\e\

|
=
U®

LIV UANY D

TA39013 TR INITENINDIIBIZATW L9 LazaNTaN19 IWHA o

a 1 a ® a
ustimsosaatlgvasgrstnslsdiannsnlnszuy PZT-PCoN

Tag
a3. w315 Ingns

gotwnalwladnizaantngn Lé’ﬁqmﬂmimﬂﬂ‘szﬁa

Anwnemn 2551



(%

IASAY YT MRG4980013

swmu%’saﬁuaa\lyiﬁ

TA39N13 TAWINITENIND 2 LBIZAUW L3 LRZHNIAN
a 1 A & a
T o USLImsaaaawavasaIstislsdlannsnlwssuy

PZT-PCoN

a3. w315U Iens

A010WNALlagNIZIaNLNR La’ﬁqmﬂmsmﬂn‘szﬂa

ﬁ‘lIfIJﬂ‘Irk%Tﬂ SEIBNITHAUENTIHN ﬂ'l‘Sﬂ'l‘SE(]‘ﬂNﬁﬂ‘]sl’l LAasdEIRNIINA 2N

aﬁuawumﬁ%’ 8

(Aruinluseuiiiiluresdide ana. ldanusiesmiudaaianalil)



naanssudszné

mu’i%sjﬁﬁ%%‘%ﬁlvlﬁ@ﬁy(’?}Lﬁaaﬁnﬂmsaﬁum&unuﬁmnﬂ ﬁ‘hﬁfmmﬂamuaﬁmmgumi
398 (N7.) WA éwﬁfmmﬂmmsmmiq@uﬁﬂm (N8.) VaVDLA b AEINLANRAT FDNLT%
Lﬂﬂi%I&ﬁWi:aaumﬁ’mﬁ”ﬁqmwmm@m:ﬂaﬁém’;Umma:mnlumﬂ%m%aaﬁa FOWN
187809 Kol iansBiininaeniin aninmamand uniinodudoalnd Aaiuauu
d' A A 6 = ll A d'd U a o A o 6
LA3aINaIL AR 'sm"l,ﬂmmsmmmaawm}’mgsamw HI989020UAM ANEAIINTE
a A A o Aa Ao & A & v o =< Ao &
Nosagme a1 aunds MTudundinw uaz Iwd1dSnenaaaaaul 384e80319138 Q9.
nouYd J9AUINA UaT §TI8a18nI19138 a1, Tadny BuiiTy Neeslddrdinm Tuus
anifiou uaz aduauulunngdudisiiauenn vaugmyINAdy 3. 5358 vimInl Qo
e 6 =1 =} a v 6 1 L L g =1 t-ﬂ. 1 e v v a v YV & I
98334 LiBdnAe a3, AN INA1TAUNA LAz uﬂﬂnmwmﬂﬂuaﬁmanwlmﬂugmﬂu
9149 q@ﬁwmamauqm NY381 Wanduaz wadgniuninasla was lﬁnﬁaﬁfua%uﬁwamaﬂ

EN

(@3.%317U Ineng)

wanilasinig



LAONRIILBLRNUIELRY 2

UNANLa
1. SRALAIINT: MRG4980013
2. 3alasIny FANWINIIRNINT L UIza U I waz FNUANIIWAN o USIasse

W auadgI W IsaLannInluszuuPZT-PCoN
4' ['¥ v
3. FaRINWILATINIT
@3. 315U INeng
M3 el anInenaaas amﬁ'umﬂiuiaﬁm:ﬁ]aumﬁ%éﬁqmwmim@m:ﬂh
DUURRDINTI LIANNANTZLI NTINNY 10520

E-mail Address: naratipcmu@yahoo.com, kvnarati@kmitl.ac.th

4. 3z8zAG NIRRT 2 T (1 Uuian 2549 f19 30 Jnuiew 2551)

NGGED
NwAsEilainmsAnmmenusuRuiveslassasuazauavasnin§lsaiannsnly
DY (1-X)PD(Zr1,Tis2)05-XPb(CoysNbys)Os: X = 0.0-0.5 lagdnwudIsuifisunadileny
mmﬁmwﬂsaLﬁnm’%nlumjuﬁm VB Pb(Zry,Tise)O05-Pb(Zn;sNDys)Os,  Pb(Zry,Tis)Os-
Pb(Ni;sNbys)Os,  (Pb,Ba)ZrO; WRZ  PbZrOs-Pb(NiysNbys)Os  HANITIFENULINGINITA
FILAT129HI (1X)PZT-xPCoN lulassaamassanalnglaludadin eoud x = 0.0 A9 0.4
Tugadn x = 0.5 Aawautantaandn H9ld31mu wunmswdswnwaan mnszlnues
soulufavon (asadin Pb(Co4,3Nby/3)04 Lﬁ'uga"‘ﬁu LasRFAsI% x = 0.3 UFAS n13og
SaunnpaaNs nzlnues waz sauluFAT0n N8VEINITLAY Pb(Co;5Nbys)05 Aan1siasn
WRLWIEN Pb(Zr,Tii2)05 ASEAULTININIUTEUY Pb(Zr;5Tiye)Os-Pb(NijsNbys)Os WAz
Pb(Zr4,Ti12)03-Pb(Zn4;3Nby3)O04 LL@I'LLGmGi’Naﬂ’]déul,%dlméﬁ‘i’]fmmi&l (Pb,Ba)ZrO; Uac
PbZrOs-Pb(NissNbys)Os

LLa:Lﬁ'aﬁﬂmiﬂ%'uﬂ;a ANUGLABLANNINVBILT IR N (1-X)PB(Zry5Tissn)Ose
xPb(C04sNb,5)05: x = 0.0-0.5 §1835 audan (annealing) WU in PZT-PCoN Te1lad
Lﬁﬂw%mﬁugoﬁuﬂs:mm 200% laganizagdluusnmlng T, wunsiaswnad
Fatauann mnszlnuealdidusenlugases WorRuaanlun1sausen nan1snasasil
%’Lﬁtﬁu’hé’@d’m‘ﬁ'ﬁwmiaua'am'é"amiﬂnﬁwumsamimﬂa st upesdnladidnn3n
T80 Pb(Zr,Tit)05-Pb(Co1sNbys)Os  AR18AULTIIANTUIZUY Pb(Zry;,Tis)0
Pb(Ni;3Nby3)O3 Wae Pb(Zry,Tiy)O035-Pb(Zn43Nby3)O3



LAONRIILBLRNUIELRY 2

Abstract

Project Code: MRG4980013

Project Title: The evolution of polar nano-region and electrical properties at the
morphotropic phase boundaries of ferroelectric PZT-PCoN systems

Investigator: Dr. Naratip Vittayakorn

E-mail Address: naratipcmu@yahoo.com, kvnarati@kmitl.ac.th

Project Period: 2 years (1 June 2006 £19 30 June 2008)

The relationship between structure and properties of ferroelectric (1-
X)Pb(Zr4,,Ti2)03-xPb(Co4/3Nb,3)O3; x = 0.0-0.5 ceramics was studied. The results were
compared with other ferroelectric systems such as Pb(Zr,Tij)O05-Pb(Zn,;sNbys)O03,
Pb(Zr4,,Tiy;2)O03-Pb(Nij;3Nby3)O45, (Pb,Ba)ZrO; and PbZrO;-Pb(NijsNb,3)O4. The pure phase
of perovskite structure was observed in the composition between x = 0.0 to 0.4. At the
composition x = 0.5, the pyrochlore phase was presented. Furthermore, a transition from
tetragonal to rhombohedral phase was observed, as Pb(Co,;3Nb,;3)O5 increased and the co-
existence of tetragonal — rhombohedral phases occurred at composition x = 0.3. The
influence of a Pb(Co43Nb,;3)O; addition on the phase transition of the Pb(Zr;,Tii;)O0s
system was similar to that of the Pb(Zry;,Tii;»)O03-Pb(Niy;s3Nby;3)053 and Pb(Zry,Tiyn)O0s-
Pb(Zn,sNb,3)O5 system. It is interesting to note that the phase transition in the
Pb(Zry,,Tiy;2)O3-Pb(Co43Nby3)05 system showed a completely different mechanism from
ceramics in the (Pb,Ba)ZrO; and PbZrO;-Pb(Nij;sNb,3)O5 system.

The annealing process was selected to improve the dielectric properties of
Pb(Zr4,,Tiy;2)O3-xPb(Co4,3Nb,;3)O5 ceramics. After annealing, a huge increase of up to 200%
occurred in the dielectric constants, especially near the temperature of maximum dielectric
constant. Transition from the tetragonal to rhombohedral phase was clearly seen from the
XRD profile peak, splitting with increasing annealing time. From these results, it is clear that
the composition of the annealed sample shifted very close to the MPB. The improvement in
dielectric properties in Pb(Zr;,Tiy2)03-xPb(Co4/;3Nb,3)O5 ceramics shows the same behavior
as ceramics in the Pb(Zry,Tiy;)03-xPb(Zn;sNby;3)03 and Pb(ZrqsTi)O03-xPb(NiqjsNbys)O04

system.
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Relaxor
Perovskites

!

