﬂ"l‘ilﬂﬂwu'ém‘?ﬂilﬂ@ﬂuﬂﬁﬂﬁ’nﬂ’liﬁ‘jgjﬂﬁﬂﬂ'SITJJ!.L"UQLL?\‘lfql;x‘]ﬁlu

1
Qs =) 1 1

i '
warlinasnuannd wennnildsrnsaiiagngunegszniveymanasuay lave1fonis

U 9 a

= a

o J oA 1a o o as ~
vadveseeflsznouienaganduuduianisiulaludrenu Tasiinsadeiusei

y b
= o = " 1

< i { T W A -:? A
LLﬁJ\‘]LLiQigﬁ'JNEIHJ’]']ﬂﬁﬂgﬂﬂﬂWUHiJT ﬂﬂ%uﬁlﬂuﬂﬂﬂigﬂﬁ"lx‘]ﬂ1‘§L°1JE1EquTﬂ1W°iI“LN"IuV|N1u

[ d%’ I ) P as
msoavugl liitlulaseadiagann (Microstructure) f1lsznoudIoA1staMzAUYDUATY
1 9 (=] 1 2 usj = o
@199 DIULATTUA UMV UABUM I FUIADS
a ﬂ'nsj P 3 v o [ A LY =1
Tunsguiumsgumedtiu wx1lsznoudly 3 Tunsuvaninianudeiiioaty fie
a ¢ . ~ o w o o 1= 3
1) MITUIARIYINUTUAY (Initial sintering) 1zAoITpeRUMITAGvId l1BNATY

4 -av a o { o g — [
wilsvesoymarmmeluFunuuazmanai sz MUl mio Ao (Neck) Yuiiszninega



39

@ a 1 v w : 2 g a g o3|
FUATUDIOYNIAKL AUN UL UTUANT VBT U NN TU MWL WL 50— 60%
' [ ' b3 " 1
({19491nM3NOYNIAKITINAINUINTITUTUBS A9317 2.32 (1)
a < ' = 2 J
2) M3TUIND35 9N (Intermediate sintering) (HugI9nvINAvBINDETH InTLLAY
= < ' g 4 3 ya o 4 o9y
Ysinmvesnnuwiulurunuanasediesias esnnoymadinlnddaduuinuy il
‘:’J ol 1 s E'I = = J ﬂ’j ¥ o ) 4 1
FUNUIMINAdIIRGARY Fuilinsuuazvouinswnady Yunoutivzduiuliiseon a1
" ] 1 ' v
Aoidos luvnzivesivoagniuezisunamsienasnu(nguuosgngwitla) uazvzduga

Ed ]
WoANITNHNUNagw WAansuenAIvgaoen laga1arin (nauueegngula) n1snada

LU | q
T 3

qy = 3 = i = o i s Qs o ny =
YoarunUIzfavunfigalugaed wazervi ldnnunuminduinsvesiuanuiinigads
E1 a -
90% 1A ueraafagiii 2.32 ()
r=Y d L7 ‘ a a o 1 a c? A a
3) MIFUIADIYIIGAME (Final stage sintering) (Huangwiuluguausuile
¥
s U o a a ] 9 s 1
Avsnduazaoss gaiiialdnua ldnniuauedisig Taverdonisuniuoasinining
b, = g b Y -
WIHDDNUIMULIUIVDIVOLINT Y Udvganan liafvesd e Feezh ldruauiaoy

] a 3 =1 ~ g ' g o ~
nunuinianios uazvnaveunsu sz lugasgaiodl uandagii 232 (1)

3N 2.32 uganiannmsveslnseadanganiafifiannnisdumes lao (n) oyninkaba

ar W [ 4 a a1 = o 1
AUUUUANaHaIMsoasugl (1) MIFumesdedu (a) MsFumes¥Ianad

a 1
iag (3) ﬂ'lﬁ"lfumﬂ‘i‘ﬁ?ﬂ@"ﬁﬁ'lﬂ



40

o d
2.8 @A IAHA-@A INNUUA-SUanEas (PZ-PT-Relaxor)

' E
S 1 ar

¥ 1

ases 1sdidnnsnumazvimiuilantamuiuandiasuesn 1 wazfiduuniud

aw 1 & & ds a d = a = i a o a e o
NuItea1ee Aaulamsiudes Tsownnsauuund ueudmles 158idansn uagiuansos

o a g a v A w ] o 9 o @ w 1 =y & d 3
wos lsaanninunauiundadiuesntsznoulndifssdudadmvesuSn MPB wWiavia 1
= wa o 1 :? Qs 3 a e dyd dl. = s o a o =
Haudan laamudy aaiuluauideisaulanzdnvimsnauduvesmsiios 1soiannsa

1 = = o ad = [=1 o a o a At [l

uaazwia Taold pz dlueudnlos lsdidansn PT Wumlos 1sadnninuvulnafianls diu
= a 'L a od Al 5 = & 1 a o
suanasies lsoanninhaulaiuil 3 3211 Ao PZnTa PCoN 1az PZN lagazuaauive

) [ @ Y
pomilu 2 @2ufe ARIMINANRTUYD PZ-PCoN a2 PZ-PZN LAsAnNIAISHENRLYDY PZ-
PT-PZnTa

Vv @ o

aw A4 = o 4 a oo = aij A If .:§
NUATEMNYITeIRUMSHANYRY  PZ duSuanaesivod lsdannsniiuded luuin &
a o ] o!j [~ =) =Y Ci o " < =
AUV IUINNT U UMTREITUIIBTANAIUNUL A (A-site) Taoludl A.7. 1999 Pokharel
uazams [45] 18Mims@Tomasiiln (Pb, Ba)Zr0, W30 PBZ o x < 0,35 A2e35nuail
1 :‘."l = - eﬁ’ e = o = (= =
WU uInNY09 Ba vvuazinamsilasuwaainees insoutnlidusenludasoa
— & e Py = | @
uazh x = 0.15 sswunideunaveanns Imsentinuazson Tudasoa uazluthfoaiy Pokharel
tag Pandey [46] l@Anuminlasumeanin AFE Tdlu FE vouas1iin PBZ TiaSouaio3s
i . ' VY
maadl Tﬂaumﬁﬂﬂmqﬂuﬁ’vqmwgﬁmmmﬁmmxaﬂqmwQm WuTnloguuniiuiuzina

=

= =] 4. a = - | =)
msulaounlanin AFE lihilu FE wagdiamiugamgilyuiegunnidas w5iin PBZ 1

U

'
= ' (=

= o | o (=}
aldguniamla FE hilily PE udiilovhinisaasmmgiaawudng liiasalfeuslaan F
v I={ - [ = Y =y P
nauuily AFE doun1uil a.s. 2000 Pokharel 1ag Pandey [47) 1@fnm1ng@ns sunsulaon
wavnmiaman wsenduinsveussiin PBZ nudigungilunmsalavumlanin AFE
= =] :J‘ y = a 1 y a
i FE wazawn FE Ty pE Ty szanauiiolSinumes Ba iy uaziloUSuinves Ba
=1 1oy ' = = s =
umnnnsewas 20 Taolua a hinumsnlasumaan AFE Tililu FE uaasdagali 2.33

a o

aoulul 2007 as.nougal 33auna uazame [48) TAAAMIHAYDS Ba Ado11 A0y
= = =4 ad a o o 4 9/ =)

waveussiin PZ Mnsoulasdsindesn laduuusssual wun laseadaueassiin PRZ

3 i o o <] =1 y =) ¥

tuvznlasuniness Insenin lilusenTudaseaiiefilSinuves Ba Yovas 20 TasTuady
usj o = = 4 =1

Tl wazagnuisaesInseadrevesnes nseudnuazson Tudaseaiiod Ba Yosas 15 laslua
4 o = =] a

wazwumsnlasumanin AFE lihilu FE uasmsnfoumlania e T pE Tavgamgiilu

1 E1) ' ' K 1

mMsulasumminigasey anauilelsumvos Ba mivinniy Tasmswasumasin AFE 1

o3 3 Y] 9 A = ¢; vy o 1

(1 FE Wuazansoda ldied Ba dndidevas 10 TasTua uaasndaduvoula AFE

3 ¥ ] 9
1A FE WUIZA0U7 anauioll Ba iy



41

S 25 : 20
(@) x=0 = s Cooling (d) x=0.15 %,
« '+ Heating ; iy o
6 5 0 T, %4 15
8 g 2% 15 0 ' : a2
; o % 2
UNEI IS [ Ty 17C o fod L, e 10?'-’
2 : - 1) = o sl I“:::'WDZ " v
x [ 2 ; . 10 = % 50100 " ﬂ.,
 SREEC———— “ o 3 P S 7 415
220 230 240 f 5 M A M
ot o ) & oo
%-0 0 X . e .
0 50 100 150 200 250 200 0 50 100 150 200 250 300
20
12+ (b)x=0.05 121(€) x=0.20 5 i
ol 2 15 as” St i
2 9t | #
b 08| ¢ P 2
Ll ol r:‘ o | I:,-' - . 3 o
&2 i 0o 2 glos| P2l & o
X £ *b-,,.. Pad - . \ X
w > . “a X 30 0 30 & w
o A A |5 3 ol ¢
o I:g{.t'\x’»:“‘g‘ " : g 3 2 E’ —%‘R?’{"‘.h
. M e i F
. 0 o} ._:.mmm . 0
0 50 100 150 200 250 300 0 50 100 150 200 250
: I 15 4 -
12} (c) x=0.10 (Hx=025 ¢ Ja2
o 0 12 s
gl 21! o
71 9 48
s A g
X 5 X 8t s
w
4
21 3}
0. : e
e SN N A ‘0
0 50 100 150 200" 250 300 0 50 100 150 200 250
Temperature(°C) Temperature(°C)

o { sl el i
JUN 2.33 M mvauduinsves PBZ [47]

s = = o ar i s Y] -4 a
c\l‘lﬁj!ﬁﬂﬁlﬂu A3.U15Y INeng Laznme [49] Llﬁﬂ"!ﬂ"li')ﬂﬂWﬂﬂﬁ\lUﬂiJﬁflJW‘ﬂﬁﬂJE]QL"h"ﬁHJﬂ

' E
=2

A ada o '3 Wl v w usj
PBZ 3‘1W]ﬁUN%’JU’J%MﬂGﬁ@@ﬂIlcﬁﬂllﬂﬂ'ﬁjillﬂ‘] IﬂﬂWU’NﬂWﬂﬂ]WU@NﬁMWWﬁ’qqq@uUﬂgﬁw Uu

b

be

=

= A4 = P g A a 4
waziimgagadlolsuiaves Ba sovaz 20 Tavlua m1niwuiolTmauoe Ba thugaiui

' v o ¥ 1 o e, o i
m@ﬂﬂ’lﬁﬂ‘]Wﬂ@MﬁNWW‘ﬁﬂxﬂ%’lﬂ‘ﬁungﬂWﬁﬂ1WUaMﬁUW1ﬂ‘ﬁq3f‘Iﬂﬁ]zﬂﬂﬂ“] aAny

= @ L4

¥ '
1IN A3 59290 1amTal way as.noual 3391 [50] 1Ay IMaveTuIm PbO
a c;d 1 1:‘ a =S A Y d’?
wmaAuwe hilaomsulasuaveusiiiin PBZ TaulilSinmues Ba sosaz 10 TasTua 4
=t Y ada o o ' = n’: = 1 c;.
N30uABITINFoON IrAunUsITHA WuI1UTUIMYee PLO Wulinadonsaldoumaain
=1 1 I ] ( )| =t = :
AFE lliflu FE usvz lidawadmsalaoumlania FE 1iflu pE Tastigamailunisnlaou
o) ¥ 4 -~ ;;y ) = -
wa1n AFE Thilu FE geduidledl pbo Sovay 1 Taninidn uazqamgilumsalfounlane
d‘ IS d?
anauiloilTuaved Pbo geiu
1 a = o a o a
AN AT. 43T Gnens wazane [51-53]  Tddnuimsiles Istidnninluszuuy

(1-x)PbZrO;xPb(Ni ,Nb,,)0, 130 PZ-PNN finsoud1035 Inau lug Tasdnuidonlvluns



42

= = 9t 3 o A a =
T UURALAZLY5IHN PZ-PNN 1Hi Tassadramesonalnd wuduiedsuiauos PNN iy

g o e L4 ¢ 4 A 4 = 3
9%y ganginldlunsuaa landsggeiu vagaziimalaoumannons Insouia 'l
o s =1 d‘ =y A. dgi’ &. o = a;. =1 Y [ e
Mdaaiouiolsinaves PNN iingavy uazdionussin PZ-PNN fmion 14 T daauiia
11 v o d aﬂ}' 2 d? A - 2 dg} o
maih wuhmanmeeuduins gagaivesziuiudiodSunames PNN Hiugeiu uaases

] E4
3101 2.34 daum Inan lsdunamdoniuazaans

20HHML
x=006| (/I
JAKHKI
() N=0.04] () e . 2() T2
~ M ; >
w r o
S VL 1
- T'-ll‘-TI-r 4 | f + LM
A |
> \
e | ,
= Lo
E *l!n::‘ ! IR
- NN — BTV /Ao PN e e . < (
8.. (h) (L A=0024 (f) r=010
L I 1 ‘ L
.2 251H1
Y
Cﬂ + SOHI
[P :
(n ¢ u,————_"_"—'J :
i
hUTTES v -y ———— e —— v
\(”) ¥ =000 (¢) L3aon
| & -
seu b ® a0LH, |
"‘IHI“ & o0 Lz 3 + 2500
! _ W Sonkllz
1] | 0

v —
[ ] ] Jony 2UKh AN

Temperature (°C)