Ccmplex Lead Perovskites

/ Fo® MIB "")03

No B-Site Cation
Order Present

Long-Range B-Site Cation

Order Present
v / \4
Atomic Disorder Short/Intermediate Long Coherence
Coherence Length Length
(£~20-80A) (¢€»100A)
Stoichiometric Non-Stoichipmetric
(x=172) (x=2/3
v v

Normal Long Range
Ferroelectric and Antiferroelectric

Pb(Fe;nNb, )04
Pb(Fe;;;Ta;2)04
(1 —x]Pb(Mglanm)Oj(X)PleO3 (.37
{ l-x)Pb(Zn”3me)03:(x)PbTiO3 x>0.11
Pb(Zr,_, Ti, O,

Relaxor Ferroelectric ‘Normal’ Ferroelectric

and Antiferroelectric

Pb(ScinTar»)0s
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Pb(In;2Nb,,2)O; Pb(In;»Nb, ;)05
Pb(N1;3Nby/3)04 Pb(Mg,;»W1,)0s
Pb(MgsNb23)On Pb(Coyp W 12)0;
Pb(ZﬂInggg)Og
Pb(SCLQNbLQ)O]
Pb(Cd;sNbas)0;

(I-X)Pb(MglﬂNbgﬁ)Oj:(X)PbTi03 x<(2.37
{1 -x)Pb(ZnJBme)03:(x)PbTiO3 x<0.11
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2.7 ua‘ﬁﬂme’?]mﬂamam? (morphotropic phase boundary; MPB)
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EHT = 18.00 kv WD= 7 mm Signal A = SE1 Date :1 Mar 2008
Mag= 500KX Scan Speed=8 Time :16:13:15

EHT = 18.00 kV WD= 7mm Signal A = SE1 Date :1 Mar 2008
Mag= 10.00 KX Scan Speed=8 Time :15:58:33
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EHT = 18.00 kv WD= 7 mm Date :1 Mar 2008
Mag= 500KX Scan Speed=8 Time :16:31:16

EHT = 18.00 kV WD= 7mm Signal A = SE1 Date :1 Mar 2008
Mag= 10.00 KX Scan Speed=8 Time :16:29:51
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EHT = 18.00 kv WD= 7 mm Signal A = SE1 Date :1 Mar 2008
Mag= 500KX Scan Speed=8 Time :16:37:23

L

EHT = 18.00 kV WD= 7mm Signal A = SE1 Date :1 Mar 2008
Mag= 10.00 KX Scan Speed=8 Time :16:35:53
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Signal A = SE1 Date :1 Mar 2008

J % 275
EHT = 18.00 kv WD= 9mm
Time :17:07:56

Mag= 500KX Scan Speed=8

crack
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S

EHT = 18.00 kv WD= 9mm

Mag= 10.00 KX Scan Speed=8 Time :17:06:28
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EHT = 18.00 kv WD= 7 mm Signal A = SE1 Date :1 Mar 2008
Mag= 500KX Scan Speed=8 Time :17:16:56

iy

EHT = 18.00 kV WD= 7mm Signal A = SE1 Date :1 Mar 200
Mag= 10.00 KX Scan Speed=8 Time :17:15:32
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EHT =18.00 kv i Date

:3 Mar 2008

Mag= 500KX Scan Speed=8 Time :11:45:20

T

EHT = 18.00 kv WD= 7mm Signal A = SE1 Date

:3 Mar 2008

Mag= 10.00 KX Scan Speed=8 Time :11:43:34
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EHT =18.00 kv WD= 7mm Signal A = SE1 Date

:3 Mar 2008

Mag= 500KX Scan Speed=8 Time :12:15:05

EHT = 18.00 kv WD= 7mm Signal A = SE1 Date

:3 Mar 2008

Mag= 10.00 KX Scan Speed=8 Time :12:13:21
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e T, (°C) 0, (°C) V4
850 °C 6570 270.8 29.8 1.8
900 °C 7650 271.2 29.7 1.8
950 °C 7650 272.4 30.2 1.8
1000 °C 8640 270.6 334 1.9
1100 °C 14400 254.2 16.5 1.6
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Synthesis and a crystal structural study of microwave dielectric Zirconium Titan-
ate (ZrTiO,) powders via a mixed oxide synthesis route

Naratip Vittayakorn
Department of Chemistry, Faculty of Science, King Mongkut's Institute of Technology Ladkrabang, Bangkok, 10520 Thailand

A mixed oxide synthesis route has been investigated for the synthesis of zirconium titanate, ZrTiO,. The formation of ZrTiO,
phases have been investigated as a function of calcination temperature by XRD. The crystal structure, particle size
distribution, morphology and phase composition of the calcined powders were determined via XRD and SEM. It has been
found that with increasing calcination temperature up to 1150°C, the results showed that anatase-TiO, changed structure to
rutile-TiO,. The yield of the ZrTiO, phase increased significantly up to 1350 °C, when a single phase of ZrTiO, was formed,
revealing that the rutile-TiO, had completely reacted with the ZrO, phase. It seemed that the pure wolframite phase of ZrTiO,
powders was successfully obtained from calcinations conditions of 1350°C for 4 h with heating/cooling rates of 5 Kminute™.

Key words: Zirconium titanate, ZrTiO,, Calcination, Powder synthesis.
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Structural, Phase Transition and Ferroelectric Properties of
Pb(Zr,,Ti,;,)O;—Pb(Co, ;Nb,,;)O; Ceramic Synthesized by High-temperature
Solid-state Reaction Technique

Naratip Vittayakorn

Department of chemistry, Faculty of Science,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand 10520.

Abstract: Polycrystalline samples of (1-x)Pb(Zr,Ti,;)O, — xPb(Co,;Nb,;)O, (PZT — PCoN ) with x = 0
— 0.5 have been synthesized by high-temperature solid-state reaction technique. X-ray diffractograms of
the samples reveal the single phase perovskite structure formation with PbCoN content x<0.5. There is
a transformation in crystal structure observed from tetragonal to co-existence of tetragonal and pseudo-
cubic to single pseudo-cubic phase with the increase in PCoN concentration in the basic PZT composition.
Ferroelectric hysteresis behaviour was also studied as a function of applied electric field for all the

compositions.
concentration. The
0.5PZT — 0.5PCoN ceramic.

Key words:

Square behavior of the ferroelectric loops was found with the increase in PCoN
maximum value of remnant polarization P, (25.3 mC/cm’) was obtained for the

INTRODUCTION

Electroceramics based on lead zirconate titanate
(PZT) are widely used in high-density, high-reliability
ferroelectric random access memory (FeRAM) and
microelectromechanical systems (MEMS), and as such
have attracted much attention recently for application
in low-cost, mass-produced memory with high device
reliability!”!. To enhance electro-mechanical coupling,
most of the technically important PZT ceramics have
compositions in the vicinity of the morphotropic phase
boundary (MPB), with two ferroelectric phases, i.e., the
tetragonal and the rhombohedral phases, coexisting
inside the materials™. Various modifications have been
made with relaxor ferroelectric in order to improve the
piezoelectric properties”*!. The distinctive properties of
PZT are non-hygroscopicity, mechanical strength,
simplicity of preparation, high sensitivity and ease of
poling in a particular direction. The main advantage of
PZT series is the possibility of controlling their
electrophysical properties and curve temperature with
the aid of modifying additions, PCoN being the most
effective one. In the present work, a systematic study
of structural and ferroelectric properties of PCoN
modified lead zirconate titanate (PZT) ceramics
prepared by conventional solid-state reaction route has
been undertaken.

MATERIALS AND METHODS

Polycrystalline samples of (1-x)Pb(Zr,,Ti, )0, —

xPb(Co,,Nb,;)O, (PZT — PCoN ) with x = 0 — 0.5
have been prepared by the starting materials
(commercially available lead oxide, cobalt oxide,
niobium oxide, zirconium oxide and titanium oxide
powders of 99.9% purity) in stoichiometric proportions.
0.02 mol excess lead oxide was used to compensate for
the lead evaporation during sintering process at the
elevated temperature. The mixture was wet milled in
ethanol using ZrO, balls in a polyethylene jar for 24h,
and then evaporated to dryness before calcination at
700-900°C for 4h. The calcined powders were sieved
through a 100mesh sieve, and pressed into pellets using
polyvinyl alcohol as a binder. The pellets were also
isostatically pressed at 100 MPa before sintering at
1000-1200°C in a closed alumina crucible.All the
sintered samples were found to be of 95% of the
theoretical density. The structural studies of all the
samples were performed on PW 1729 Philips X-ray
diffractometer using CuKa (1=1.5405A) radiation.
Scanning electron micrographs were obtained for
microstructural studies. P—E hysteresis loops were
recorded with computer interfaced loop tracer based on
modified Sawyer Tower circuit.

RESULTS AND DISCUSSIONS

The XRD patterns of (1-x)PZT— xPCoN ceramics
with various x values are shown in figure 1. The XRD
patterns of PZT-PCoN ceramics show very sharp and
single diffraction peaks, which indicate a better
homogeneity and crystallization of the samples. The

Corresponding Author: Naratip Vittayakorn, Department of chemistry, Faculty of Science, King Mongkut’s Institute of
Technology Ladkrabang, Bangkok, Thailand 10520.
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with ¥ = 0.1 as a function of electric fields

patterns show single-phase perovskite-structured
ceramics with x=0.4. Evidence for the pyrochlore or
other second phases was not detected in the patterns.
Pyrochlore peaks, identified with “o” in Fig. 1, were
found in the samples with x=0.5. These results
indicated that the presence of PCoN in the solid
solution decreases the structural stability of PZT
perovskite phase by its tolerance factor and
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Fig.4: shows the hysteresis loops of the ceramics

electronegativity™.
The PbZrO,-PbTiO, phase diagram predicts that at
room temperature Pb(Zr,,Ti,,)O, falls within the
tetragonal phase field near the MPB. The crystal
symmetry for pure PCoN is cubic at room temperature.
Below T, = - 70°C, the symmetry changes to
rhombohedral. Therefore, with increasing x the crystal
symmetry should change due to the effects of the
increased PCoN fraction and the decrease in T.. It is
well know that in the pseudo-cubic phase, the {200}
profile will show a single narrow peak because all the
planes of {200} share the same lattice parameters,
while in the tetragonal phase, the {200} profile should
be split into two peaks with the intensity height of the
former being half of the latter because the lattice
parameters of (200) and (020) are the same but are
slightly different from those of (002). Figure 6 shows
the evolution of the (2 0 0) peak as a function of
composition. The XRD patterns with low PCoN
concentration show strong (200) peak splitting which is
indicative of the tetragonal phase. As the PCoN
concentration increased, the (2 0 0) transformed to a
single peak which suggests pseudo-cubic symmetry.