314 2.34 manmeenduinives PZ-PNN [53]
Fmsuassuanmeses Isaidansniihuwaunu PZ lusiuiseiifie PCoN wuay PZN
T . 2 ce Lo .
FIUITeNNeIeaduaITAeaalaeil 1udl a.a. 1986 Lee  wazame [54] H1n15ANEN
msazatwveandsluszyy Pb(Mg, ;Nb,,)O,-Pb(Co, ,Nb, ,)O,-PbTiO,-PbZrO, 150 PMN-

A 9 Aad a 4 o = & d o
PCoN-PT-PZ s Teud1835in400n laauuusssua wudi Pb,Nb,0, , fruilumelnlsnaos



43

= ¥ a?‘ o a oa =1
WwaduanToo uazlaseadvesms luszuuiazdsunnaiinaiou liluease Tnuea
AudAdIUUYDI PMN tiag PCoN Nit)ae 11

uaz1udl a.dt. 2005 Xu uazamg [55] 1ARINANYIMANYDI Pb(Co, ,Nb, ,)O,-PbTIO, 130

{ o 1 o 4 A a a 3
PCON-PT fidadmuns PCoN udovas 64 TavluafiaIoudruitusasuuy (Bridgman

=

1 P A a 3 ad c!’.’t:l 9 = =
method) WUTWANYDY PCoN-PT fitnToua 035 1i lassaitutlumase Inuoauaziigumgily
=1 o {] w s o = '
Silszaa 143 °C TaomanwoauduNgagavad PCoN-PT Nasun AT n“j 152179 4,000
AR08 10 kHz memsﬂm 2.35 uay mmmmmamﬂﬂamﬂmﬂmaawﬂ 115211 PCoN-

P ifulsznadoraz 5 fgaimniive

30 0 heating +- 32
S [ 50 100 150 200 250 ol
b Temperature / °C 6000 2
Y s
20 —=— 100Hz I
&7 i3 - 4000
—a— 10KHZ
o4 |y 100kkz -
—e— 1MHz ‘*#f - 2000
mEmwaE
T
0 l—_‘.lu‘!l.l.l(t-llllllllllll.--:lmllull:x!AM SPT— Lo

*CT a7 N T T T IRV (S - T
20 40 60 80 100 120 140 160 180 200 220

Temperature / °C

514 2.35 ManmoeuduINEYa PCON-PT [55]

ApN1 A3.U5151 INeIns uazawe [3]  JAANBINTIAS 05130 (1-)Pb(Zr,,Ti, ,)0;-
y ad s : P=3 o
xPb(Co, ,Nb,,)O, 130 PZT-PCoN 10 x = 0.0~ 0.5 #1875 Indulud Feenunsomson i
Taseafrawesoralnd landaduesnsznou x = 0.0- 04 wazwuindolsua PCoN
a 45’ = P = =3 d,;w e i
mNAuszuURanIzilasuanmate Tnuoa lihilusenTudasoa vennatldanunndadi
¥
99A1/5En0U X = 0.3 ﬁuuﬁmmwaauﬁuﬁ'ﬂﬁmﬁﬂ
dmdu pzN 1Tu Tuilaa. 2000 Zhu uazams [56] \&FnuauTaN I fhwesasu
52U (0.85-x)Pb(Zn,;Nb,)0,-0.15BaTiO,-xPbTiO, 130 PZN-BT-PT 42033 Inau lud wu
A a A ; 1 a @ o dy I PR =
WedTuinves PZN tiugeiumaninsouduNnsvesa1svziunuaud duiu

a = o a g a | a aa
ﬁﬂ‘HﬂwLﬂ‘W1$%ﬂﬁﬁ1§ﬂ§$mﬂﬂ£ﬁm“‘ﬁ®glﬂﬂii’iﬂmﬂﬂiﬂ AAIUINIUTTINDINTUDI PZN-BT-



44

PT A& Tunsiia Tnar lnsdunan ouazaraumiiety (E) anauiiels v PZN iy
¥
qaiu uaﬂuﬁﬂmuaaﬂﬂazﬂamaaﬁ’umﬁummﬂuaxa@aamaamwﬂmwu
AU Yoo nazamy [2] 1ddnmiandRvouasiinides ludidnnsn
= C!. -} 9/ Qo
Pb[(M“|;Jszu)om(Zn1/3Nb2f1)n(zro‘4s-ri0.s2)|-o.ﬂmn]O}, H?B PMN-PZN-PZT NATUUAILITUNDON
] 4 = 1 =) o o 1 A~
lsauyusssualuil a.e. 2006 wunazi Iasaaiutluwmase Inueauaznl o/a 3Izaaadiiol
=y a 3 1 [ a = o a oA [ 3
USinves PZN iiuiu dugunginlylunmsdumes IMmsiiniinnununniugaiueg
[ 3 . 0 Y v
wivtuiileUSinaves PZN tudu uagwud i iin PMN-PZN-PZT HilA1 k= 0.536
uazluil a.91. 2007 Gan uazame [57] 1AANYINIT@T 05 10n  Pb(Ni,Nb,,)O,-
Pb(Zn, ;Nb, ,)O,-Pb(Mg, ;Nb,,)0,-PbZrO,-PbTiO, 58 PNN-PZN-PMN-PZ-PT 42635 Indu
v o 9 a = o T = =Y o u’.:
lug TaaldgungiilumsFunasilszum 850-900 °C wudgangilumsdumeiiivez
3 ar a 1 = oW Y ¥ o
Yurudadiuesndsznouvesas laviinl d,, gegawiiny 393 pC/N Adadiussallsznou
0.1PNN-0.3PZN-0.15PMN-0.1PZ-0.3PT &3 l¥gamaiilunisdunasiviiny 900°C
T3 A, 1971 Jaffe tiazanis [14] I4MimsAnuImnauiusenie pZ uas PT idadau
o J WY o ag a Aad g ' | = o
pan1lsznouni1eg dasos lseiannsnuuuUnfitoni1 PZT  agwuusSae MPB i
ai o 1 -] é 9/ e i 4:‘ i = gi
MnzaundaaIuea Zr : Ti Wi 52 - 48 Gl auiama i Teaauunn waziinisnavu
a = & 2 g ) ¥
wlannsouTydasea ilihuaase Inuoa Gedow pzT Jailuensndenldnulugaaving sy

=

s METa e lli2i101] . v AN ENEN Y I sl s

HAZHAIUATEMINEINY PZT 001050011 Taolimananasouny PZT woiliuiljeauial
mar
Taaaugay
= = = acd a o o
11 f.et. 2006 Zeng tazaniy [58] lawSvasiinlusz Uy PZN-PZT A2835ingoon lua
=Y a c!l. = = - s
HUVUBTINAT Taudy Zno TulSuaiuindune uaziimsdouauniiiy (La) adldluszuy
LY 1 a a P a qa: ' = I oy 3 ) Y
A28 WUNMIAN Zno TulSunanuinmunatuaszsiisanmsnmie Inlsnass 19 uaziild
| @ ) o 3 = o & “1: 1 Y s
AN INEBNTUANTFWUDNAI Tuvziin15199 La ad liusgdanaldnian meoudun
s
nHanad
s A a cly a o : Yo = = =

waz luihaeanud as.u15l Ineins uazane [1, 4, 15, 591 laviimsansalieumoums
W30 in PZT-PZN 91035 ngeen laauuusssuat uazds laan lud wudinises o

=3 Y a @ c{w 9 wadd T =Y P
15150 PZT-PZN d203 50y Tadu lud s W autifiandt uasnuusioe MPB % x ~ 0.2
uag x = 0.5 (v Aodaduves PZN) uaraalugilil 2.36 daun1 4, gaga uag &, gegaiidadiu

4 3 IS o w 3 Y o = = =

29A152nD1 x = 0.3 WUTA >600 pC/N 1Az ~0.7 mud ey 91011 ldinisinyulSoumey

=

=) = 3 = a4 o o
HOUDIYITUAN PZT-PZN T]WWUﬂ'Ii"ﬁum’ﬂﬁLLUUﬁ'ﬁillﬂ'] UAZLY 31N PZT-PZN V]u'lllljﬂ'lﬂ15

¥
wa a4

ouia (Annealing) wmummn‘nmumm@uuauu% fiJfTiJ‘UGWIﬂ‘U‘LI Iﬂtlﬂ"]ﬁﬂ'l‘Wﬂ@ﬂJ

FuvinEyoaess1iin PZT-PZN Wuoziuann 13,000 11)iThy 35,000 AAWE 1 kHz Aauaad

{ ' @ 3 4 A ¥ =
Tugii 237 vazam Tnan lsdunavde (p) Wuniminiudie uaaslugili 2.38



45

30000 17— :
Conventional method (a)
25000
20000
15000 4

TOMHH) -

Relative permittivity (ep)

5000

500 100 150 200 250 300 350 400 450
Temperature(2C)

30000

Columbite Method

23000
20000
15000

10000

Relative permittivity (g)

5000

u
50 100 156 204 250 300 350 400 450

Temperature (°C)

=t ' o w a &' AV = =) Y aga o [l o
31]7] 2.36 MONTNEDUTUWNTUDUKIIUN PZT-PZN W 1 kHz (D) [AT8UAGIDUNYODN Loy

= ad [ o .
LUUTTINAT (1) 105 81@ 2838 Taaulua [1]

40000
caled a1 900 °C for t-week 5, 19012
A Annealed at for 1 wee N 1kHz
£ 30000 4 ¢ 10 kHz
z 7% 100kHz
% 5 5500 kHz
£ 20000 | 3
4 p
£ H
2 As-sintered H
S
10000
o
e
Q . v v v
0 100 200 300 400

Temperature (“C)

=

U 237 Manwoenduimiveuysiin PZT-PZN AFuADTHUUTITUA

UAZFIUNT LY [15]



46

40 -

20 //‘1’"‘—-?

Polarization (pCl/em?)
o
o

&
-20 L__‘_,M
E As-sintered |
i *  Anncaled
20 : : e
-40 -20 Q 20 40

Eleetnic field (kViem)

{ ar d = e ) { o o
‘iﬂﬁ 2.38 ANHULINIUTNDTYTVOUYI 1NN 0.9PZT-0.1PZN ﬁmumamumﬁmm

u

1 =1
azHIuMsueuua [15]

1104910 Nb waz Ta 1fundluﬁwﬂum;igﬁmﬁ’u Hsgyuaziliad lapausiiiu Jamadid
YW UsE I PZT 1A PZaTa uda vy Idesiinfidauimauaiuiu Taniiod a.a.
2003 Jee-Su Kim uaznae [60] laminsmseussiinlussuy PZaTa-PT #1073 Fana1en
AU B (B-site precursor method) WUTTENTOIAT 035150 PZnTa-PT Tiumafeves
mosoralngldiioilsinmues pT Jovaz 60 TauTuaduly uaziilnssadradumase
Tnuoa SeazidSimsvesninmadiiu s wioSuiavoe PZaTa RNAY Hazfidan
woonduinEgagalizina 18,500 finwi 1 kHz TaoihfSuiaives PzTa evaz 30 Tao
Tua

aou1lut) AL 2005 Jung-A Leetiaz Nam-Kyoung Kim [61] la¥imism3vinassiiinlu
U Pb(Zn,, Ta,,)O,-Pb(Ee ,Nb, )0, 130 PZnTa-PFN #2835 dunsiedumia B wuh
ansowIoumaioveanasorlalng ldiieiiUSimves PEN Yovas 80 TauTua Femiant
woenduimmiuzanaiioSnaes Pz Lﬁuqa'ﬁu

nazaon 14t f.71. 2006 Jee-Su Kim 1812 Nam-Kyoung Kim [62] lata3oaasiiinluszuy
Pb[(Zn, Ta, ), (Mg, .Nb, ), .Ti 10, A03Edunszdumia B wudremunsansoumlado)
voamoson alnd ldidiailSinamos x > 0.4 uazd Tassatruumass Tnuoa Felfinasves
wiuaadaziuiuiioTnuves PzaTa Lﬁ'nqﬁu yenmIni iy hAan moeudning

QAN 24,500 1310 x = 0.6



=
Unn3

MFIVLUAZMTAUUUIY

unilsgndassunenlumsduiiuanive Taouinidoeendu 3 dou dafl 1. 03
wIsmarinluszinnaames Ilnua-aa lnuead luTotwa ((1-)PbZrO,xPb(Co, ,Nb, )0,
W50 PZ-PCoN) tile x AN 0.0 0.02 0.04 0.06 0.08 0.1 0.2 1A% 0.3 2. MIAT BTN TY
sTUEAEDT IAA-aaTas 11 1ot ((1-x)PbZrO,-xPb(Zn, Nb,,)O, 130 PZ-PZN) e x Sl
(MR 0.0 0.02 0.04 0.06 0.08 0.1 0.2 1A% 0.3 WAy 3. A543 BU5 1N IUTTUVIAAEEDS TAIUA
Inna-aadafumunian (1=0Pb(Zr,,Ti, )O,+Pb(Zn,, Ta, )0, 138 PZT — PZnTa) iif0 x i
AL 0.1 0.2 0.3 04 A 0.5 Taoainaa s zuniissmsoudaenszuuns Tndulud-
Jaunls lud wazazaaaAstuneun1sAs IaeuTAs e dAanAN (Crystal structure) @AM
N18NIW (Physical properties) ﬂ'l‘iL‘iJa'UmWﬁ (Phase transition) ﬁﬂ!ﬂW?Vlm (Morphology) i
auian I (Electrical properties) vouasiiinfiason'1d Taofls wazidoainefuaaai

o

¥
Cd = a or o e 1 =
Jergginaal n3ZUIMMINGEN LAZATTHIANHUZMMIZAIAAIMUAIA DD 111

=
3.1 maninlilunisnaaes
= = = o = o 4
1. 1aoen los (PbO) ANNUS NG ouaz > 99.0 Wan lav 5N Fluka Uszmaadamesiaua
2. wos ladionlaoen laa (2r0) ANMUSanTsovaz 99.0 HaalavuTHN Fluka Uszind
= s o
adauraiuaua
1 = o = = a A w
3. Tamiioyleean lad (Tio,) ANuUTgnTiovay 99.0-100.5 WaA laBUTHN Sigma-Aldrich
Uszmaanigamsnm
4. Faroonlad (zno) anwuTaniinndiosay 99.0 wia TasnTEn Fluka 1szmer
a o 4
R THIGIE
o o = ::“a} = a o .
5. Taupanvon laa (Co,0,) ANWUTANTI 000 99.8 WA 1AVUTEN Aldrich Uszimet
anigemsm
[ d a = a a o
6. UINUMAUINUAZBON 194 (Ta,0,) ANWUTND3080% 99.9 HAA IAVUTHN Riedel-deHagn
Uszineeasiig
=1 U o = Q‘E] a a o 5
7. TuTomumunzeen laa (Nb,0,) A1NUTENTIovas 99.9 Wi lasuTHN Aldrich 15z
ANTFOINTM

8. wiiaueanaend (Ethyl alcohol) ANMWUTANT00aL 99.9 Hin TAULTEN Merck 1/5zime

CLERTAY



9.