It is interesting to note that the influence of the
addition of Pb(Co,;Nb,,;)O, on the phase transition of
the Pb(Zr,,Ti,,)O, system is similar to that of
Pb(Zr,,Ti,,)O0;-Pb(Ni,;;Nb,;)O; and Pb(Zr,,Ti,,)0;-
Pb(Zn,,Nb, )0, system™*7\.

Figure 3 shows the saturated loops of 0.9PZT-0.1PCoN
samples with difference electric fields strengths.

From the fully saturated loops, the remanent
polarization P, and coercive field £, were determined.
The values of P, and E_ for composition x = 0.1 are
21.4 puC/cm’® and 9 kV/cm, respectively, whereas for
composition x =0.0 the remanent polarization P, is only
2 uC/cm’, less than one tenth of that for composition
x = 0.1(Fig. 4). At the composition 0.0< % <0.5, the
hysteresis loop has a typical “square” form stipulated
by switching of a domain structure in an electrical
field, which is typical of a phase that contains long-
range cooperation between dipoles. That is
characteristic of a ferroelectric micro-domain state.
Room temperature
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Fig.5: SEM microstructures of the surfaces of the composition (A); » = 0.1 and (B); » = 0.5

Table I: Polarization hysteresis data as a function of x» in the Conclusions: We have prepared PZT-PCoN ceramics
(1-%)PZT-xPCoN system.

Composition P_ (uC/cm?) P, (uC/cm?) E_ (kV/cm)

using the conventional mixed-oxide technique.

x = 0.0 3.1 2.0 11.4 Compositions of (1-x)PZT-xPCoN x=0.0-0.5 were
x=01 25.0 214 9.0 selected based on the linear combination rule. Their
i Z gé ig; 3:2 ;Z phase structures were studied in detail using XRD. All
x =04 13.9 8.6 9.8 the samples except x = 0.5 are demonstrated to be pure
x=205 28.7 25.3 9.3

perovskite solid solutions. The maximum value of
remnant polarization P, (25.3 pC/cm®) was obtained for

2
values of P, are found to be ~ 2, 21.4 and 25.3uC/cm the 0.5PZT — 0.5PCoN ceramic. Most importantly, this

for composition x = 0.0, 0.1 and .0.'5 samples, study showed that the addition of PCoN could improve
respectively. The results on other compositions are also . . .
listed Table 1. the ferroelectric behavior in PZT ceramics.
It is also evident from Table 1 that
0.9PZT-0.1PCoN and 0.5PZT-0.5PCoN show the ACKNOWLEDGEMENTS
highest values of the remanent polarization. Occurrence
of maximum P, in the composition x = 0.1 ceramics This work was supported by the Thailand Research

can be attributed to the increase in rhombohedral Fund (TRF), Commission on Higher Education (CHE)
domains transformation into tetragonal domains as the and King Mongkut’s Institute of Technology
tetragonal structure in the PZT system increases with
the increase in PCoN content. Furthermore, the highest
values of the remanent polarization in the composition
x = 0.5 is may be attributed to the transition from
normal ferroelectric to relaxor ferroelectric for the
pseudo-cubic phase.
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Abstract

Pb[(Zr12Ti1/2)09(Zn13Nby3)0.1]103 (PZT-10PZN) powder was prepared using the columbite precursor method. The phase development of
calcined powder precursors was analyzed by X-ray diffraction. Dielectric and ferroelectric properties of the as-sintered and annealed samples
were measured and correlated with the microstructure. The morphological evolution was determined by scanning electron microscopy (SEM). The
as-sintered ceramic exhibited weak normal-ferroelectric behavior, with a relatively low dielectric constant maximum measured at 1 kHz (g« at
1 kHz) of 13,000. Annealing resulted in a transition to relaxor-ferroelectric-like behavior, a shift in the dielectric maximum temperature from 360
to 350 °C, and a dramatic increase in &;,,x at 1 kHz to a maximum value of 35,000 for the longer anneal. Furthermore, after thermal annealing at
900 °C for 1 week the composition shifted close to the MPB with a great reduction in the transition temperature and a broadening of the dielectric

constant maximum. A strong enhancement of the remanent polarization (P,) was also observed.

© 2006 Elsevier B.V. All rights reserved.
PACS: 77.84.Dy; 77.65.—j; 77.80.Bh

Keywords: PZT; Piezoelectricity; Ferroelectricity; Phase transitions

1. Introduction

Lead zirconate titanate (PZT) is one of the most interest-
ing perovskite ferroelectric materials for applications in vari-
ous devices owing to its potential usefulness and stability [1].
PZT has been applied to many useful electronic devices by
utilizing their excellent dielectric, piezoelectric and pyroelec-
tric properties [2]. Lead zirconate titanate ceramics and their
solid solution with several complex perovskite oxides repre-
sented by Pb(B'B”)O3 have been investigated [3-5]. Among
the various complex ferroelectric oxide materials, several nio-
bates with transition temperatures above room temperature are
Pb(Fe1/2Nb1/2)03 [6], Pb(Mnj/2Nb1/2)O03 [7], Pb(Sc1/2Nb12)O03
[8], Pb(Zni/3Nby/3)O3 [4] and Pb(Cdi/3Nby/3)O3 [9]. Among
them lead zinc niobate [Pb(Zn;3Nby/3)O03 (PZN)] is also a typi-

* Corresponding author. Tel.: +66 9 700 2136; fax: +66 2 326 4415.
E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.09.028

cal ferroelectric relaxor material with a transition temperature of
140 °C reported by Smolenskii et al. in 1959 [10]. PZN is one of
the most widely studied relaxor ferroelectrics with the perovskite
structure exhibiting a diffused phase transition [11,12]. While
single crystals of PZN can be synthesized via a flux method with
excellent dielectric, optical and electrostrictive properties, PZN
ceramics with pure perovskite are relatively difficult to prepare
by conventional ceramic techniques [13,14].

Since both PZT and PZN have the perovskite structure and
are known to have excellent dielectric and piezoelectric prop-
erties, it is suggested that PZN can be alloyed with PZT to
stabilize and optimize PZN-based ceramics. Recently, our pre-
vious work [4] has shown promise in producing phase pure
perovskite PZN-PZT ceramics with the columbite method.
A morphotropic phase boundary (MPB) between the PZN-
rich thombohedral phase and the PZT-rich tetragonal phase
was reported at 0.8Pb(Zry/2Ti1/2)03:0.2Pb(Zn1;3Nby/3)03. At
this composition, a high dielectric constant (&) ~ 26,000 was
measured [15].
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In this study, we emphasize the effect of annealing on
the crystal structure, dielectric and ferroelectric properties in
PZT-PZN ceramics. Based on our previous results [4] for
the PZT-PZN system, PZT containing 10 mol% of PZN was
selected as the starting composition which is close to the tetrag-
onal MPB in this system [4,15]. For annealing, the samples were
heat treated at 900 °C for 1 week in a sealed Al,O3 crucible
with PbO-rich atmosphere. In this paper, we report the per-
ovskite phase evolution and crystal structure of the PZT-PZN
ceramics. Next, the temperature and frequency dependence of
the dielectric constant are given for as-sintered and annealed
samples. The remanent polarization and coercive field deter-
mined from P-E hysteresis loops are presented. Finally, the
diffuseness parameter (§) of as-sintered and annealed samples is
determined.

2. Experimental procedure

PZT-based ceramics of the composition 0.9Pb(Zr;Tii2)03-0.1Pb
(Zn13Nby3)O3 were prepared by the columbite-(woulframite) precursor
method. Reagent-grade oxide powders of PbO (99.9%, Aldrich, Milwaukee, WI,
USA), ZnO (99.9%), NbyOs5 (99.9%), ZrO, (99.9%) and TiO; (99.9%) were
used as starting materials. Prior to reaction with other raw materials, ZnO was
reacted with NbyOs at 975 °C for 4 h to form ZnNb,Og and ZrO, was reacted
with TiO; at 1400 °C for 4 h to form ZrTiO4. The precursors ZnNb;Og, ZrTiO4
and PbO (with 2 mol% excess PbO) were weighed and mixed by ball-milling
in a polyethylene bottle together with methyl alcohol and partially stabilized
zirconia media. Methyl alcohol was removed by heating at 80 °C for appropri-
ate durations and then the mixture was dried at 150 °C for 24 h. After drying,
the mixed powders were calcined at 700-900 °C for 4h in a covered Al,O3
crucible. The calcined powders were crushed using a mortar and pestle, mixed
with 3 wt% organic PVA binder to facilitate pressing. The mixtures were uniax-
ially cold-pressed at 90 MPa into disks of 15 mm in diameter and about 1 mm in
thickness. Binder burn out occurred by slow heating to 500 °C and holding for
2 h. To investigate the densification of the ceramics, the disks were sintered in a
sealed alumina crucible at temperatures ranging from 1175 to 1275 °C using a
heating rate of 5 °C/min and a dwell time of 2 h. To prevent PbO volatilization
from the disks, a PbO atmosphere was maintained by placing PbZrO3z powders
in the crucible. To determine the effect of thermal annealing, the high-density
samples were thermally annealed at 900 °C in the same PbO atmosphere for 1
week.

X-ray diffraction (XRD) patterns of the sintered pellets were measured using
an X-ray diffractometer (PW 1729, Philips, Netherlands). Cu Ko radiation with
step scanning was used with a step size of 0.02° and a scan rate of 2 s per step.
The relative amounts of perovskite and pyrochlore phases were approximated
by calculating the ratio of the major XRD peak intensities of the perovskite and
pyrochlore phase via the following equation:

! perov

Perov% = x 100 (1)

Iperov + Ipyro + Irvo

where Iperov, Ipyro @and Ippo refer to the intensity of the (1 10) perovskite peak,
(222) pyrochlore peak and the intensity of the highest lead oxide peak, respec-
tively.

The dielectric and ferroelectric properties of the as-sintered and annealed
samples were characterized as follows. The polished samples were electroded
with silver paste and then fired at 550 °C for 30 min. The dielectric constant
(&r) and dielectric loss (tan §) were measured on heating at 3°C min~! using
an LCR meter (HP4284A, Hewlett-Packard, Palo Alto, CA) over the range of
100-500 kHz and temperatures 25-450 °C. In addition, the polarization (P) was
measured as a function of electric field (E), using a ferroelectric tester system
(Radiant Technologies, Inc., PT66A).

3. Results and discussions
3.1. Perovskite phase formation and crystal structure

Powder XRD patterns of the calcined 0.9PZT-0.1PZN
powders at different calcination temperatures are shown in
Fig. 1. The XRD results show that the pyrochlore phase
Pb]igg(zno_ngl,25)05,305 (JCPDS No. 25-0446) was dom-
inant at calcination temperatures below 700 °C. Unreacted
PbO, ZrTiO4 and ZnNb,Og phases were detected from the
original mixture up to 750°C, whereas minor amounts of
Pb1.83(Zng 3Nbj 25)05305 were observed at 750 °C and totally
disappeared at higher temperatures. The perovskite phase for-
mation at various calcination temperatures is shown in Fig. 2.
By increasing the calcination temperature from 700 to 850 °C,
the yield of the perovskite phase increased significantly until
at 850°C, a single phase of perovskite 0.9PZT-0.1PZN was
formed. Because the reactant powders consisted of multiple

X X= Pbl SS(ZnO SNbl 25)05 305
o = Perovskite
0 =PbO
a v =7rTiO A
700°C
[
=
<
N
2
7
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&
=]
=
T T T T ¥ T T
20 30 40 50 60

20/degrees

Fig. 1. XRD patterns of 0.9PZT—-0.1PZN powders calcined at various tempera-
tures for 4 h at a heating/cooling rate of 20 °C/min.
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Fig. 2. Percentage of perovskite phase as a function of calcination temperature.
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Fig. 3. Reaction kinetics following the Johnson—-Mehl-Avrami equation for
0.9PZT-0.1PZN.

phases, the formation reaction of the perovskite phase belongs
to the heterogeneous system. A model used to treat multiphase
reaction kinetics was derived by Johnson and Mehl and the equa-
tion for this reaction is

= (kn)" @

In

1—
where y is the constant of the perovskite phase formed, k the
reaction rate constant, ¢ the calcination time and 7 is the reac-
tion order. The relation of In [In 1/(1 — y)] versus In¢ is plotted
in Fig. 3. From this graph, it was found that the phase trans-
formation of perovskite phase obeys with the theory of phase
transformations [16]. This phenomenological model is based on
the theory of nucleation and growth and is accurate for a large
number of systems. The fact that the data in Fig. 3 closely follow
Eq. (2) indicates that the perovskite phase grows at a constant
rate from a random distribution of point nuclei.

The XRD results show that the optimum calcination tem-
perature for the formation of phase pure perovskite was found
to be about 850°C for 4h with heating/cooling rates as
fast as 20°C/min. The 20°C/min heating rate was selected
because prior experiments at slower heating rates resulted in
pyrochlore formation and excessive PbO loss. It is assumed
that the columbite phase ZnNb,;Og decomposed via reac-
tion with PbO at low temperatures to form the pyrochlore
phase Pby g3(Znp3Nbj.25)O5 305 and then the pyrochlore phase
(Pb1 83(Znp3Nb;25)05305) transforms to perovskite phase
(O.9Pb(Zr1/2Ti1/2)O3—O. 1Pb(Zn1/3Nb2/3)O3) with increased cal-
cination temperatures. This behavior is consistent with the
perovskite formation mechanism of many lead-based systems
[17-19].

The variation of density with sintering temperature of as-
sintered samples is shown in Fig. 4. It was observed that a density
of about 91-97% of the maximum value for 0.9PZT-0.1PZN can
be achieved in this study. The maximum density was obtained
only in the samples sintered at 1225°C for 2h with heat-
ing/cooling rates of 5°C/min. Ceramics sintered under this
condition were used in determining the effects of thermal anneal-
ing. From Fig. 4, the observed sharp decrease in density at
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Fig. 4. Density of as-sintered ceramics at various sintering temperatures.

higher temperature seems to be associated with the decompo-
sition of perovskite phase to pyrochlore probably coursed by
the volatilization of PbO. This is similar to the results noted in
other Pb-based perovskite systems [17,20]. Room temperature
XRD patterns are shown in Fig. 5 for 0.9PZT-0.1PZN sam-
ples before and after annealing. First, both samples exhibit pure
phase perovskite with no evidence of a pyrochlore phase such
as Pby gg(Znp.33Nby 25)05 305.

On the basis of XRD and dielectric experiments, we have
identified the MPB in the (1 — x)PZT—xPZN system from our
previous work [15]. The MPB resides at around x ~ 0.2, sepa-
rating the tetragonal phase for x <0.2 from the rhombohedral
phase for x > 0.3. In this study, the as-sintered sample exhibited
strong (2 0 0) peak splitting which is indicative of the tetragonal
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Fig. 5. Room temperature XRD patterns of as-sintered and annealed ceramics.
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Fig. 6. Temperature dependence of the dielectric constant at different frequen-
cies for as-sintered and annealed ceramics.

phase. But for the annealed sample, the weak splitting of the
(200) peak indicates the co-existence of tetragonal and rhom-
bohedral perovskite phases. The transition from tetragonal to
rhombohedral phase is clearly seen from the XRD profile peak
splitting with increasing annealing time. From these results, it
is clear that the composition of the annealed sample has shifted
very close to the MPB.

3.2. Dielectric and ferroelectric properties

3.2.1. Dielectric behavior

The characteristic temperature and frequency dependence
of the dielectric constant for as-sintered and annealed sam-
ples are shown in Fig. 6. The general trend seems to indicate
that the annealed samples become more relaxor-ferroelectric-
like in their behavior as opposed to the normal-ferroelectric
behavior observed in the as-sintered state. The as-sintered
0.9PZT-0.1PZN ceramic exhibited weak normal-ferroelectric
behavior, with a relatively low dielectric constant maximum of
approximately 14,000 measured at 1 kHz with a Tiax ~ 360 °C.
Annealing resulted in a transition to relaxor-ferroelectric-like
behavior, a shift in the dielectric maximum temperature from
360 to 350 °C, and a dramatic increase in the dielectric constant
at 1 kHz to a maximum value of 35,000 for the longest anneal.
This change in behavior might be due to a reduction in the effec-
tive volume fraction of a low-K PbO-rich grain-boundary phase
and a decrease in the chemical heterogeneity of the sample. This
behavior is consistent with the conclusions of Randall et al. [21]
and Leite et al. [5] in the PMN-PT system.

Randall et al. [21] and Xia and Yao [22] observed that excess
PbO has a great influence on the electrical properties. In lead-
based ferroelectric ceramics, liquid phase sintering is present
because of the low melting point of lead oxide. Thus, a small
amount of excess PbO can be added to assist in the formation of
the perovskite phase and for densification of the ceramic. How-
ever, an overabundance of PbO will result in PbO enrichment of
the grain boundary and the formation of a grain-boundary layer.
Because this layer has a low dielectric constant (g, ~ 20), the
overall dielectric constant will be decreased due to the pres-

ence of the grain-boundary phase. To ameliorate this effect,
thermal annealing is effective in increasing the chemical homo-
geneity. It is important to note that the transition temperature
of the annealed sample is close to the composition x=0.2 of
(1 — x)PZT—xPZN which is located directly at the MPB for this
system [15]. This effect will be examined further by analyzing
the phase transformation in more detail.