10.

11.

48

a = o a a o = ' o
Twa hilaueanoasa (PVA) Han 1aguSEN Fluka Ussmaaiamosiuaua
M0 (ALO,) WanlaBuSHM Carlo Erba Usgmaeliama

ARBTRAY (Silver paste) Han 1auUTHN Heraeus 3:14 C1000

J 1 Al
3.2 gUnsaiazinsesienlilumsnaaes

L
2.

8.
9.

10.

11,

15.
16.
17.
18.
19;
20.
21.

22.

23.

nsztloamanaannioudhila
- a a & o ot X - . ' o
gnuABAIouaa Dl lamaas laile (Yitrium stabilized zerconia) ViAFUHILALINAG 2
AL 5 YAaAT 08198 250 AT
5’ — .
nszAuWoea (Foil)

JANasuuIa 50 100 500 4az 1000 Jadans

" 1 o o ar -
C UNABUANTIUTUNIUET (Magnetic bar) YUIA 5 HUALLAT
. YouUAnAS

Cmilan

AN

= 9

AL iU M S UENE(Alumina crucible) Wi oA 1Tla

U

Tnsaunas (Agate mortar)

¥
ATZAENI WU 600 800 LAY 1000

¢
. 03

1 3 = a a . o 7
wnrn1iAuIoU (Hot plate) HAR IABUTEM Fisher Scientific

e o ) o w ‘:g [l o a
- wifiuA Tangdmiusayugl vinaduriuguonaia 1.5 @uaimns

mSoedalelnin wanlaousi Fisher Scientific

i30T eRTaeanLaZIBA 0.0001 NS WAATABUSIN Fisher Scientific
ATAA MUY

Lﬂ%mﬂdaﬂwfmmameﬂé’faﬂﬁaagﬂuaa(Ball ~ milling)

Lﬂ?ﬂd‘ﬁﬂmi (Grinder — polisher)

gaudsguuniiilszan 200 °C wan IAuLTEN Fisher Scientific
nFesdrlvlosuFvamesuoaoun lade (Differential thermal analysis 139
DTA) Han lag 1M Perkin Elmer J4 DTA 7
mivsarivesuieadunuiiwnasiines (Differential Scanning Calorimeter W30 DSC)
HAn TAUUTEN Perkin Elmer

Aians03ANIsEs IS Fiend ( X - ray difractometer H50 XRD) HO#

TaguTHN Siemens ﬁ; U D& Advance



49

24, ﬂﬁaqfgamsﬁﬁﬁxéﬂmammuﬁmmm (Scanning electron microscope k) SEM) LEO
U LEO 1455 VP
A c. - o _ )
25. w3 muanln InsaIni) (Raman spectroscopy) Wan 1a8USHN Horiba Jobin Yvon
U T64000
A =) o 5 a a w '
26. 13 laa Tailwos (Dilatometer) Wan 1asusEN Netzsch 74 DIL 402 PC
27. 1AT93 LCR meter WOATAOUTHN Agilent 31 4284A (20 Hz — | MHz)
28. gAgUnsal dmSun13IAIIMTMN0SFa (Hysteresis measurement set-up) WAR TAB1THN
Radiant 31 RT66B
29. i lihgangiige naa Tauu3im Nabertherm

30. (AT090aA51 41in Han TasUSHN Fight

3.3 NSZUIUMTIAIUMEY

3.3.1 DIZUIUMIATYNHL PZ — PCON
o a o = a = 7y
MINTIATINRA (1x)PZ — xPCoN (A3 3.1) Taoisunnmsmiours lavead lulown
{ =1 o o u%‘ { 1 = = {
(CoNb,0,) il TazsadiaihyIndulud vinarsdaduiiiinnmuSansgs 18un Co,0, naz
Nb,O, ANANNISIANN 3.1
2C0,0, 3.1)

gl Gszosm o~V K GCONbQOh A2y Oz(gl

" 1 3 1 v
lausuninnisssasasdunudadauiidesnts udninnldlunsedleawaradn fussy

kY a v A i A =y Y a ¥ o "
Arsgnuaaduamuoaad lweyielumsndeau Tad i ain udnirluagosnanais

4 ' w = < @ o
ArunTosuntoonanas (Ball - milling) #3317 3.2 {unarnnu 18 2 Tua vhldndadmm

1 Y Y - o £ ' rog o U Y g = & a

uiulvinnmfeundeuiunurauasdroasivin " lbeuldudsadin viminiwawan
EURTI a o = o o o a I~
ndldludwezqindadhWaiin udah luwuaalaid o vthfieamnai 1,100 °c 1fu

i ¥ b 1
N1 4§13 fdwdnsnsvu/asguigil 5 ° candl iminirg CoNb,0, i ld1nmsuaa

Irl ¢ 9 ¥ 2 & o a S A M o a [ o Ua
WHLLﬂ'}NWﬁ']i]ﬁ?)ﬂﬂ')ﬂmﬂuﬂﬂﬁLﬁEJ’JL’UH‘UENﬁQﬂL@ﬂ“})’LW@UuUHﬂﬁmﬂTﬂ‘iﬂfﬁWIﬂa?«JVl‘Uﬁl

s u’: o o s ~ [
Tavauy)58iu99 CoNb,0, MMM nHauiy PbO taz Zr0, Mudadiufidointsdaaums
a y_ 4 . < & g o Sy vy 1o
ALY 3.2 Asnseduaueananasiunal 18 93 Tue viniuhmemaui 1d lUmswaa
St a o o @ 4 =
lanTisrequngiificnnzan (750 - 850 °C) iflunat 4 $3Tus drwdnsimsiu/msgungi 20
o LY o o — o { =
canii Tavordounuidfamsuna lnidauansluzin 3.3 vaziimed 18l naaoudlomaiin

dy o ¢ M A o a d a
MIRYNUHYDITITIONY LW@E!'L!fJL!ﬂ'l'ilﬂ@‘l]ﬂ\‘]!.ﬂﬁlWﬂS@WﬁllﬂﬂﬂfﬂQﬁhuﬁﬂ!



PbO , + (1 - x)/2 Z1O, , + (x/3) CoNb,O, ,

—> (1-x)PbZrO,-xPb(Co, ,Nb,,,)O

3(s)

1o x AedaaIulasTuan 0.0 0.02 0.04 0.06 0.08 0.1 0.2 A 0.3

[Ersasars e §

1 oF| 0'/ a b4 Y
vagasHanaslemuaailunal 18 ¥alua uazriilvinia

sty sl R Y

a v ¥
lvingia

-

dey o '
[ wnunalwingamgi 1,100 °C e 4 ¥l [:

P o e e e ———

e

CoNb,O,

it

Zr0,

S

' & @ s QY Y
vageMaia s lemuoai)una 18 ¥1ua uazi i

PO T U ot < W R =eaul. VO SOV S W o o s s

deal a o O
wnuaalaningamail 750 — 850 °C riluan 4 314

L e

50

(3.2)

A 4

e

XRD

I HIMAN PZ - PCON

' v
U 3.1 uruAEA T uABLNISIASENHA PZ —PCoN




51

gaunfil (°C)

ERTENETR]

1231 (i)

:; ] a A = A £V L4
3N 3.3 unudsuaasmsmuna land (1, Ao gaingiin 19 lumsimuan land)

3.3.2 NIZUIUNMSINSENNG PZ — PZN
WMMSATouHs (1-0PZ - xPZN (A9310 3.4) TawiTuaiamsmSeunagan lulomwe
y A

v k4 4
(zoNb,0,) i TassadraiuTndulud vinansdsduiiianunianige 14ud zno uag Nbo,

AIAUNITIALN 3.3

Zn0 ,+Nb,O,, ———> ZuNb,O,, (3.3)



ZnO

iy

i
ey ]

1 =1 ;1 o Y oY
uagssmanmsiemuaatiun 18 ¥alua uazilvuia

B

o LR %
mldurs |
¢ o qIJ 3
wunalyingasinil 1,050 °C Wuna 4 ¥3lug s
- SHE S
PO | ZoNb,O, | Zr0,

‘uagvHaNa sl ueal

HOa1 18 139 uazm i

T — g

S RELON  — —  A—

R P N,

dal o | <
wmnalwifgamgii 750 — 850 °C e 4 9319

T —

ot iy bl g

FAKAN PZ - PZN

Vv

JUN 3.4 AR IIADUNIIAGUUHY PZ -PZN

'

2 @ a ar 1 = o U ' Y .
Tagisuanmssaaismeduadadiundeams udanihluadoowauaisdrumioa
LS a = = & o ! [
goonauas a3 3.2 Wunainu 18 42 Tus dldudsdromueu1anuseundoudy
LY 1 [l =1 ° =% g o P q £l =Y a)
nurauasduiaitan i ldeuliudaaiin aiminnheewaui 18 ldTudrvezgiunila
Y = Y o ¢ = a 3 o o
hldadin udni hilwwaalaiaoem Iddngamail 1,050 °C unat 4 421ue das1a1s
b4 3 [l
= o I3 w o =1 L4 as
Yu/asgungd 5° it mimiuiieg ZoNb,0, 1 ldninmswnuaalaindnanauiy Pbo
o { v o A 4 ' = W
wog Zro, Mudadiuiidesmsnsaunsniii 3.4 dremiosuadosnauasiunal 18 52 Tug
3 o =y o gl = o =
vinnhwanaui 18 lddmswuna laninaegamginmngay (750 - 850 °C) iua1 4

@ g @ d? = a = as o/ o o =t
#7114 AR IMsVW/AIaMRI 20 ‘CAndl Tasendoumudanmisuna laiaaaslugii 3.3

v

XRD

o S Y 3/ a dy @ A d A M o =
LlﬁzuWFN‘VIl’lﬂul‘}_]“ﬂﬂﬁﬂﬂﬂ?ﬂlﬂﬂﬂﬂﬂﬁmﬂﬂmuﬂlBs‘li\‘I’dmﬂ“h’ INabuguMsInaUD U e

d 1 o
aﬁﬁlWﬁVlﬂﬂ@UNﬁHU‘jﬂ!




53
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Abstract Polycrystalline samplesof Pb[(1 — x)(Zr 2 Ti2)
— x(Zn;3Ta,3)]0;, where x = 0.1-0.5 were prepared by the
columbite and wolframite methods. The crystal structure,
microstructure, and diclectric properties of the sintered
ceramics were investigated as a function of composition via
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and dielectric spectroscopy. The results indicated that
the presence of Pb(Zn ;3 Ta,/3)04 (PZnTa) in the solid solu-
tion decreased the structural stability of overall perovskite
phase. A transition from tetragonal to pseudo-cubic symmetry
was observed as the PZnTa content increased and a co-exis-
tence of tetragonal and pseudo-cubic phases was observed ata
composition close to x = 0.1. Examination of the dielectric
spectra indicated that PZT-PZnTa exhibited an extremely
high relative permittivity at the MPB composition. The per-
mittivity showed a ferroelectric to paraelectric phase
transition at 330 °C with a maximum value of 19,600 at
100 Hz at the MPB composition.

Introduction

Lead zirconate titanate Pb(Zr,_ Ti,)O; perovskite solid
solutions (PZT) arec normal ferroelectric ceramic materials
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with many important practical applications including pie-
zoelectric devices, ferroclectric memories, high ¢ capacitors,
and infrared pyroelectric detectors, by utilizing their excel-
lent piczoelectric, ferroelectric, and pyroelectric properties
[1, 2]. The anomalous piczoelectric properties of PZT
ceramics near the morphotropic phase boundary (MPB)
separating two ferroelectric phases, namely, rhombohedral
and tetragonal phases at low and high Ti contents, respec-
tively [3]. Recently, the new free energy formulation
automatically predicts equilibrium PZT phase diagram with
two-phase region replacing the linear MPB and satisfying
the Gibbs phase rule [4]. Identifying the MPB in the phase
equilibria in ferroelectric systems is very important in order
to obtain the optimum electrical properties. Therefore, most
commercial ferroelectric ceramics are designed in the
vicinity of the MPB with various doping schemes in order to
take advantage of the superior dielectric and piezoelectric
properties [3, 6].

Recently, many piezoelectric ceramic materials have
been developed from binary systems containing a combi-
nation of normal ferroclectrics with tetragonal symmetry
and relaxor ferroelectrics with rhombohedral symmetry
near the MPB. These systems can yield high dielectric
permittivities such as in PMN=PT [7] and PZN-PT [8],
excellent piezoelectric coefficients such as in PZN-PZT [9]
and PSN-PT [10], and high pyroeletric coefficients such as
in PNN-PT-PZ [11]. The low phase-transition temperature
of some members of the lead-based tantalate family
Pb(B,_,Ta,)Os, in which B is Zn**, Mg®* and Ni**, make
them important candidates for utilization in devices such as
low-temperature capacitors and actuators for space appli-
cations [12]. Lead zinc tantalate Pb(Zn,;Tas;)05 solid
solutions (PZnTa) possess the perovskite structure and
exhibit relaxor ferroelectric behavior. Nevertheless, syn-
thesis of perovskite lead zinc tantalate Pb(Zn,;;Tas/3)04
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(PZnTa) has been unsuccessful until now [13]. It is well-
known that during the phase-formation process of lead-
based perovskite materials a pyrochlore-type phase
(A5B-0;_;) with low dielectric permittivity precedes the
formation of the perovskite phase. The failure can be
attributed to the higher covalency of Zn** and Ta’* as well
as to the somewhat larger ionic size of Zn** as compared to
the sixfold lattice sites formed by the oxygen octrahedra. A
columbite—wolframite process was then introduced to
promote the development of the perovskite phase and to
suppress the formation of the pyrochlore phase [13-15].

Since both PZT and PZnTa have the perovskite structure,
itis suggested that PZnTa can be alloyed with PZT in order to
stabilize and optimize the PZnTa ceramics. Recently our
previous work [Y, 16] has shown promise in producing
phase-pure perovskite solid solutions based on Pb(Zr > Ti,,2)
O3-Pb(Zn,3Nb,;3)03  (PZT-PZN) via the columbite
method. The binary system of (1 — x)PZT — xPZN exhib-
ited two MPBs at the compositions x = 0.5 and x ~ 0.2-0.3.
The maximum value of ds3 (>600 pC/N) and the highest &,
(~0.7) were recorded for the composition x = 0.3. In
addition, Nb and Ta belong to the same group in the periodic
table and the have the same ionic radii. It is expected that
excellent properties can be obtained from ceramics in PZT—
PZnTa system. So far, there have been no systematic studies
on the structural and dielectric properties over the entire
range of PZT-PZnTa solid solutions. In the present study,
PZT and PZnTa were chosen as end components to prepare
solid solutions via a columbite—wolframite precursor
method. Crystal structure and microstructure were investi-
gated by XRD and SEM analysis, respectively. Finally, the
dielectric properties of PZT-PZnTa ceramics were deter-
mined as a function of temperature and frequency Lo
establish structure—property relationships.

Experimental

The perovskite-phase powders were synthesized using a
columbite—wolframite precursor method in order to avoid
the formation of a pyrochlore phase. Powders of ZnO
(99.9%), Ta,05 (99.9%), PbO (Fluka, >99% purity), TiO,
(99.8%), and ZrO, (99%) were used as the starting mate-
rials. The following reaction sequences are proposed for
the formation of PZT-PZnTa:

ZnO(S) + Ta205(s) — ZDTZI.-_)O(,(S) (l)
Z[’Oz(s] + TLOQ(.‘) —3 ZFTIO_;(‘) (2)

PbO() + (1 —x)/2 ZrTiOy) + x/3 ZnTayOy s
— Pb[(1 — x)(Zry/2Tiy/2) —x(Zn;5Tay3) |03y (3)

The columbite precursor ZnTa,0q was prepared from the
reaction between ZnQO and Ta->Os at 1,100 °C for 4 h and

@ Springer

then ZrO, was reacted with TiO; at 1,400 °C for 4 hto form
ZrTiOy. The precursors ZnTa,04, ZrTiO, and PbO (with
2 mol% excess PbO) were weighed according to the com-
positions of Pb[(1 — x)(Zry,2Tij2) — x(Zn;,3Taz3)]05 with
x = 0.1-0.5. 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. After drying, the mixtures were calcined at
700-950 °C for 4 h in an alumina crucible and configured
with a heating rate of 20 °C/min. The calcined powders were
milled for 3 h in order to reduce the particle size. After
grinding and sieving, the calcined powders were mixed with
5 wt% polyvinyl alcohol binder and uniaxially pressed into
pellets. Binder burnout occurred by slowly heating to 500 °C
and holding for 2 h. Sintering occurred between 1,100 and
1,250 °C with a dwell time of 4 h. To mitigate the effects of
lead loss during sintering, the pellets were sintered in a
closed alumina crucible containing PbZrOy powder. PZT—
PZnTa ceramics were subsequently examined by room
temperature  X-ray diffraction (XRD; Philips PW 1729
diffractometer), using Ni-filtered CuK, radiation to identify
the perovskite structure. The relative amounts of perovskite
and pyrochlore phase were then determined by measuring
the primary X-ray peak intensitics of the perovskite and
pyrochlore phase. The density of the sintered PZT-PZnTa
pellets was measured by the water immersion method
(Archimedes method). The relative density of all the sin-
tered pellets in this study was approximately 94-96% of
the theoretical density. To determine the dielectric prop-
erties, the maximum density sample for cach composition
samples was ground on both surfaces and silver electrodes
were applied using a low-temperature silver paste by firing
at 500 °C for 30 min. The capacitance was measured with
a HP4284A LCR meter in connection with a sample holder
(Norwegian Electroceramics) capable of high temperature
measurement. The relative permittivity (&) was calculated
using the geometric area and thickness of the discs.

Result and discussion

The XRD patterns of (I — x)PZT — xPZnTa ceramics with
various x values are shown in Fig. |. The patterns show a
single-phase perovskite for the compositions x = 0.1 and
0.2. A cubic pyrochlore phase Pb; gi(Zng29Ta; 7,)04 30
(Powder diffraction Files No. 34-3953), identified with “*”,
began to develop at x = 0.3 and increased in intensity with
increasing PZnTa concentration. No evidence of a cubic
phase of Pb; 49Ta;04 .4 (Powder diffraction Files No. 84-
1732) was found. These results indicate that the presence of
PZnTa in the solid solution decreased the structural stability
of the PZT perovskite phase due to its tolerance factor and
electronegativity [13]. It is interesting to note that the pure
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Fig. 1 XRD patterns of (I — x)PZT — xPZnTa ceramics prepared
by columbite-wolframite method as a function of composition

perovskite phase in (1 — x)PZT — xPZnTa can only be
obtained for x < 0.2. This is a significant contrast to the
(I = X)PZT — xPb(Zn|5Nby3)0; system in which the
perovskite phase can be obtained up to x < 0.5. The results
indicate that it is more difficult to obtain a pure perovskite
phase in tantalate systems than in niobates.

Although Nb and Ta belong to the same periodic group,
Ta* has stronger covalent properties [17]. It is well known
that an increase in covalent bond strength decreases the
thermodynamic stability of the perovskite structure [13].
This is likely the main reason it is difficult to obtain the
perovskite phase in the tantalate system. Studies on the
stabilization of the perovskite phase in solid solutions of
PZN and PZnTa with BT, PMN and PMT also showed an
easier stabilization of the perovskite structure in PZN, due
to the higher ionic strength of Nb—O bonds [18].

SEM micrographs of a fractured surface of PZT-PZnTa
ceramics are shown in Fig. 2a and b, respectively. The
micrograph of 0.9PZT-0.1PZnTa (Fig. 2a) shows a highly
homogeneous microstructure. These micrographs indicate
that average grain size was in the range of 1.27 pm, and the
fracture occurred mostly by intergranular mechanisms. The
0.5PZT-0.5PZnTa ceramic showed a very heterogencous
microstructure (Fig. 2b) with a large amount of pyrochlore
phase, as XRD patterns also indicated.

The PbZrOs;-PbTiO; phase diagram predicts that at
room temperature Pb(Zr,Ti|»)O5 falls within the tetrag-
onal phase field near the MPB. The crystal symmetry for
PZnTa-based perovskite is cubic al room temperature.
Below the phase transition temperature the symmetry
changes to rhombohedral. Since PZnTa has a low phase

Fig. 2 SEM images of the grain morphology in (I — 0)PZT — xPZnTa
ceramics for (a) x = 0.1 and (b) x = 0.5

transition temperature, with increasing x the crystal sym-
metry should change due to the decrease in phase transition
temperature. It is well known that in the pseudo-cubic
phase the {2 0 0} profile will show a single narrow peak
because all the planes of {2 0 0} share the same lattice
parameters, while in the tetragonal phase the {20 0}
profile should be split into two peaks with the intensity
height of the former being half of the latter because the
lattice parameters of (2 0 0) and (0 2 0) are the same but
are slightly different from those of (0 0 2).

Figure 3 shows the evolution of the (2 0 0) peak as a
function of composition. At low PZnTa concentrations, the
XRD pattern shows strong (200) peak splitting which is
indicative of tetragonal symmetry. As the PZnTa concen-
tration increased, the (2 0 0) reflection transformed to a
single peak which suggests pseudo-cubic symmetry. To a
first approximation, it could be said that the composition with
x = 0.l isclose to the MPB, where the structure of the PZT-
PZnTa compositions gradually shifts from tetragonal to
pseudo-cubic symmetry as the PZnTa content increased.
Dielectric data described later further supports this
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Fig. 3 XRD pattern of the (200) peak of (I — x)PZT — xPZnTa
ceramics, for x = 0.0-0.5

assumption. It is interesting to note that the influence of the
addition of PZnTa on the phase transition of Pb(Zr,,»Ti )05
is similar to that of the Pb(Zry,;Tij;»)03-Pb(Ni;3Nbss3)
O3, Pb(Zry5T1,2)03-Pb(Co, 3Nbs/3)0;3, and Pb(Zr5Ti )
O3-Pb(Zn | 3Nbys;3)0; systems [9, 19-21].

The characteristic temperature dependence of the
dielectric constant at 100 Hz for (1 — x)PZT — xPZnTa,
where x = 0.1-0.5, is shown in Fig. 4. The transition tem-
peratures and maximum dielectric constants of the 0.9PZT-
0.1PZnTa ceramics in this work were 330 °C and 19,600,
respectively. The frequency dependence of dielectric prop-
erties for x = 0.1 and 0.5 ceramics are shown in Fig. 5a and
b. For 0.9PZT-0.1PZnTa (Fig. 5a), the dielectric constants
peak is sharp and approaches19,600. The dielectric proper-
ties of 0.9PZT-0.1PZnTa ceramic change significantly with
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Fig. 4 Variation of the dielectric constant with temperature for (1 — x)
PZT — xPZnTa ceramics at 100 Hz
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Fig. 5 Temperature and frequency dependence of the diclectric
properties for: (a) x = 0.1 and (b) x = 0.5 ceramics

temperature, but are nearly independent of frequency, cxcept
in the vicinity of the phase transformation temperature [22,
23]. This is a typical characteristic of [erroelectric ceramics
with a long-range ordered structure. It is well known that
PZT exhibits normal ferroelectric behavior and PZnTa is a
relaxor ferroelectric material as a result of a short-range
ordered structure with a nanometer scale compositional
heterogeneity [24]. The nature of the homogencously
polarized states is believed to be primarily controlled by the
concentration of PZnTa. When PZnTa is added to form the
binary system with PZT, a clear shift of the transition tem-
perature to lower temperatures was observed. Furthermore,
the dielectric peak broadened indicating an increase in the
diffuseness of the phase transition. It should also be noted
here that, in all compositions, the dielectric properties
increased significantly at high temperatures as a result of
thermally activated space charge conduction. The variation
in the transition temperature with composition and other
dielectric data is listed in Table |. The Curie temperature
significantly decreased with increasing PZnTa content up to
30 mol%. However, for the compositions 0.3 < x < 0.5,
transition temperature remained at a nearly constant value
between 200 and 225 °C. This is consistent with the X-ray
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diffration findings that indicated the co-existence of a

pyrochlore phase for these compositions.

A modified Curie=Weiss law can be used to model the
dielectric behavior of a normal ferroelectric in solid solu-
tion with a relaxor ferroelectric with a diffuse phase
transition. The formulation is as follows:

Table 1 Dielectric properties
of (1 — X)PZT — xPZnTa
ceramics at 100 Hz

Fig. 6 Plots of log[(e,/e) — 1))
vs. log(T — T, for (1 — x)
PZT — xPZnTa ceramics. The
solid lines are fits to Eq. 5. 3, &
and R? indicate fitting
parameters (y and &) and
correlation of the fit (R?)

4
n =
T

(T — T (f))‘

5
207
;

(4)

where | <7 <2. When y = 1, Eq. 4 simplifies to the
Curie-Weiss law; when y = 2 this equation describes the
ideal relaxor behavior with a quadratic dependence. The

PZTa goatroom  tan d at room T (°C) g at T tan O at T 5PE) #
content (x)  temp. temp.
0.1 1,430 0.0102 330 19,600 0.193 13.51 1.74
0.2 1,280 0.0429 285 6,310 0.081 22.36 1.98
0.3 1,500 0.0282 225 6,290 0.066 2111 1.89
0.4 1,340 0.0289 210 7,410 0.072 1257 1.80
05 1,520 0.0163 200 5,690 0.039 11.87 1.72
0.5 x=02
R’ =0.999
0.0 0
i‘ o> ﬁf L
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parameter &'y, is the maximum value of the relative
permitivity at T = T,, (f) and &'(f, T') is the relative per-
mittivity of the sample. If log [¢',,/¢'(f, T) — 1] is plotted
versus log [T — Ty(f)], the values of y and J, can be
determined as seen in Fig. 6. The parameter y was deter-
mined to be in the range of 1.72—1.98 and the diffuseness
parameter J. was measured to be 11.87-22.36, which
confirms the diffuse phase transitions in PZT-PZnTa due to
a high degree of disorder. The calculations suggest that the
addition of PZnTa into PZT leads to lower degree of dis-
order but can be attributed to the pyrochlore phase present
in high PZnTa-content compositions.