3.2.2. Departure from the Curie—Weiss law and relevant
critical exponents

It is well known that the permittivity of a first-order normal
ferroelectric can be described by the Curie—Weiss law [23]:

c

=T 1 3)

&

where Ty is the Curie—Weiss temperature and c is Curie con-
stant. A second-order relaxor ferroelectric can be described by
a simple quadratic law. This arises from the fact that the total
number of relaxors contributing to the permittivity response in
the vicinity of the permittivity peak is temperature dependent,
and the temperature distribution of this number is given by a
Gaussian function about a mean value 7 with a standard devia-
tion 4. The relative permittivity can be derived via the following
expression [24,25]:

e _ oy T = Tn(N)
gfT) 282

I=y=2 “

where ¢/ is the maximum value of the permittivity at 7= Ty (f).
The value of y is the expression of the degree of dielectric relax-
ation in the relaxor ferroelectric material. When y =1 Eq. (4)
expresses Curie—Weiss behavior, while for y =2 this equation
is identical to the quadratic relationship. Many relaxor ferro-
electric materials can be fit to Eq. (4) with y =2 at temperatures
above Tax. The parameter §,, can be used to measure the degree
of diffuseness of the phase transition in mixed relaxor—normal
ferroelectric materials. The values y and §,, are both material
constants depending on the composition and structure of the
material. Fig. 7(a and b) is the fitting curves of the dielectric
constants for the as-sintered and annealed samples according to
Eq. (4). The 8, value can be determined from the slope of ¢}, /¢’
versus (T — Tm)?, which should be linear. The fitting results and
dielectric properties are summarized in Table 1. From Table 1,
it was found that a significant increase in §,, and y was observed
in the annealed samples, indicating an increased diffusiveness
in the phase transition. The parameter y is determined to be
1.34 and 1.47 and the §,, is measured to be 10.7 and 14.3 for the
as-sintered and annealed samples, respectively. As the annealing
time increased, the solid solution displayed stronger relaxor-like

Table 1

Dielectric parameter at 10 kHz for as-sintered and annealed samples
As-sintered Annealed

Ermax 11000 30000

TlﬂﬂX 360 350

v 1.34 1.47

8 10.7 143
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Fig. 7. In[(em/e) — 1] vs. In(T — Ty,,) for 0.9PZT-0.1PZN ceramics: (a) as-
sintered sample and (b) annealed sample.

characteristics. Furthermore, y and 6, values of the annealed
sample approached the values observed at the MPB (x=0.2)
of (1 — x)PZT—xPZN system [15]. It is well known that as the
PZN mole function increases, the solid solution displays more
relaxor-like characteristics [4]. Based on the results of X-ray
diffraction, dielectric spectroscopy, transition temperature and
diffusiveness parameter, we believe that this composition in the
annealed sample approached the MPB composition for this sys-
tem. This indicates that the annealing time has an influence on
the phase composition.

3.2.3. Ferroelectric properties

Polarization hysteresis measurements at room temperature
were performed using a modified Sawyer—Tower circuit. The
hysteresis loops of as-sintered and annealed samples are shown
in Fig. 8. The remanent polarization (P;) increased from
20.4 wC/cm? for the as-sintered sample to 34.1 wC/cm? for the
annealed sample. Moreover, the coercive field (E.) decreased
from 21.6 to 12.8 kV/cm after annealing. It can be concluded that
the annealed samples exhibited a larger remnant polarizations
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Fig. 8. Polarization vs. electrical field for 0.9PZT—-0.1PZN ceramics before and
after annealing.

and lower coercive fields compared with as-sintered samples,
which means that the annealed ceramic samples are more easily
poled and should have better piezoelectric properties.

Haertling and Zimmer [26] derived an empirical relation-
ship between remanent polarization, saturation polarization and
polarization at fields above the coercive field. This permits the
quantification of changes in the hysteresis behavior for each
sample through the following equation:
Py n Pi1E,

Ry = —
) P

®

where Rgq is the squareness of hysteresis loop, P; the rema-
nent polarization, P the saturation polarization and P; g, is
the polarization at an electric field equal to 1.1 times the coer-
cive field (E;). For an ideal hysteresis loop, the squareness
parameter is equal to 2. Normal square ferroelectric P—E loops
were observed in undoped as-sintered samples. After annealing,
the value of Ryq increased from 1.12 to 1.52 for the annealed
sample.

In lead-based ferroelectric materials, the dielectric and piezo-
electric properties are strongly influenced by phase composition,
homogeneity, microstructure, defects, external field and domain
wall motion. These external factors not only contribute to the
material properties but also in many cases actually control mate-
rial responses [1,27]. The transition from a mixed domain to a
uniform domain structure after annealing is believed to account
for the observed increase in properties. Leite et al. [5] observed
many types of ferroelectric domains in hot-pressed PMN—PT
ceramics, including nano-domains, tweedlike domains and fer-
roelectric micro-domains. With the anticipated differences in
size and mobility between the three coexisting types of domains,
the interaction among these domains will be weak, resulting in
low permittivity and P;. After annealing, only tweedlike domains
were observed. Interactions between these domains and the
motion of domain walls yield higher values of P, and lower
coercive fields (E.).

Fig. 9 shows scanning electron microscopy (SEM) images
of the surfaces of 0.9PZT-0.1PZN ceramics before and after
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Fig. 9. SEM micrographs of 0.9PZT-0.1PZN ceramics before and after anneal-
ing: (a) as-sintered and (b) annealed at 900 °C for 1 week.

annealing. No plate-like grains were observed in both sam-
ples, indicating an absence of pyrochlore formation. There is no
change in the grain size, nor is there any evidence of abnormal
grain growth in the annealed sample. Both of the microstruc-
tures appear to be quite dense, with little porosity. The density
of the samples decreased slightly from 96.7% theoretical density
to 95.8% after annealing at 900 °C for 1 week. Obviously this
minor decrease in density will not have any significant impact
on the dielectric and piezoelectric responses.

4. Conclusions
The dielectric and ferroelectric properties of 0.9PZT-0.1PZN

ceramics formed via the columbite process were investigated.
Thermal annealing was observed to be effective at improving

the dielectric and piezoelectric responses of PZT-based ferro-
electric ceramics. The annealing time was found to have an
effect on the electrical properties. After annealing at 900 °C for 1
week in a PbO-rich atmosphere, PZT-based ceramics with &max
35,000, P; 34.1 wC/cm? were achieved in this study. The large
improvements in the dielectric and ferroelectric properties after
annealing were attributed to a shift in the phase composition to
the MPB composition.
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Abstract

Pyrochlore-free lead zirconate titanate — lead zinc niobate ceramics have been systematically investigated in the as-sintered condition
as well as after annealing. The ceramics were characterized by dielectric spectroscopy and Sawyer—Tower polarization (P—E) measure-
ments. The powders of Pb[(Zr;/>Ti1/2)(1-x~(Zn;/3Nb,/3),]JO3, where x = 0.1, 0.3 and 0.5 were prepared using the columbite—(wolframite)
precursor method. The general trend seems to indicate that the annealed samples become more normal-ferroelectric-like behavior as
opposed to the relaxor-ferroelectric-like behavior observed in the as-sintered state. The as-sintered 0.9PZT-0.1PZN ceramic exhibited
weak relaxor-ferroelectric behavior, with a relatively low dielectric constant maximum of 14,000 measured at 1 kHz. Annealing resulted
in a transition to normal-ferroelectric-like behavior, a shift in the dielectric maximum temperature from 360 °C to 350 °C, and a dramatic
increase in the dielectric constant at 1 kHz to a maximum value of 35,000 for the longer anneal. After thermal annealing at 900 °C for one

week a strong enhancement of remanent polarization (P,) was observed.

© 2007 Elsevier B.V. All rights reserved.

PACS: 71.84.Dy; 77.65.—j; 77.80.Bh

Keywords: Lead zinc niobate (PZN); Lead zirconate titanate (PZT); Dielectric properties

1. Introduction

Lead zirconate titanate (PZT) is one of the most inter-
esting perovskite ferroelectric materials for applications
in various devices owing to its potential usefulness and sta-
bility [1]. PZT have been applied to many useful electronic
devices by utilizing their excellent dielectric, piezoelectric
and pyroelectric properties [2]. Lead zirconate titanate
ceramics and their solid solution with several complex
perovskite oxides represented by Pb(B’B”)O; have been
investigated [3-5]. Among the various complex ferroelectric
oxide materials, several niobates with a transition point
higher than room temperature are Pb(Fe;,;Nb;/,)O3 [6],

* Corresponding author. Tel.: +66 9 700 2136; fax: +66 2 3264415.
E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2006.12.002

Pb(Mn,5Nb;/»)Os5 [7], Pb(Sci/oNby2)O3 [8], Pb(Znys-
Nb,3)03 [4], and Pb(Cd;/3Nby/3)O3 [9]. Among them Lead
zinc niobate [Pb(Zn;3Nb,/3)03, (PZN)] is also a typical
ferroelectric relaxor material with a transition temperature
of 140 °C and its ferroelectricity was reported by Smolen-
skii et al. in 1959 [10]. PZN is one of the most famous
relaxor-ferroelectrics with perovskite structure exhibiting
a diffused phase transition [11,12]. Single crystals of PZN
can be synthesized by using flux method with excellent
dielectric, optical, and electrostrictive properties, but
PZN ceramics with pure perovskite are relatively difficult
to prepare by conventional ceramic techniques [13,14].
Since both PZT and PZN have perovskite structure and
are known to have excellent dielectric and piezoelectric
properties, it is suggested that PZN alloyed with PZT to
stabilize and optimize the PZN ceramics. Recently our
previous work [4,15] has shown promise in producing
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phase-pure perovskite PZN-PZT ceramics with the colum-
bite method. A morphotropic phase boundary (MPB)
between the PZN-rich rhombohedral phase and the PZT-
rich tetragonal phase was reported at PZN:PZT 50/
50 ~ 0.2:0.8. At this composition, a high dielectric constant
(&) ~ 26,000 was measured [16]. In this study we emphasize
the effect of annealing on the crystal structure dielectric and
ferroelectric properties in PZT-PZN ceramics. The samples
were heat treated at 900 °C for one week in a sealed Al,O3
crucible with PbO-rich atmosphere. The temperature and
frequency dependence of the dielectric constant are given
for as-sintered and annealed samples. Finally, the rema-
nent polarization and coercive field determined from P-E
hysteresis loops are also introduced.

2. Experimental procedure

PZT-based ceramics with the composition of Pb[(Zr,-
Ti]/z)(1,x)—(Zn]/3Nb2/3)x:|O3, where x = 01, 0.3 and 0.5
were prepared by columbite—(woulframite) precursor. The
reagent-grade oxide powders of PbO (99.9%, Aldrich, Mil-
waukee, WI, USA), ZnO (99.9%), NbyOs (99.9%), ZrO,
(99.9%) and TiO, (99.9%) were used as starting raw mate-
rials. Prior to reaction with other raw materials, ZnO was
reacted with Nb,Os at 975 °C for 4 h to form ZnNb,Og
and ZrO, was reacted with TiO, at 1400 °C for 4 h to form
ZrTiOy4. The precursors ZnNb,Og, ZrTiO4 and PbO (with
2 mol% excess PbO) were weighted and mixed well by
ball-milling in polyethylene bottle together with methyl
alcohol and partially stabilized zirconia balls. Methyl alco-
hol was removed by heating at 80 °C for appropriate dura-
tions and then the mixture was dried at 150 °C for 24 h.
After drying, the mixture powders were calcined at 700-
900 °C for 4h in covered Al,O3 crucible. To investigate
densification of ceramics, the disks were sintered in a sealed
alumina crucible at temperatures ranging from 1175 °C to
1275 °C using a heating rate of 5 °C/min and a dwell time
of 2 h. To prevent PbO volatilization from the disks, a PbO
atmosphere was maintained by placing PbZrO; powders in
the crucible. This resulted in pellets with 94-96% of theo-
retical density which were single-phase perovskite with
grain sizes of 2-5 pm. The crystal structure and phase tran-
sition of the individual compositions can be found in Refs.
[4,17]. To determine the effect of thermal annealing, the
maximum density sample was thermally annealed at
900 °C in the same PbO atmosphere for one week.

The dielectric and ferroelectric properties of the as-sin-
tered and annealed samples were characterized as follows.
The polished samples were electroded with silver paste
and then fired at 550 °C for 30 min. The dielectric constant
(K) and dielectric loss (tan ¢) were measured on heating at
3°C min~ ! using an LCR meter (HP4284A, Hewlett-Pack-
ard, Palo Alto, CA) over the range of 100-500 kHz and
temperatures 25-450 °C. In addition, the polarization (P)
was measured as a function of electric field (E), using a fer-
roelectric tester system (Radiant Technologies, Inc.,
PT66A).

3. Results and discussion

The phase development in the annealed samples was
analyzed by XRD and the results are shown in Fig. 1.
All samples show single-phase powder diffraction pattern.
No secondary reaction phases, such as PbO, Pb-based
compounds, unreacted oxide and so on, are observed in
the pattern. There seem to be no measurable changes
before and after annealing. Fig. 2a—c show the dielectric
constant versus temperature of the as-sintered and
annealed samples of compositions x =0.1, 0.3 and 0.5,
respectively, for frequency of 100 Hz, 1kHz, 10 kHz,
100 kHz and 500 kHz. The as-sintered sample showed typ-
ical relaxor-ferroelectric-like behavior, characterized by a
diffuse dielectric-temperature response (Fig. 2a). After
annealing, a significant improvement in the dielectric con-
stant is observed, especially near the temperature of the
maximum dielectric constant and it is relatively small at
room temperature and at temperatures far above 7,,. At
the composition x = 0.1, the maximum dielectric constant
at 1 kHz (K, @ 1kHz) was approximately 14,000 and
the T, value was 360 °C. The general trend seems to
indicate that the annealed samples become more normal-
ferroelectric-like behavior as opposed to the relaxor-ferro-
electric-like behavior observed in the as-sintered state. In
contrast, the annealed samples showed normal-ferroelectric
behavior, characterized by a much-sharper dielectric-
temperature response and a weak dependence of T, with
frequency. Annealing resulted in a transition to normal —
ferroelectric — like behavior, a shift in the dielectric maxi-
mum temperature from 360 °C to 350 °C, and a dramatic
increase in the dielectric constant at 1 kHz to a maximum
value of 35,000, up from the initial value of 14,000 for
as-sintered sample. This behavior also appeared in the
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20 30 40 50 60
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Fig. 1. X-ray diffractograms of annealed samples for various composi-
tions of the Pb[(Zrl/zTil/z)(1,X)—(Zn1/3Nb2/3)X]O3, where x = 01, 0.3 and
0.5 system at room temperature.
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Fig. 2. Temperature dependence of the dielectric constant at difference
frequencies for as-sintered and annealed samples (a) x =0.1, (b) x=0.3
and (¢) x=0.5.

x=0.3 and 0.5 composition. The dielectric constant and
transition temperature of the samples studied is summa-
rized in Table 1. However, very limited improvements were
observed for the x =0.5 composition because the higher
PZN content required lower sintering temperatures, thus
limiting the efficacy of the annealing step. Polarization hys-
teresis measurements at room temperature were performed

Table 1
Dielectric properties of as-sintered and annealed sample
Composition As-sintered Annealed

Km TmQOC Km Tm>OC
x=0.1 14,000 360 35,000 350
x=03 14,500 310 21,500 300
x=0.5 21,000 250 23,000 254

using a modified Sawyer-Tower circuit. Fig. 3 shows the
saturated loops of 0.7PZT-0.3PZN samples with difference
electric fields strengths.

It is clearly evident that the shape of hysteresis various
greatly with the electric fields strength. At 5 kV/cm electric
fields strength, a near-linear relationship of P-E is
observed. This result is due to the fact that the electric field
is not large enough to switch any domains. At 10 kV/cm
electric fields, the polarization nonlinearity is developed in
both regions of the positive and negative fields. These
results clearly demonstrate that the electric field strength
of 10 kV/cm is of enough energy to constrain realignment
of some domains in the direction of the applied fields. No
evidence of pinning effect or asymmetric loop was detected
in all electric fields strength. At 30 kV/cm electric field
strength, the loop reveals fully developed symmetric hyster-
esis loop. This shows that the electric fields strength of
30 kV/cm has of enough energy to constrain realignment
of all domains in the direction of the electric fields. The hys-
teresis loops of as-sintered and annealed samples are shown
in Fig. 4. The as-sintered sample exhibited a smaller rem-
nant polarization (P,) and lower coercive field (E.), com-
pared with the annealed samples. Annealed sample
showed normal-ferroelectric behavior with a rectangular
loop. For the composition x = 0.3, the P, increased from
21.4 uC/em® to 34.7 pC/em? for the annealed sample.
Moreover the E, decreased from 14.5 kV/cm to 12.3 kV/
cm after annealing. Although this behavior was observed
in all of our composition, the increasing in the P, and
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Fig. 3. P-E behaviors for annealed sample at various maximum electric
field strengths.
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annealing.

decreasing in the E, was minimal at high concentrations of
PZN. This is due to the fact that the higher PZN content
required lower sintering temperatures to achieve the best
combination of density and properties. Therefore, heat
treatment is not necessary for ceramics with high PZN con-
tent. This change in behavior is might be due to the extrinsic
effect of domain wall motion and a decrease in the chemical
heterogeneity of the samples. This behavior is consistent
with the conclusions of Xia et al. [18] and Leite et al. [5]
in the PZN-BT-PT and PMN-PT system respectively.

4. Conclusions

The dielectric and ferroelectric properties of Pb[(Zry,-
Til/z)(l_x)f(Zn1/3Nb2/3)x]O3, where x = 01, 0.3 and 0.5
ceramics formed via the columbite process were investi-
gated. Thermal treatment is an effective way to improve
the dielectric and piezoelectric responses of PZT-based fer-
roelectric ceramics. The annealing time has an effect on the
electrical properties. The large improvement in the dielec-
tric and ferroelectric properties due to annealing are mainly

attributed to the increase in the chemical homogeneity and
the extrinsic effect of domain wall motion in ferroelectric
ceramics.
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Abstract

(Pb;_,Ba,)ZrO; ceramics were prepared in the composition range 0.00 < x <0.30 by the mixed oxide solid-state reaction method. The
samples were kept at the calcination temperature 1000 °C for 1h and at the sintering temperature 1300 °C for 3 h. The structural phase
transitions and the dielectric properties were studied. It was found that the density of the ceramics decreases with increasing amount of
Ba®", whilst the average grain size is in the range 1-2.3 um. The structure of as-calcined powder reveals that the fraction of the
orthorhombic phase is decreasing with increasing Ba> " content. The values of Vickers and Knoop hardness are in the range of 4.10-6.48
and 4.15-5.67 GPa, respectively. Dielectric measurements show that the antiferroelectric phase (AFE)—ferroelectric phase (FE) and the
FE to paraclectric phase (PE) phase transformation temperatures decrease with increasing Ba>* concentration. The AFE-FE phase
transformation is detected for compositions 0.00<x<0.075. The maximum dielectric constant gradually increases with increasing
composition up to x = 0.20. For higher Ba’>" concentrations, the lowering of the maximum dielectric value is accompanied by a
progressive broadening of the permittivity peak. The ds; values of the samples increase from ~0 to 87 pC/N with increasing Ba>"

concentration from x = 0.00 to 0.30.
© 2006 Elsevier B.V. All rights reserved.