Conclusions

Ceramic solid solutions based on (I — x) Pb(Zr,5Ti,,5)
0; — (X)Pb(Zn,;3Ta,3)05 (where x = 0.1, 0.2, 0.3, 0.4,
and 0.5) were prepared via a columbite-wolframite
method. The PZT-PZnTa solid solutions exhibit a single-
phase perovskite structure for x < 0.2. As the content of
PZnTa increases (i.c., x = 0.3), a secondary pyrochlore
phase Pbj g3(Znga9Ta; 7.)04 10 was formed. The results
indicate that it is more difficult to obtain pure perovskite in
tantalate solid solutions than it is in niobates solid solu-
tions. The dielectric response of 0.9PZT-0.1PZnTa is
closer to normal ferroelectric behavior, while the other
compositions exhibit a diffuse phase transition. Investiga-
tions of the structure and propertics of the PZT-PZnTa
system over the range x = 0.1-0.5 have revealed an MPB
at x = 0.1, separating a tetragonal phase from a pseudo-
cubic phase. Examination of the dielectric spectra indicates
that PZT—PZnTa exhibits a high relative permittivity at the
MPB composition. The permittivity shows a ferroelectric
to paraelectric phase transition at 330 °C with a maximum
value of 19,600 at 100 Hz at the MPB composition.
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Abstract The phase transition behavior of the (1—x) PbZrO;-xPb(Co15Nby;3)0O; (PZCN) solid
solution system (0 < x < 0.30) has been investigated by X-ray diffraction and DSC. In the solid
solution, for x < 0.20, the transition shows a first-order phase transition behavior and its
antiferroclectric (AFE) crystal structure is orthorhombic. The transition temperature gradually
decreases with increased Co™'/Nb" concentration. On the composition range 0.20 < x < 0.30, a
typical relaxor-like behavior is displayed. The low temperature crystal structure is pseudo-cubic in
this composition range. With these data, the ferroelectric phase diagram between PZ and PCoN has
been established.

Introduction

Lead zirconate [PbZrO;, abbreviated as PZ] is an antiferroelectric ceramic with a Curie temperature
of 230°C [1, 2]. PZ is a parent compound of PbZr,—, Ti,03 (PZT) solid solutions, which are of high
scientific and technological interest for their ferroelectricity and piezoelectricity observed over a
wide range of compositions [3]. 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 the DC field [4]. This feature of PbZrOs makes it a candidate
material for energy storage applications [3]. Lead cobolt niobate [Pb(Co,3Nbsj3)0;, abbreviated as
PCoN] is a relaxor ferroelectric, characterized by frequency-dependent dielectric maxima and a
diffuse phase transition |5, 6]. The diffuse phase transition characteristic of the PCoN was first
explained by Smolenskii and Agranovskaya on the basis of local compositional fluctuations on a
microscopic scale [6, 7]. PCoN-based ceramics are considered to possess low sintering
temperatures. Therefore, these materials can be applied for fabricating multilayer capacitors with
low-temperature melting inner electrodes [8]. There have been many studies concerning the solid
solution of PZ and other perovskite materials such as PbTiOs [9], BaZrOs, [4, 10] PbSnO; [11] and
SrZrO3 [9]. However, to the best of the authors’ knowledge, no work has been done on the solid
solution between PZ and PCoN. Therefore, the objective of our present study is to investigate phase

transition of (1-x)PbZrO; — xPb(Co;3Nby;3)03 (PZ — PCoN ) with x = 0.00 — 0.30 as a function of

composition and temperature.

Experimental

The (1—=x)PbZrO; — xPb(Co0,/3Nbs3)0;3 ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.20
and 0.30, were prepared by a columbite precursor. First, a columbite (CoNbyOg) precursor was
prepared using reagent-grade CoO and Nb,Os in stoichiometric proportions. The powders were
thoroughly mixed in a ball mill for 18 h, using ethanol as a grinding medium, and the mixed powder
was calcined at [,100°C for 4 h to obtain the columbite precursor. Single-phase formation of the

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 161.246.1.37-20/08/08,02:50:08)

1IBIVOD . JUILHUAD - HIITUOD

[ )2eqpasy

contact

elick Tor
foadiack




122 Smart Materials

precursor was confirmed by X-ray diffraction. The columbite precursor was mixed with PbO (99%
purity), and ZrO; (99% purity) in different proportions for making different compositions, and each
mix was calcined at 900°C for 4 h to acquire the desired composition of (/—x)PZ—xPCoN. Two
mol percent of excess PbO was added to all the compositions to compensate for the lead loss during
sintering. Single-phase formation was verified by powder XRD. Powders were compacted in disk
form with a diameter of 15 mm and thickness of 2—3 mm. These disks were sintered in PbO-rich
atmosphere at [,150°C for 2 h. The densities of the sintered samples were measured to ~ 95% of the
theoretical values. The crystal structure of the sintered pellets was determined by X-ray diffraction
(XRD). The phase transition temperatures and enthalpy (4H) of the phase transitions were

determined by DSC. This was operated from room temperature to 250°C with a heating rate of

[0C/min.

Results and Discussion

Figure 1 illustrates the XRD patterns of (/-x)PZ-xPCoN sintered pellets for 0.00 <x < 0.30. It can
be seen that the sintered pellets are single-phase: all the lines in each XRD pattern could be indexed
with a perovskite cell. The diffraction peaks move gradually towards higher angles with increasing
PCoN contents, indicating smaller cell parameters.

(] — o “r =
g Sppe RS
2 S AL ag |
=% < il = &= ! ‘
S — b e W "_" i
i = N — I =001
[ o L X o (R W .._-“p‘fL G A AN AR e e £ S s Wl ¥
I h ‘
b | iy =002
U -5 o e SRR A BN 7 e v S W WV AN R e 5 2
¥ [l
= i
—_ < i
~ A iv = 0.04
< . !
A i L v =004
R i e LGN i
=
wn i
= ' ! !
Ry L B2, ) A000 S, =,
= |
=
—— : ji
’ i ; =01
ﬁ.JI o e F A~ N [ D—— _4" -, e
T 2 [
i s — e O
P T - | SO | S . T
20 25 30 35 40 45 S0
20/degrees

Figure 1 XRD patterns of (1-x)PbZrO; — xPb(Co5Nby;3)O5 sintered pellets.
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Figure 2 DSC thermographs of PZ-PCoN samples for: (a) x = 0, (b) x = 0.04 and (¢) x = 0.10.

For the composition 0.00 < x < 0.10, superstructure lines along with strong peaks are clearly
observed, indicating that this composition belongs to the AFE orthorhombic phase. Furthermore,
the samples with x = 0.1, 0.2 and 0.3 had a split (1 1 1) and (2 2 0) reflection and single (2 0 0)
reflection, confirming that the crystal structure of the samples with x = 0.1, 0.2 and 0.3 is a
rhombohedral perovskite. The DSC technique was used to investigate the phase transition of PZ-
PCoN ceramics, with increasing PCoN concentration. A typical result of the DSC of PZ-PCoN for
the composition x = 0, 0.04 and 0.10 is presented in Figure 2(a)-(¢c). Two distinct endothermic peaks
observed for PZ at about 208.4 and 225.6°C are shown in Figure 2(a). The lfower temperature
corresponds to the transition temperature of the AFE—FE phase transition, while the higher
temperature corresponds to the FE—PE phase transition. In Figure 2(b), two endothermic peaks are
shown at 92.8 and 216.1°C for the composition, x = 0.04. The AFE—FE phase transition was found
in the compositions of 0.00 < x < 0.10. The peaks shift to lower temperatures, with a higher
composition of x. This result corresponds to a decreasing AFE phase, with increasing amounts of
PCoN content. Table | gives the transition temperature, including AFE—FE and FE—PE
transitions of different PZ-PCoN compositions observed from DSC. The temperature range width
of the FE phase increases progressively with PCoN content. After accumulating all these data, the
ferroelectric phase diagram of (/-x)PZ—xPCoN has been finally established as a function of
temperature and composition, as shown in Figure 3.

Table 1 Phase transitions temperature of (/-x)PZ-xPCoN ceramics

Composition Phase transition temperature (°C)
X AFE=TE FE—PE
0.00 208.4 225.6
0.02 145.2 220.9
0.04 92.8 216.1
0.06 5 209.9
0.08 - 204.6
0.10 - 199.4
0.20 - 182.0
0.30 - 158.2
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Figure 3 Ferroelectric phase diagram of the (/-x)PZ —xPCoN, x = 0.0-0.30 binary system.

The transition temperature decreases linearly with x, from approximately T, = 235°C for x = (.0 to
158.2°C for x = 0.3. At room temperature, the phase boundary between the orthorhombic,
antiferroclectric and rhombohedral ferroclectric phases was observed near x = 0.08. The phase
diagram consists of three distinct crystallographic phases in this system; high temperature
paraelectric cubic, rhombohedral, and ferroelectric orthorhombic.

Summary

Relaxor ferroelectric PCoN has been found to strongly influence crystal structure and thermal
properties of PZ ceramics. The crystal structure data obtained from XRD indicate that the solid
solution (/-x)PZ - xPCoN, where x = 0.0-0.3, successively transforms from orthorhombic to
rhombohedral symmetry with increased PCoN 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 PCoN.
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Abstract The solid solution between the antiferroelectric
PbZrO5 (PZ) and relaxor ferroelectric Pb(Coy/3Nb3/3)03
(PCoN) was synthesized by the columbite method. The
phase structure and thermal properties of (1 — x)PZ—xPCoN,
where x = 0.0-0.3, were investigated. With these data,
the ferroelectric phase diagram between PZ and PCoN has
been established. The crystal structure data obtained from
XRD indicates that the solid solution PZ-PCoN, where
x = 0.0-0.3, successively transforms from orthorhombic to
rhombohedral symmetry with an increase in PCoN concen-
tration. The AFE — FE phase transition was found in the
compositions of 0.0 < x < 0.10. The AFE — FE phase tran-
sition shift to lower temperatures with higher compositions
of x. The width of the temperature range of FE phase was
increased with increasing amount of PCoN. It is apparent
that the replacement of the Zi*t ion by (C0|/3Nbg/3)4+
ions would decrease the driving force for antiparallel shift
of Pb*" ions, because they interrupt the translational sym-
metry. This interruption caused the appearance of a rhom-
bohedral ferroelectric phase when the amount of PCoN was
more than 10 mol%.

PACS 61.05.cp - 77.80.Bh - 65.40.-b - 77.22.-d - 77.80.-¢ -
77.84.Dy

W. Banlue - N. Vittayakorn (B2)
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Ladkrabang, Bangkok 10520, Thailand
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1 Introduction

A lot of attention has been given to the lead zirconate,
(PbZrO3; PZ) and modificd-PZ in several rccent years as
regards theoretical, experimental and industrial applications
[1-3]. At room temperature PZ has an antiferroelectric
phase (AFE) which has an orthorhombic structure. It un-
dergoes the AFE to a paraclectric phase (PE) and trans-
forms from an orthorhombic structure to a cubic struc-
ture at 236°C [1]. It is reported that there exists a ferro-
electric phase (FE) over a very narrow temperature range
(230-233 °C). The FE intermediate phase can also be intro-
duced by partial replacement of Pb>* ions with A-site ions
such as Ba*t ions [4] or La*t ions [3]. Due to the differ-
ences of AFE and FE phases in the unit cell parameters, this
phasc transition is accompanied by a nonlinear change in
physical properties, such as an abrupt jump in polarization
and strain, or a large charge release [4]. Lead cobalt nio-
bate Pb(Coj;3Nby;3)03 (PCoN) is one of the first known
relaxor ferroelectrics (RFE). The sub-micro-scale heteroge-
necous distribution of the B-cations is believed to be the ori-
gin of their relaxor nature, typically having a diffuse and
frequency-dependent maximum in the variation of the rel-
ative permittivity with temperature [6]. PCoN was first re-
ported by Smolenskii and Agranovskaya in 1958 [6, 7] that
PCoN displays typical RFE behavior with a maximum di-
electric constant occurring near —90°C, and at 1 kHz [6].
Since PCoN is a relaxor ferroelectric with a broad dielec-
tric peak near 7. & —90°C and PZ is an antiferroelectric
with a sharp maximum in the permittivity at 7, ~ 230°C,
the Curie temperature in the PZ-PCoN system can be en-
gineered over a wide range of temperature by controlling
the amount of PCoN in the system. Although the PZ ce-
ramic has a better dielectric breakdown strength than PCoN,
the sintering temperature is also higher [3, 8]. Thus, mixing
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PCoN with PZ is expected to decrease the sintering tem-
perature of PZ-based ceramics, a desirable move towards an
clectrode of lower cost [5]. Moreover, since PZ-PCoN is
not a pure-relaxor ferroelectric system, it is easier to prepare
single phase ceramics with a lower amount of undesirable
pyrochlore phases [9]. Furthermore, no work has been done
on the metastable FE phase induced by b-site substitution in
perovskite PZ. With their complementary characteristics, it
is expected that excellent properties can be obtained from
ceramics in the PZ-PCoN system.

In this study, a metastable FE phase induced by b-
site substitution was studied as a function of composi-
tion and temperature. The columbite precursor method was
used to synthesize the (1 — x)PbZrO3-xPb(Co/3Nby,3)03
(PZ-PCoN), with x = 0.00-0.30. The structural phase, mi-
crostructure and thermal properties of the PZ-PCoN ceram-
ics were investigated as a function of composition x. DSC
measurements were also used to study the details of AFE to
FE and FE to PE phase transformations accompanied with
an evaluation of the thermal behavior of the PZ-PCoN sam-
ples. The results were discussed.

2 Experimental procedure

The (1 — x)PbZrO3;-xPb(Coj/;3Nby/3)03 (PZ-PCoN),
0.00 < x <0.30, ceramics were prepared using a columbite
precursor method in order to avoid the formation of a py-
rochlore phase. The columbite phase CoNb>Og was formed
by reacting CoO (99.9%) with Nb2Os (99.9%) at 1100°C
for 4 hours. The raw materials of PbO, ZrQ> and CoNb>Og
were weighed and mixed. Each mixture of the starting pow-
ders was milled and mixed in a ball mill, as well as wet-
homogenized with ethanol for 18 h using YTZ zirconia
grinding media. The suspensions were dried and the pow-
ders were ground using an agate mortar and sieved into fine
powder. All obtained powders were calcined at 850°C for
2 h. The calcined powders were milled for 3 hours for re-
duced 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 hours. Sinter-
ing occurred between 1100-1250°C with a dwell time of 4
hours depending on the composition. To mitigate the effects
of lead loss during sintering, the pellets were sintered in
a closed alumina crucible containing PbZrO3 powder. The
density of the sintered PZ-PCoN pellets was measured by
the water immersion method (Archimedes method). The rel-
ative density of all the sintered pellets was approximately
94-96% of the theoretical density. The phase transition tem-
peratures and enthalpy (AH) of the phase transitions were
determined by DSC. This was operated [rom room temper-
ature to 250 °C with a heating rate of 10°C/min.
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Fig. 1 XRD patterns of (1 — x)PZ—-xPCoN ceramics with x = 0.0-0.3
at the optimum sintering conditions

3 Results and discussion

Figure 1 shows XRD patterns of ceramics in the PZ-PCoN
system with a well crystallized perovskite structure for all
compositions. The pyrochlore phase was not observed in this
system at all. Ceramics with 0.02 < x < 0.1 had the same
crystal structure with PZ, i.e., an orthorhombic unit cell at
room temperature. [f the XRD pattern of PZ is indexed on
the basic of the pseudo-cubic cell, then 1 /4(h k [)-type su-
perlattice reflections representing the antiparallel shifts of
Pb>* ions will appear. In Fig. 1, all the indices were based
on the pseudo-cubic cell, and the XRD patterns of the sam-
ples with 0.02 < x < 0.1 showed the presence of 1/4(h k [)-
type superlattice reflections. According to Glazer [ 10)], these
types of reflections represent antiphase tilting of the oxygen
octrahedra without distortion. In Fig. |, PZ-PCoN samples
with 0.1 < x < (.3 showed only the fundamental reflections
of the pseudo-cubic perovskite cell. The relative intensity
of superlattice reflections decreased with increasing PCoN
content as shown in Fig. 2. This result demonstrates that
the superlattice disappeared with the addition of 10 mol%
PCoN. Figure 2 shows the results for 1/4(i k {)-type su-
perlattice reflections, (1 1 1), (2.0 0) and (2 2 0) rellec-
tions. The samples with x = 0.1, 0.2 and 0.3 had a split
(1 11)and (22 0) reflection and a single (2 0 0) reflection.
This results confirms that the crystal structure of the sam-
ples with x = 0.1, 0.2 and 0.3 is primitive rhombohedral
perovskite. For the pure rhombohedral structure, the 2 0 0
group of reflections should be a singlet. In the PZ-PCoN
system, the A-site is occupied by Ph2t (0.1630 nm) ions,
and the Co®*, Nb°* and Zr*t ions occupy the B site of
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Fig.2 XRD patterns of the
I /4(h k )-type superlattice
reflections, and the (I 1 1),
(200) and (2 2 0) peaks of
(I — x)PZ-xPCoN ceramics i
with x =0.0-0.3 |

the ABO3 perovskite crystal structure. The average ionic
radius of B-site tons in the composition (1 — x)PbZrOz—
xPb(Coy/3Nb2/3)O03 can be calculated from the following
equation:

rB-site = (1 — x) [rgpas | +x [ 1/3rg 0 -H2/3rg5+ 1,

where the ionic radii of Co®™, Nb%* and Zr*t are 0.0790,
0.0780 and 0.0860 nm, respectively [ I 1]. In general, the lat-
tice parameters of the perovskite structure also decreased
gradually as x increased, undoubtedly because of the intro-
duction of the smaller cobalt niobium ion (r = 0.783 A)
into the zirconium site (r = 0.86 A), resulting in a de-
creasing of the unit cell according to the Vegard rule. The
effective size of the B-site ion increased with increasing
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mole fraction of PCoN primarily due to the smaller ionic
radii of (C01/3Nb3/3)4+. This shift in the B-site ionic ra-
dius is shown in the XRD data in Fig. 2 as the diffrac-
tion peaks are shifted toward higher angles. The influence
of the addition of Pb(Coj/3Nby/3)03 on the phase struc-
ture of the PbZrO3-Pb(Coj/3Nb2/3)03 system is similar to
that of (Pby_,Ba,)ZrO3 [12]. The substitution of smaller
(Coy;3Nbz/3)* ions with Zr** sites, which implies the
transition of the PZ-PCoN structure from orthorhombic to
rhombohedral as shown in Fig. 2, may facilitate the parallel
displacement along the [1 | 1] direction and the associated
displacements of three oxygen ions in the PZ-PCoN struc-
ture, resulting in an improvement of ferroelectricity. The
presence of a polar axis in the [1 | 1] direction has been
reported for the ferroelectric rhombohedral structure [13].
The DSC technique was used as the primary tool to inves-
tigate the influence of the addition of Pb(Coj/3Nbz/3)03 on
phase transitions. Transition temperatures, including para-
electric (PE) transitions, are summarized in Table 1. Fig-
ure 3 shows the results of a differential scanning calorime-
ter (DSC) analysis of the PZ-PCoN samples. As shown in
Fig. 3, two distinct endothermic peaks were observed for

Temperature ("C)

Fig. 3 Typical differential scanning calorimetry (DSC) curves for
(I = x)PZ-xPCoN ceramics with x = 0.0-0.3

PZ-PCoN samples with 0.0 < x < 0.10. The lower tem-
perature corresponds to the transition temperature of the
AFE — FE phase transition, while the higher temperature
corresponds to the FE — PE phase transition. It is well
known that the good quality ceramic as well as single crystal
samples of PZ show two distinct endothermic peaks around
230°C and 215°C corresponding to the PE to FE and FE
to AFE transitions, respectively, on cooling [14, 15]. The
AFE — FE phase transition was found in the compositions
of 0.0 < x < 0.10. The peaks shift to lower temperatures
with higher compositions of x. From Table 1, the width of
the temperature range of FE phase continuously increases
with PCoN content. The width of the temperature range of
FE phase is around 17.2, 75.7, 123.3 and 176.9°C for com-
position x = 0.00, 0.02, 0.04 and 0.06, respectively.

@ Springer
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Table 1 Characteristics of (1 — x)PZ—xPCoN ceramics with optimized processing conditions (R, Rhombohedral; O, Qrthorhombic)

Composition (x) Crystal Lattice parameter (.:\) Phase transition Enthalpy (J/g)

structure temperature (°C)

a b é AFE — FE FE — PE AFE — FE FE — PE
0.00 @] 7.27 9.92 8.21 208.4 225.6 1.19 2.63
0.02 O 1.25 9.92 8.21 145.2 220.9 1.60 3.44
0.04 0 7.23 991 8.21 92.8 216.1 1.71 347
0.06 (6] 7.27 9.92 8.2 333 209.9 1.03 2.83
0.08 (6] 7.25 9.93 8.22 - 204.6 - 2.78
0.10 R 4.11 - 199.4 - 2.40
0.20 R 4.10 - 182.0 - 1.20
0.30 R 4.09 = 158.2 - 0.44
It is of interest to note that the areas under two endother- 75 Z
mic peaks in Fig. 3 decreased with increasing amount of 2104 .MD‘“O...O 5 Paraelcﬁ:trh‘: P"f‘f‘c FPE)
PCoN. Since those arcas represent the free-energy differ- X O~ ﬂ__“_m_h‘(C“b“’ Structurc)
ence between the two phases, this result indicates that the Q 180 1 "\\ ""O--m.._h__%“
addition of PCoN decreases the stability of the orthorhom- ] R ) 0
bic phase. It is apparent that the replacement of the Zi*t jon 7 .
by (Coy/3Nby/3)** ions would decrease the driving force é‘ 1204 'i—g"'\
for antiparallel shift of Pb®* ions, because they interrupt the ':-j 2 50 Ferrocleetric phase (FE)
translational symmetry. This interruption caused the appear- :_2 20~ g; E .-.“ (Rhombohedral Structure)
ance of a rthombohedral ferroelectric phase when the amount g  ° _g ‘\‘
of PCoN was more than 10 mol%. Gotor et al. [16] studied W > 2 \,‘
the relationships between the structure change of BaTiOs 304 E= "
and its enthalpy by using DSC. They found that the reduc- . T - . Y " .
0.00 0.05 0.10 0.13 0.20 0.25 0.30

tion of the tetragonality (c/a) of BaTiQj is accompanied by
a reduction of the enthalpy. lHowever, in the present work,
the decreasing of AH is proportional to the fraction ratio
of FE and PE phase in PZ-PCoN. Based on the results of
x-ray diffraction and DSC data, the phase diagram for the
(I — x)PZ-xPCoN binary system has been established, as
shown in Fig. 4. The transition temperature decreases ap-
proximately linearly with x, from 7. = 225.6°C for x = 0.0
to 158.2°C for x = 0.3. The phase diagram consists of three
distinct crystallographic phases in this system; high temper-
ature paraelectric cubic (Pm3m), rhombohedral (R3m), and
ferroelectric orthorhombic (P2¢ch (no. 32)). At the low con-
centrations of PCoN with x < 0.1 the symmetry can be de-
fined as orthorhombic. The orthorhombic symmetry trans-
forms into rhombohedral at a composition near x = 0.1,
Figure 5(a) and (b) show scanning electron microscopy
(SEM) images of the fracture surfaces of the PZ-PCoN
ceramics at x = 0.02 and 0.2, respectively. No plate-like
grains were observed in both samples, indicating the ab-
sence 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 calcu-
lated to be between 0.57 and 0.59 um for all of the samples.
There was no systematic variation in grain size as a function

@ Springer

Composition x

Fig. 4 Phase diagram of the (I — x)PZ-xPCoN binary system with
x = 0.0-0.3 determined from room temperature XRD and DSC as a
function of temperature. The symbols refer to quantities as follows:
M = the transition temperature from the antiferroelectric state (AFE)
to the ferroelectric state (FE); O = the transition temperature from the
ferroclectric state (FE) to the paraelectric state (PE)

of composition according to the different sintering schedules
used.

4 Conclusions

We have been the first to demonstrate the effect of PCoN
in stabilizing the rhombohedral phase relative to the or-
thorhombic phase in PZ ceramics. The crystal structure
data obtained from XRD indicates that the solid solution
PZ-PCoN, where x = 0.0-0.3, successively transforms
from orthorhombic to rhombohedral symmetry with an in-
crease in PCoN concentration. The AFE — FE phase tran-
sition was found in the compositions of 0.0 <x < 0.10. The
AFE — FE phase transition shifts to lower temperatures
with higher compositions of x. The width of the tempera-
ture range of the FE phase increases with increasing amount
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Fig. 5 Fracture surfaces of
(I — x)PZ—xPCoN ceramics
with (a) x = 0.02 and
(hyx=0.2

of PCoN. It is apparent that the replacement of the Zr*! ion
by (Coy/3Nby3)*" ions would decrease 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 ferroelectric phase when the
amount of PCoN was more than 10 mol%.
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Synthesis, ferroelectric phase stabilization, phase transition and
thermal properties in (1-x)PbZrO;-xPb(Zn;Nb;,;3)O;3 solid solution
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Abstract

The solid solution between the antiferroelectric PbZrO; (PZ) and relaxor ferroelectric
Pb(Zn;3Nby;3)O0; (PZN) was synthesized by the columbie method. The phase structure and thermal
properties of (1-x)PZ-xPZN, where x = 0.00-0.30, were investigated. The crystal structure of the
sintered ceramics was investigated as function of composition via x-ray diffraction (XRD) and
Differential scanning calorimetry (DSC). The results indicated that the solid solution, PZ-PZN,
successively transforms from orthorhombic to thombohedral symmetry with an increase in PZN
concentration. The AFE—FE phase transition was found in the compositions of 0.00 <x < 0.20, and
its temperatures were decrcased by increasing the concentration of PZN. Furthermore, the
temperature range width of the FE phase was increased by increasing the amount of PZN. This
interruption caused the appearance of a rhombohedral ferroelectric phase when the amount of PZN

was more than 20 mol%.
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Introduction

Lead zirconate [PbZrOs, abbreviated as PZ] is an antiferroelectric ceramic with a Curie
temperature of 230°C [1, 2]. At room temperature, PZ has an antiferroelectric phase (AFE) with an
orthorhombic structure [1]. PZ is a parent compound of PbZr,-,Ti,O3 (PZT) solid solutions, which
are of high scientific and technological interest for their ferroelectricity and piezoelectricity
observed over a wide range of compositions [3]. The ferroelectric (FE) intermediate phase can also
be introduced by partial replacement of Pb*" ions with A-site ions such as Ba>* ions [4] or La’" jons
[5]. Due to the differences of AFE and FE phases in the unit cell parameters, this phase transition is
accompanied by a nonlinear change in physical properties, such as an abrupt jump in polarization
and strain, or large charge release [4]. This feature of PbZrO; makes it a candidate material for
energy storage applications [3]. There have been many studies concerning the solid solution of PZ
and other perovskite materials such as PbTiO; [6], BaZrO;, [4, 7] PbSnO; [5], SrZrO; [6] and
PbNi 3Nby30; [8]. Lead zinc niobate [Pb(Zn,;3Nby;3)Os abbreviated as PZN] is an important
relaxor ferroelectric material with the rhombohedral structure at room temperature. A diffuse phase
transition from the paraelectric state to a ferroelectric polar state occurs at 140 °C [9]. Extensive
research has been carried on PZN single crystals because of their excellent dielectric,
electrostrictive and optical properties [10]. However, to the best of the authors’ knowledge, no work
has been done on the solid solution between PZ and PZN. Therefore, the objective of our present
study is to investigate phase transition of (1-x)PbZrO; — xPb(Zn;3Nby3)0;4 (PZ — PZN ) with x =

0.00 - 0.30 as a function of composition and temperature.