PACS: 77.22.Ch; 77.80.—e; 77.80.Bh; 77.84.—S

Keywords: (Pb;_,Ba,)ZrOs3; Structural phase; Phase transformation; Dielectric properties

1. Introduction

Lead Zirconate, PbZrO; (PZ), is one end member of the
industrially interesting solid-solution series PbZrO;—
PbTiO; [1] and the first antiferroelectric identified by
Sawaguchi et al. [2,3]. At room temperature PZ has an
antiferroelectric phase (AFE), which has an orthorhombic
structure [2]. It undergoes the AFE to a paraelectric phase
(PE) and transforms from an orthorhombic structure to a
cubic structure at 236 °C [4]. It is reported that there exists
a ferroelectric phase (FE) over a very narrow temperature
range (230-233°C) [5-8]. The FE intermediate phase can
also be introduced by partial replacement of Pb>" ions

*Corresponding author. Tel.: +669 7002136; fax: + 662 3264415.
E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

0921-4526/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2006.04.027

with Ba?" ions. The temperature range of this intermediate
phase also increases with Ba concentration [9—-16]. The
AFE-FE phase transition produced a large volume
expansion. It makes this material potentially useful for
high displacement electromechanical actuator applications
[15,16].

The effect of Ba®" ion substitution on the phase
transformation behavior of PZ has been investigated by
many authors [4,9-21]. The first one was Roberts [4] but he
did not get any evidence for the AFE-FE transformation.
Later, Shirane [9] investigated the phase transforma-
tion behavior of (Pb;_,Ba,)ZrOs; (PBZ) for 0 <x<0.30
and reported that the ferroelectric intermediate phase does
not appear until the Ba’" concentration exceeds the
threshold value at about 5mol%. The temperature range
of this intermediate phase increases with the Ba®"*



416 N. Vittayakorn et al. | Physica B 387 (2007) 415-420

concentration. On the contrary, Ujma et al. reported the
FE phase existence in PBZ containing up to 5mol% Ba*",
with dielectric properties different from the previous papers
[12]. Harrad et al. [18,19] carried out a detailed Raman
scattering study of phase transformations in PBZ ceramics
and showed that the AFE phase persists up to a critical
composition of x =0.175. Recently, Pokharel et al.
synthesized PBZ by a semiwet route to ensure a homo-
geneous distribution of Pb** and Ba®"[14-17,20,22]. They
found unusually wide thermal hysteresis in the transforma-
tion temperatures measured by dielectric measurement
during heating and cooling cycles (e.g., nearly 100 °C for
x = 0.05 in contrast to about 11°C for pure PZ) and an
irreversibility of the AFE-FE transformation temperature
during the cooling cycle for x = 0.10.

However, the dielectric constant measured on the cool-
ing cycle of PBZ ceramics prepared via the mixed oxide
solid state method has not been performed. Moreover,
microstructures, mechanical and piezoelectric properties of
the PBZ system are not clearly understood. Therefore, in
this present work, (Pb;_,Ba,)ZrO; (PBZ) for 0<x<0.30
were prepared by the solid state reaction method. The
structural phase, densification, microstructure, mechanical
and piezoelectric properties of PBZ ceramics were investi-
gated as a function of composition x. Permittivity
measurements were also used to study the details of
AFE-FE and FE-PE phase transformations accompanied
with evaluations of the dielectric behaviors of the PBZ
samples. The results were discussed and compared to
previous work.

2. Experimental procedure

The (Pb,_,Ba,)ZrO;, 0<x<0.30, ceramics were pre-
pared using a conventional mixed oxide method. The raw
materials of PbO, ZrO, and BaCO; were weighed and
mixed. Each mixture of the starting powders was milled
and mixed in a ball mill, as well as wet-homogenized with
acetone for 24h wusing zirconia grinding media. The
suspensions were dried and the powders were ground using
an agate mortar and sieved into fine powder. All obtained
powders were calcined at 1000 °C for 1h. The calcined
powders were reground by wet ball milling with 1wt%
binder (B-5 supplied by Rohn-Haas, Germany) for 24 h.
The calcined powders with binder were dried, crushed, and
sieved again. The powder mixtures were isostatically
pressed at 80 MPa into a pellet of 15mm in diameter.

Finally, the pellets were fired in an alumina crucible and
sintered at 1300 °C for 3 h. In order to minimize the loss of
lead due to vaporization, the PbO atmosphere for the
sintering was maintained using PbZrO; as the spacer
powder. Thermogravimetric and differential thermal ana-
lysis (TG-DTA) techniques were used to monitor the
thermal behavior due to the reactions between the oxide
precursors carried out on the powder mixtures at a heating
rate of 10°C/min with a simultaneous thermal analyzer
(PERKIN ELMER Model TGA-7 and DTA-7). The

microstructures of the sintered samples were examined
using a scanning electron microscopy (JEOL, JSM5910).
The phase formation of the calcined powders was
determined using a diffractometer (Philips ADP1700).
The density of the sintered samples was measured by
Archimedes’ method with distilled water as the fluid
medium. The effect of Ba?" content on the mechanical
properties of the ceramics was studied by Vickers and
Knoop microhardness testers. Indentations were applied
on the polished surfaces of PBZ ceramics. Applied loads
were 500 and 50 g for Vickers and Knoop microhardness,
respectively, with an indentation period of 15s. The
sintered samples were prepared for electrical property
measurements by first polishing and then gold sputtering
on to the clean pellet faces. Poling was done conventionally
in a silicone oil bath at 170 °C with a field of 25kV/cm.
After poling, the ds; coefficient was measured using a ds3
tester (Pennebaker Model 8000). The dielectric measure-
ments were carried out at 1kHz using a HIOKI 3532-50
impedance analyzer from room temperature to 300 °C with
a heating and cooling rate of 0.5°C/min controlled by a
computer.

3. Results and discussion

The TG and DTA curves recorded at a heating rate of
10°C/min in air for an equimolar mixture of lead oxide,
barium carbonate and zirconium oxide where the ratio of
Pb:Ba is 0.750:0.250 are given in Fig. 1. The TG curve
shows two distinct weight losses. The first weight loss
occurs around 275°C and the second one above 750 °C.
The sample shows a small endothermic peak in the DTA
curve ~100 °C. This DTA peak can be attributed to the
vaporization of water. However, no anomaly was observed
from the TG pattern at this temperature. This may indicate
that the small amount of vaporization of water could not
be detected by the TG measurement. The first weight loss
relates to the elimination of the organic residual from the
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Fig. 1. TG and DTA curves for the mixture of PbO, BaCO; and ZrO,
powders with the ratio of Pb:Ba = 0.750:0.250.
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milling process [23]. After the first weight loss, the sample
shows nearly zero weight loss up to 750 °C. Corresponding
to the second fall in specimen weight, by increasing the
temperature up to 700 °C, the solid-state reaction between
PbO, BaCO; and ZrO, was observed. The broad en-
dothermic characteristic in the DTA curve represents that
reaction which has a minimum at 706°C. Moreover,
another endothermic peak with a minimum at 963 °C was
also observed in this profile. Whist the DTA event
at 522°C is associated with the allotropic transition
v-BaCO3;—a-BaCO;, this kind of transition does not
result in weight loss [24]. The result agreed with Gomez-
Yanez et al. [25] who analyzed the reaction of the milled
powders of BaCO; and TiO;. These data were used to
make the decision of calcinations temperature at 1000 °C.

XRD patterns of the calcined (Pb;_,Ba,)ZrO; powders
for 0.000<x<0.300 are shown in Fig. 2. Other than the
perovskite, the structural phase was not observed for
the whole range of compositions. The result agreed with
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Fig. 2. XRD patterns of calcined powders of (Pb,_,Ba,)ZrO;.

the TG and DTA results. Furthermore, the XRD patterns
indicate that the replacement of Pb?" by Ba’" ijons
apparently influenced the orthorhombic PbZrOj5 structure.
For all of the samples, the diffraction lines could be
indexed with respect to an orthorhombic structure. The
intensity ratio of 004/240 peaks and the relative intensity of
superlattice reflections, namely 110 and 130/112 decreased
with increasing Ba>" content as shown in Fig. 3. Pokharel
et al. [14-17] reported that the XRD pattern of orthor-
hombic antiferroelectric (4g) phase presents the doublet of
240 and 004 reflections, which change to the single peak of
200 reflections for the rhombohedral ferroelectric (Fgr)
phase. For a purely orthorhombic pattern, the value
Ino4240~0.5 decreases with increasing amounts of the
coexisting rhombohedral phase. In addition, the super-
lattice reflections, such as 110 and 130/112 of Ao phase,
disappear absolutely for the Fr phase. Futhermore, the
structure of as-calcined powder also revealed that, the
fraction of the orthorhombic phase decreases with increas-
ing Ba>" content.