Experimental procedure

The (/—x)PbZrO; — xPb(Zn;3Nb,3)O5 ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10,
0.20 and 0.30, were prepared by a columbite precursor. First, a columbite (ZnNb,Og) precursor was
prepared using reagent-grade ZnO and Nb,Os in stoichiometric proportions. The powders were
thoroughly mixed in a ball mill for 18 h, using ethanol as a grinding medium, and the mixed powder

was calcined at 1,050 °C for 4 h to obtain the columbite precursor. Single-phase formation of the



precursor was confirmed by X-ray diffraction (XRD). The columbite precursor was mixed with
PbO (99% purity), and ZrO, (99% purity) in different proportions for making different
compositions, and each mix was calcined at 900 °C for 4 h to acquire the desired composition of
(/—x)PZ—xPZN. Two mol percent of excess PbO was added to all the compositions to compensate
for the lead loss during sintering. Single-phase formation was verified by powder XRD. Powders
were compacted in disk form with a diameter of 15 mm and thickness of 2—-3 mm. These disks were
sintered in PbO-rich atmosphere at 1,250 °C for 4 h. The densities of the sintered samples were
measured to ~ 95% of the theoretical values. The crystal structure of the sintered pellets was
determined by XRD. The phase transition temperatures and enthalpy (AH) of the phase transitions
were determined by DSC. This was operated from room temperature to 250 °C with a heating rate
of 10 °C/min.

Results and Discussion

Figure | illustrates the XRD patterns of (I-x)PZ-xPZN sintered pellets for 0.00 < x < 0.30.
It can be seen that the sintered pellets are single-phase: all the lines in each XRD pattern could be
indexed with a perovskite cell. The diffraction peaks move gradually towards higher angles with
increasing PZN contents, indicating smaller cell parameters.

For the composition 0.00 < x < 0.20, superstructure lines along with strong peaks are clearly
observed, indicating that this composition belongs to the AFE orthorhombic phase. Furthermore,
the samples with x = 0.30 had a split (1 1 1) and (2 2 0) reflection and single (2 0 0) reflection,
confirming that the crystal structure of the samples with x = 0.30 is a rhombohedral perovskite. The
DSC technique is a technique for measuring the energy necessary to establish a nearly zero
temperature difference between a sample and an inert reference material. The DSC technique was
used to investigate the phase transition of PZ-PZN ceramics, with increasing PZN concentration. A
typical result of the DSC of PZ-PZN for the composition x = 0.00, 0.04 and 0.10 is presented in
Figure 2(a)-(c). Two distinct endothermic peaks were observed for PZ at about 208.4 and 225.6 °C

as shown in Figure 2(a). 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. In Figure 2(b), two endothermic peaks are shown at 184.7 and 223.2 °C for the
composition, x = 0.04. In Figure 2(c), two endothermic peaks are shown at 59.036 and 217.3 °C for
the composition, x = 0.10. The AFE—FE phase transition was found in the compositions of 0.00 < x
< 0.20. The peaks shift to lower temperatures, with a higher composition of x. This result
corresponds to a decreasing AFE phase, with increasing amounts of PZN content. Table 1 gives the
transition temperature, including AFE—FE and FE—PE transitions of different PZ-PZN
compositions observed from DSC. The temperature range width of the FE phase increases
progressively with PZN content. After accumulating all these data, the ferroelectric phase diagram
of (/-x)PZ-xPZN has been finally established as a function of temperature and composition, as
shown in Figure 3.

The transition temperature decreases linearly with x, from approximately T, = 225.6 °C for x
= 0.0 to 209.4 °C for x = 0.30. At room temperature, the phase boundary between the orthorhombic
antiferroelectric and rhombohedral ferroelectric phases was observed near x = 0.10. The phase
diagram consists of three distinct crystallographic phases in this system; high temperature
paraelectric cubic, rhombohedral, and ferroelectric orthorhombic.

Summary

Relaxor ferroelectric PZN has been found to strongly influence crystal structure and thermal
properties of PZ ceramics. The crystal structure data obtained from XRD indicate that the solid
solution (/-x)PZ - xPZN, where x = 0.00-0.30, successively transforms from orthorhombic to
rhombohedral symmetry with increased PZN concentration. The AFE—FE phase transition is
found in compositions of 0.00 < x < 0.10. 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 PZN.
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Table Captures

Table 1 Phase transition temperatures of (/-x)PZ-xPZN ceramics

Figure Captures

Figure 1 XRD patterns of (1-x)PbZrO; — xPb(Zn,;3Nb»3)O5 sintered pellets.
Figure 2 DSC thermographs of PZ-PZN ceramics for: (a) x = 0.00, (b) x = 0.04 and (¢) x = 0.10.

Figure 3 Ferroelectric phase diagram of the (/-x)PZ —xPZN, x = 0.00-0.30 binary system
determined from room temperature XRD, DSC as a function of temperature.



Table 1 Phase transition temperatures of (/-x)PZ-xPZN ceramics

Composition Phase transition temperature (°C)
X AFE—=FE FE=PE
0.00 208.4 225.6
0.02 1931 2249
0.04 184.7 223.2
0.06 137.4 2221
0.08 94.7 219.5
0.10 59.0 213
0.20 - 2112

0.30 - 209.4
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Figure 1 XRD patterns of (1-x)PbZrOs; — xPb(Zn,;3Nb,/3)O5 sintered pellets.
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ferroelectric and dielectric properties of PbZrO; ceramics
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Abstract

Polycrystalline samples of (1-x)PbZrO;—xPb(Zn;;3Nby3)03, where x = 0.0-0.3,
were prepared by the columbite method. Sintering was performed at 1,250 °C for 2—4
h in PbO atmosphere. The X-ray diffraction (XRD) was used to investigate pure phase
perovskite in sintered ceramics. Moreover, dielectric and ferroelectric properties have
been determined via dielectric spectroscopy and hysteresis loop measurement,
respectively. Complete solid solutions of the perovskite phase of PZ-PZN ceramics
were obtained in all compositions and, according to XRD results; they succeeded in
transforming from orthorhombic to rhombohedral symmetry as PZN concentration
was increased. Furthermore, a change from antiferroelectric behavior in the PZ
ceramic to normal ferroelectric behavior in PZ-PZN ceramics was observed in the
ferroelectric properties of ceramics in the PZ—PZN system. These results clearly show
the significance of added PZN in reducing the antiferroelectric behavior in PZ

ceramic.
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INTRODUCTION

Since the discovery of antiferroelectricity in the perovskite structure during the
1950s, Lead zirconate oxide (PbZrO; or PZ) has been the focus of extensive
experimental and theoretical studies [1]. At room temperature, PZ has an
antiferroelectric phase (AFE) with an orthorhombic structure. It undergoes the AFE to
a paraelectric phase (PE) and transforms from an orthorhombic structure to a cubic
one at 236°C [2]. PZ was also studied for its microwave dielectric properties, but it
shows a dielectric relaxation near microwave frequencies [3]. This feature of PbZrOs
makes it a candidate material for energy storage applications [3]. There have been
many studies concerning the solid solution of PZ and other perovskite materials such
as PbTiOs [1], BaZrOs, [4, 5] PbSnO; [6], StZrOs [1] and PbNi,;sNby;0; [7]. Lead
zinc niobate [Pb(Zn;3Nb,3)O; abbreviated as PZN] is an important relaxor
ferroelectric material with a rhombohedral structure at room temperature [8, 9].
Extensive research has been carried on PZN single crystals because of their excellent
dielectric, electrostrictive and optical properties [8]. Because of the partially
disordered arrangement of the Zn’" and Nb** cations in the B-site of the perovskite
structure, a broad ferroelectric phase transition from rhombohedral (ferroelectric) to
cubic (paraelectric) symmetry takes place at about 140 °C, showing a very high
dielectric constant maximum [10]. However, to the best of the authors’ knowledge, no
work has been done on the solid solution between PZ and PZN. Therefore, the
objective of our present study is to investigate phase transition and dielectric
properties of (1-x)PbZrO; — xPb(Zn5Nb,3)0; (PZ — PZN ) with x = 0.00 — 0.30 as a

function of composition prepared by the columbite method.



EXPERIMENTAL PROCEDURE

The (/—x)PbZrO3; — xPb(Zn;3Nby;3)O;5 ceramics, where x = 0.00, 0.02, 0.04, 0.06,
0.08, 0.10, 0.20 and 0.30, were prepared by a columbite precursor. First, preparation
of a columbite (ZnNbyOg) precursor was carried out using reagent-grade ZnO and
Nb>Os in stoichiometric proportions. After mixing the powders thoroughly in a ball
mill for 18 h, with a grinding medium of ethanol, the mixed powder was calcined at
1,050 °C for 4 h to obtain the columbite precursor, which was mixed with PbO (99%
purity) and ZrO; (99% purity) in different proportions to make various compositions.
Each powder mix was calcined at 900 °C for 4 h in order to produge the required
composition of (/-x)PZ-xPZN. The lead loss during sintering was compensated for
by adding two mol percent of excess PbO to all the compositions. Powders were
compacted in disk form to 15 mm in diameter and 2-3 mm thickness and sintered in
PbO-rich atmosphere at 1,250 °C for 4 h. The sintered sample densities were
measured to ~ 95% of the theoretical values, and the crystal structure of the sintered
pellets was determined by X-ray diffraction (XRD). An HP4284A LCR meter
connected to a sample holder (Norwegian Electroceramics) capable of high
temperature measurement was used to measure the capacitance. Relative permittivity
(er) was calculated using the geometric area and thickness of the discs. Finally, the
polarization—electric field (P-£) hysteresis loops were obtained at room temperature

using a standardized ferroelectric tester system (RT66A) at a frequency of 4 Hz.

RESULTS AND DISCUSSION

XRD patterns of ceramics in the (1-x)PZ—xPZN system had a fully crystallized
perovskite structure for all compositions, as shown in Figure 1, and the pyrochlore
phase was not observed at all in this system. As indicated by XRD patterns of the PZ—

PZN compositions, a combination between PZ and PZN patterns showed that the



perovskite structure had a symmetry that varied between orthorhombic and
rhombohedral types.

Ceramics with 0.02 < x < 0.20 shared the same crystal structure with PZ, i.e.,
an orthorhombic unit cell at room temperature. If the XRD pattern of PZ is indexed on
the basis of the pseudo-cubic cell, then Y4 (h k [)-type superlattice reflections
representing the antiparallel shifts of Pb*" ions will appear. In Fig.1, all the indices
were based on the pseudo-cubic cell and the XRD patterns of the samples with 0.02 <
x < 0.20, which showed the presence of "4 (4 k [)-type superlattice reflections.
According to the Glazer [11], these types of reflections represent anti-phase tilting of
the oxygen octrahedra without distortion. However, samples at the composition of x
=0.30 had a split (1 I 1) and (2 2 0) and single (2 0 0) reflection, thus confirming that
the crystal structure of composition x = 0.30 is a rhombohedral perovskite. Therefore,
in accordance with the XRD results, the solid solution, PZ-PZN, successively
transforms from orthorhombic to rhombohedral symmetry when the concentration of
PZN is increased. The relative permitivitly at room temperature, with all compositions
of (1-x)PZ—PZN ceramic at 100 Hz, is shown in Figure 2. These results show that the
dielectric constants of PZ-PZN ceramics at room temperature were increased with an
increasing concentration of x. The effect of increasing relative permittivity at room
temperature with increasing PZN content is interpreted to be due to the possibility of
the decrease of transition temperature to near room temperature. The transition
temperature of the PZ-PZN ceramics are shifted towards room temperature when PZN
is added to PZ; thus increasing the dielectric properties measured at room
temperature.

A series of polarization—field (P—E) hysteresis loops for the PZ-PZN ceramics

is illustrated in Figure 3, and from these loops, the remnant polarizations (P;) and



coercive field Ec (shown as an electric field required to zero polarization) are
determined and listed in Table 1. The composition of 0.0 <x < 0.20 ceramic, (1-x)PZ~
xPZN, no longer indicates that P-£ hysteresis is an antiferroelectric at room
temperature. The polarization loops of 0.8PZ-0.2PZN and 0.7PZ-0.3PZN become
well developed, due to the large amount of relaxor ferroelectric PZN content, showing
large remnant polarization (P;) as shown in Fig. 3. The hysteresis loops are of a
typical “square” form, as a result of domain switching in an applied field. This is a
typical characteristic of a phase that contains long-range interaction between dipoles
in the ferroelectric micro-domain state, and confirms that these compositions are of a
normal ferroelectric phase, with rhombohedral symmetry, as indicated by XRD

analysis.

CONCLUSIONS

It has been found that the crystal structure of dielectric and ferroelectric
properties of PZ ceramics are strongly influenced by the addition of the relaxor
ferroelectric, PZN. Data of the crystal structure obtained from XRD, show that the
solid solution (1-x)PZ—xPZN, where x = 0.00-0.30, successively transforms from
orthorhombic to rhombohedral symmetry with increased PZN concentration. The
dielectric constants of PZ-PZN ceramics at room temperature were increased with an
increasing concentration of x. 0.7PZ-0.3PZN induced normal ferroelectric behavior,

with a high polarization value.
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Table caption

Table I Characteristics of (/-x)PZ-xPZN ceramics with optimized processing
conditions (R, Rhombohedral; O, Orthorhombic)

Figure legends

Figure 1 XRD patterns of (1-x)PbZrO; — xPb(Zn;,3Nb,/3)Os sintered pellets.

Figure 2 Variation of dielectric constant at room temperature with all compositions of
(1-x)PZ—xPZN ceramic at 100 Hz.

Figure 3 Effect of composition (x) on the P-E hysteresis loops of (1-x)PZ — xPZN
ceramics.



Table I Characteristics of (/-x)PZ-xPZN ceramics with optimized processing
conditions (R, Rhombohedral; O, Orthorhombic)

Composition Crystal & at room P E.

(69) Structure temperature (C/ecm?) (kV/em)
0.00 O 143.5 a o
0.02 O 117.5 - -
0.04 O 134.9 - -
0.06 O 154.2 5 =
0.08 O 121.6 - -
0.10 0 230.9 - -
0.20 O 456.4 8.2 7.4
0.30 R 500.0 15.2 5.8
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Figure 1 XRD patterns of (1-x)PbZrO; — xPb(Zn3Nb>3)O; sintered pellets.
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PREPARATION AND DIELECTRIC PROPERTIES OF LEAD
ZIRCONATE TITANATE — LEAD ZINC TANTALATE
CERAMICS

0_066 Wanwimon Banlue, Sakda Trisak, Naratip Vittayakorn

Materials Science Research Unit, Department of Chemistry, Faculty of
Science, King Mongkut’s [nstitute of Technology Ladkrabang, Bangkok
10520 THAILAND

The polycrystalline samples of Pb[(/-x)(Zr;»Ti;2) —x(Zn;;3Tas;3)]0;, where x =
0.1-0.5 were prepared by the columbite precursor method. The crystal structure,
microstructure, dielectric and ferroelectric properties of the ceramics were investigated as
a function of composition via X-ray diffraction (XRD), scanning electron microscopy
(SEM), dielectric spectroscopy and hysteresis measurement. It was observed that for the
binary system (1-x)Pb(Zr,»Ti;2)O03-xPb (Zn,;;Ta:;3)0;, the change in the calcinations
temperature 1s approximately linear with respect to the PZTa content in the range x = 0.1-
0.5. In addition, x-ray diffraction indicated a phase transformation from a tetragonal to a
pseudo-cubic phase when the fraction of PZTa was increased. Furthermore, dielectric
measurements performed as a function of temperature at 1, 10 and 100 kHz show an
decrease in transition temperature (7;,) over the composition range of x=0.1-0.5.
Furthermore, large wvalue of maximum relative permittivity was observed at a
compositions of x = 0.2, which is the boundary between two ferroelectric rhombohedral
phases.
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PZT, Piezoelectricity; Ferroelectricity; Phase transitions
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Microstructure and Dielectric Properties of Lead Zirconate
Titanate — Lead Zinc Tantalate System

W. Banlue' R. Muanghlua® and N. Vittayakorn'*

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

“Electronics Research Center, Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok Thailand 10520

Lead zirconate titanate, Pb(Zr,_,Ti,)Os; (PZT) solid solution, are ferroelectric ceramic
materials with perovskite structure which have important practical applications in
piezoelectric devices, ferroelectric memories, high & capacitors and infrared pyroelectric
detectors, using their excellent piezoelectric, ferroelectric and pyroelectric properties | 1]. The
potential piezoelectric properties of the perovskite structure of PZT ceramics near
morphotropic phase boundary (MPB) separating the rhombohedral and tetragonal phases
were first clarified by Jaffe et.al. in 1955 [2]. Lead zinc tantalate. Pb(Zn;;Ta»1)O05 (PZTa)
has not been synthesized to a perovskite structure [3]. The failure can be attributed to the
higher covalency of Zn'" and Ta™ (as compared with Mg™* and Nb™j as well as to the
somewhat larger ionic size of Zn*" for the six-fold lattice sites fornied by oxvaen octrahedra
[3]. A B-site precursor method (or columbite process) was then introduced 1o promote the
perovskite development by suppressing the pyrochlore formation [3]. The present
investigation uses the columbite-(wolframite) precursor methods to prepare PZT-PZTa
ceramics and reports the diclectric properties. Ceraimics of PZT-PZTa were synthesized using
the columbite precursor method. The ZnTas0,, and ZrTiO, precursors were mixed with PbO
(99%), in a stoichiometric ratio. to form Pb{(l-x}Zr2Tiyp)-x(Zn 3 Tas) 0 1 x = 0.1-0.5
compositions. X-ray diffraction (XRD) was used to determine the amount of perovskite phase
present and the microstructiure was observed using a scanning electron microscope (SEM).
Figure 1 shows XRD patterns of the (1-x)PZT-xPZTa ceramics at different concentrations. In
general. the strongest reflections apparent in the majority of this XRD pattern indicate the
formation of Pb(ZrnTiy»)05 and Pbygs(ZngaeTa; 7100639 can be matched with JCPDS file
number 33-0784 and 34-0395. respectively. The XRD results show that the perovskite phase
at.v = 0.1 and 0.2, but the pyrochlore phase were increased with increasing of PZTa (x = ().3-
0.5). The XRD peaks at (002) and (200) have been splitted, that are show the phase transition
from tetragonal to pseudo-cubic with increasing concentration of PZTa. Figure 2 shows
scanning electron microscopy (SEM) images of the surlace of 0.9PZT-0.1PZTa and 0.5PZT-
0.5PZTa ceramics.
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Synthesis, Crystal Structures, Phase Transition Characterization
and Thermal Properties of (1-x)PbZrO -xPb
(Comme)O3 Solid Solution System

W. Banlue* and N. Vittayakorn
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Thailand 10520
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The phase transition behaviors of (1—x) PbZ.rO}—xPl::(Comme)O3 (PZCN) solid solution system
(0 < x <0.30) have been investigated by X-ray diffraction and DSC. In the solid solution, for x < 0.20, the
transition shows a first-order phase transition behavior and its antiferroelectric (AFE) crystal structure is
orthorhombic. The transition temperature gradually decreases with the increasing (Colnth)4+concentration.
On the composition range 0.20 < x £ 0.30, a typical relaxor-like behavior is displayed. The low temperature
crystal structure is pseudo-cubic in this composition range. With these data, the ferroelectric phase diagram

between PZ and PCoN has been established.
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DIELECTRIC PROPERTIES OF (1-x)PbZrO;-xPb(Co,3Nby;3)O;
CERAMICS PREPARED BY COLUMBITE METHODS
Wanwimon Banlue 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: ja_ae-nan_ka@hotmail.com, naratipcmu@@yahoo.com

Abstract: The solid solution of (1-x)PbZrO;-xPb(Co;;3Nba3)03, where x = 0.0-0.3
were prepared by columbite method. The crystal structure, microstructure and
dielectric properties of the sintered ceramics were investigated as a function of
composition via x-ray diffraction (XRD), scanning electron microscopy (SEM) and
dielectric spectroscopy. The XRD results indicated that the solid solution PZ-PColN
successively transforms from orthorhombic to rhombohedral symmetry with an
increase in the PCoN concentration. Examination of the dielectric spectra indicated
that phase transition modes changed from sharp to diffuse with increased the PCoN
concentration. This observation was believed to be caused by nano-scaled chemical
heterogeneity in these compositions.
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SYNTHESIS, FERROELECTRIC PHASE STABILIZATION,
PHASE TRANSFORMATION AND THERMAL PROPERTIES OF
(1-x)PbZrO3-xPb(Zn;;3Nb,;3)0; SOLID SOLUTION

Wanwimon Banlue 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: naratipemu(@yahoo.com

Abstract:  Ceramic  solid solutions within  the system (1 = x)PbZrO;—x
Pb(Zn;sNbys)0;s, where x ranged from 0.00 to 0.30, were prepared by a columbie
method. The phase structure and thermal properties of (1-x)PZ-xPZN where x
= 0.0-0.30 were investigated. The crystal structure of the sintered ceramics was
investigated as function of composition via x-ray diffraction (XRD) and scanning
electron microscopy (SEM). The results indicated that the solid solution PZ-PZN
successively transforms from orthorhombic to rhombohedral symmetry with an
increase in the PZN concentration. The Antiferroelectric (AFE) — Ferroclectric (FE)
phase transition occurs in the compositions of 0.0 < x < 0.20. The AFE—FE phase
transition temperatures were decrease with increased PZN. The width of temperature
range of FE phase was increase with increasing the amount of PZN, It is apparent that
the replacement of the Zr** by Zn?'/Nb** jons would decrease the driving force for
antiparallel shift of Pb*" ions because they interrupt the translational symmetry. This
interruption caused the appearance of a rhombohedral ferroclectric phase when the
amount of PZN is higher than 20 mol%.
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EFFECTS OF Pb(Zn3Nb,;)0; ADDITIONS ON PHASE
STRUCTURE, MICROSTRUCTURE AND DIELECTRIC
PROPERTIES OF PbZrO; CERAMICS

Wanwimon Banlue 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: ja_ac-nan_ka(@@hotmail.com, naratipcmu@yahoo.com

Abstract:

Polycrystalline samples of (1-x)PbZrO3-xPb(Zn,3Nby;3)0s, where x = 0,0-0.3
were prepared by columbite method. Sintering was made at 1250 °C for 2-4 h in PbO
atmosphere. The X-ray diffraction (XRD) was used to investigate pure phase
perovskite in sinter ceramics. Moreover, microstructure and dielectric properties have
been determined via scanning electron microscopy (SEM) and dielectric
spectrascopy, respectively. The complete solid solutions of the perovskite phase of
PZ-PZN ceramics were obtained all compositions. The XRD results indicated that the
solid solution PZ-PZN successively transforms from orthorhombic to rhombohedral
symmetry when the concentration of PZN was increased. The diclectric spectra
indicated that phase transition modes changed from sharp to diffuse with increased
PZN concentration and the value of the relative permittivity, as a consequence of the
PZN concentration, was observed.
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Characterization of the (1-x)PbZrO;-xPb(Coy;;Nb,;3)0; Ceramics by XRD, SEM,
Thermal Properties and Dielectric Properties Tests

Wanwimon Banlue* 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 (1-x)PbZrO;-xPb(Co,;Nby3)05, where x = 0.0-0.3 were prepared by
columbite method. The crystal structure, microstructure and dielectric properties of the sintered ceramics were
investigated as a function of composition via x-ray diffraction (XRD), scanning electron microscopy (SEM) and
dielectric spectroscopy. The complete solid solutions of perovskite phase of PZ-PCoN ceramics were obtained all
compositions. In addition, XRD indicated that the solid solution PZ-PCoN successively transforms from
orthorhombic to rhombohedral symmetry with an increase in PCoN concentration. The AFE—FE phase transition
was found in the compositions of 0.0 < x < 0.10, and its transition shifted to lower temperatures with higher
compositions of x. The temperature ranﬁe width of the FE phase was increased by increasing the amount of PCoN.
It is apparent that replacement of the Zr*" ion by (Coy;3Nb,s)** ions would decrease the driving force for antiparallel
shift of Pb** ions because they interrupt the translational symmetry. This interruption causes the appearance of a
rhombohedral ferroelectric phase, when the amount of PCoN is more than 10 mol%.
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Preparation and Phase Transitions of the Solid Solution of
(1-x)PbZrO;-xPb(Zn;;3Nby;3)03 Ceramics

Wanwimon Banlue 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- In this study, the ferroelectric of (1-x)PbZrO;-xPb(Zn;sNby3)0s, (1-x)PZ-xPZN; where x = 0.0-0.3
ceramics have been fabricated by columbite method. Attention has been focused on relationships between
crystal structure, phase transitions, physical properties, microstructural development, dielectric and ferroelectric
properties of the sintered ceramics. The complete solid solutions of perovskite phase of PZ-PZN ceramics were
obtained all compositions. In addition, XRD indicated that the solid solution PZ-PZN successively transforms
from orthorhombic to rhombohedral symmetry with an increase in PZN concentration. The AFE—FE phase
transition was found in the compositions of 0.0 < x < 0.10, and its transition shifted to lower temperatures with
higher compositions of x. Based on X-ray diffraction analysis, thermal and dielectric properties, the ferroelectric
phase diagram between antiferroelectric PZ and relaxor ferroelectric PZN has been established.
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