Fig. 4 shows the typical sintered densities for various
PBZ compositions. The bulk densities for all samples are
higher than 97% of theoretical density. The bulk density
continuously decreases with increasing Ba>” content. The
result agreed with the work by Pokharel et al. [17]. In
general, the bulk density of the PbZrO;—BaZrO; system
decreased with the increased mol% of BaZrOj; (BZ). The
theoretical density of the constituent compounds PZ and
BZ are 8.055 and 6.229 g/cm?, respectively [26,27], which
can be used to calculate an empirical estimate of the density
(D) via the equation

D = ((1 — x) x 8.055) + (x x 6.229). (1)

The variation of the measured density and the calculated
density with composition x is also shown in Fig. 4. The
scanning electron micrographs in Fig. 5 show the as-sin-
tered surface of (Pb0,950Bao,050)ZrO3 and (Pbo.gooBao_zoo)
ZrOj5 ceramics. It can be seen that the samples with higher
Ba®" concentration show more uniformity in grain size.
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Fig. 3. Relative intensity of (110), (130)/(112) peaks and value of
intensity ratio, Zoo4/240 as a function of Ba?" content for calcined powders.
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Fig. 5. SEM micrographs of as-sintered surface of (a) (Pby.950Bag.050)ZrO3
and (b) (Pbg.g0oBag.200)ZrO; ceramics.

The ceramics with x = 0.000-0.050 compositions show a
grain size of 1-1.3 um, while the x = 0.075-0.300 composi-
tions show a grain size of 1.7-2.3 um (as seen in Table 1).

The effect of Ba®* substitution on the mechanical proper-
ties of the samples was studied by using Vickers hardness,
Knoop hardness fracture toughness, and Young’s mod-
ulus. These values are also listed in Table 1. It was found
that there is no relation between Ba”>" concentration and
the mechanical properties. Generally, the mechanical
properties of lead-base ceramics depend on many factors
such as grain size and porosity [28]. The variation in
mechanical properties is likely caused by the variation in
grain size of the samples. Because the samples were
prepared by normal solid-state method, the variation in
mechanical properties may also be attributed to a chemical
homogeneity effect.

Fig. 6 depicts the variation of the dielectric constant with
different temperatures during heating and cooling of
samples for 0<x<0.30. By replacing lead with barium,
the dielectric maximum of lead zirconate is shown to shift
to a lower temperature. Anomalies around 193, 157, and
116°C for x = 0.025, 0.050 and 0.075, respectively, on
heating were found. These anomalies are due to transfor-
mation from the Orthorhombic Anti-ferroelectric (4g)
phase to Fr phase [9,13,29] while the maximum dielectric
on heating in all samples, is linked with the transformation
of the Rhombohedral Ferroelectric (Fr) phase into the
cubic paraelectric (Pc ) phase [9,13,29].

The AFE-FE transformation of PZ has not been
observed during heating, as can be seen Fig. 6. The
absence of phase transformation may be due to some
impurities from raw materials [6,30]. The FE-AFE
transformation during cooling occurs at 194°C. The
intermediate FE phase of PZ exists only on the cooling
cycle, which agrees with previous work [31-33]. However,
the FE-AFE transformation temperature in this study is
lower than in the former study. The reason for the lower
FE-AFE transformation temperature of PZ is as yet
unknown.

Furthermore, the AFE-FE transformation of
(Pbg.g25Bag ¢75)Zr0O5 is observed only during the heating
cycle. Whist on the cooling cycle, the FE-AFE transfor-
mation of (PbgogrsBag75)ZrO; was not observed even
when investigated from dielectric loss measurement. This
result is similar to what has been reported by Pokharel
et al. [14,15] in the dielectric measurement for (Pbg 9gBag 1¢)
ZrO;. It has been proposed that the occurrence of a
AFE-FE on heating, but no reverse cooling transition, is
because the transformation is subject to a large tempera-
ture hysteresis, shifting the FE phase transition to below
room temperature on the cooling cycle [15]. An alternative
explanation is that the FE-AFE phase transition is
sluggish and the FE phase is quenched to room tempera-
ture [14]. It has also been reported that the AFE phase can
reappear after long-term (several months) aging [14]. In the
present work, the thermal hysteresis of the AFE« FE
phase transformation is about 80 and 100 °C for composi-
tions of x = 0.025 and 0.050, respectively. The width of the
temperature range of Fr phase on heating is 32.6, 56.7 and
92.3 °C for the compositions of x = 0.025, 0.050 and 0.075,
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Table 1
Average grain size and mechanical properties of (Pb,_,Ba,)ZrO; ceramics

Samples composition

Average grain size

Vickers hardness

Knoop hardness

Fracture toughness

Young’s modulus

(x) (pm) (GPa) (GPa) (MPa m'/?) (GPa)
0.000 1.0 4.81+0.18 4.4840.48 3.30+0.19 445 +55.06
0.025 1.3 6.48+0.44 4.214+0.77 2.04+0.32 183+39.76
0.050 1.3 5.83+0.32 4.7940.37 1.84+0.25 144+41.63
0.075 2.3 5.61+£0.49 4.68+0.35 2.154+0.95 287+ 151.26
0.100 1.6 5.85+0.35 4.50+0.33 1.57+0.59 167+116.26
0.150 2.0 5.10+£0.58 5.72+0.31 2.75+1.19 244+ 152.60
0.200 1.7 4.61+0.65 4.4340.26 2.60+0.68 231+87.24
0.250 1.7 5.30+0.59 5.19+0.53 2.2540.40 308 +94.04
0.300 2.2 4.104+0.60 4.794+0.37 2.544+0.54 1854+74.95
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S 10000 The increase in the amount of Ba®" is accompanied by a
B decrease in the Curie transformation temperature. Barium
2 < . . . .
< 75007 substitution at the Pb*" site increases the room tempera-
2 0 4 ture dielectric constant from 160 for pure PZ to nearly 2300
for (Pbg.700Bag.300)ZrO; while the maximum dielectric
2500 ] constant at Curie point during the heating cycle increases
o _J with increasing Ba>" content from 6300 for pure PZ to
Ty e T T ., 16300 for (Pb soBag200)ZrOs (x = 0.20). For higher Ba®*
(b) Temperature (°C) concentration, the lowering of maximum dielectric values is

Fig. 6. Dielectric constant versus temperature on heating and cooling
cycle of (Pb;_,Ba,)ZrO; ceramics; (a) x = 0, (b) x = 0.025, (¢) x = 0.05,
(d) x=0.075, (¢) x=0.10, () x=10.15, (g) x=0.20, (h) x =0.25,
(1) x =0.30.

respectively, while on cooling it is 35.5, 110.0 and 143.3°C
for the compositions of x =0.00, 0.025 and 0.050,
respectively, (Fig. 7). It can be noted that the AFE-FE
transformation temperature decreases nearly linearly at the

accompanied by progressive broadening of the permittivity
peak. As shown in Fig. 7, the Curie temperature shifted to
a lower temperature linearly, which may be explained by
the increase of symmetry in PBZ structure with increas-
ingly larger Ba®" ions with Pb?™ site, and this system is a
well-behaved complete solid solution. These results are
similar to those reported in earlier papers [9,13]. However,
in this study, the specimens exhibited a higher dielectric
constant than earlier papers [4,9,14,15], probably due to
better conditions for the sintering process. Hence, dense
and homogeneous samples were achieved. The difference in
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the transformation temperatures obtained during heating
and cooling measurements in all samples was around 3 °C
confirming that the FE-PE transformation over the entire
composition range (0 <x<0.30) is first order [6,8,15].

The longitudinal piezoelectric sensitivity of (Pb;_,Ba,)
ZrOj3 at room temperature is shown in Fig. 8. The ds; value
gradually increases with increasing Ba?™ content. Roberts
[4] reported that the ds3 value of (Pbg 799Bag 300)ZrO; was
~65pC/N, and it was 107! pC/N for PZ [34]. The present
result indicated that substitution of Pb>" by Ba’' en-
hanced some piezoelectric properties in PBZ.

4. Conclusions

In the present work, the effect of Ba®> " concentration on
the properties of the PBZ ceramics was studied. The
orthorhombic phase and the fraction of the antiferro-
electric phase were found to decrease with increasing Ba®"
content. The results corresponded to the structural phase
changes in PBZ. The bulk density of PBZ ceramics
continuously decreases with increasing Ba”" content. This
trend matches that of the calculated density of the PZ-BZ
system. The di;; value at room temperature gradually
increases with increasing Ba®* content. Furthermore, the
results indicated that Ba?" concentration has a significant
effect on the dielectric properties in PBZ ceramics. The
AFE-FE and FE-PE phase transformation temperatures
progressively decrease with continuously increasing Ba®™"
concentration. The AFE-FE phase transformation was
detected for compositions 0.00<x<0.075. However, there
is no relation between Ba® " concentration and mechanical
properties.
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and Electrical Properties of Lead Nickel
Niobate—Lead Zirconate Ceramics

NARATIP VITTAYAKORN,!* SUPAMAS WIRUNCHIT,'
SAKDA TRISAK,! RANGSAN MUANGHLUA,?
AND SUSASAK NIEMCHAROEM?

"Materials Science Research Unit, Department of Chemistry, Faculty of Science,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand
2Electronics Research Center, Faculty of Engineering, King Mongkut’s Institute
of Technology Ladkrabang, Bangkok 10520, Thailand

The perovskite structure of lead zirconate—lead nickel niobate ceramics, (1-x )PbZrO ;—
xPb(Ni;;53Nby;3)03 (PZ — PNN ) with x = 0.0-0.5, were synthesized via the columbite
precursor method. The formation of the perovskite phase in the calcined powders has
been investigated as a function of calcination conditions by TG-DTA and XRD tech-
niques. The complete solid solutions of perovskite phase of PZ-PNN ceramics were
obtained over a wide compositional range. The results showed that the concentration
of the PNN phase increased the calcination temperature must be increased in order to
obtain phase-pure perovskite. In addition, x-ray diffraction indicated a phase transfor-
mation from a orthorhombic to a pseudo-cubic phase when the fraction of PNN was
increased. A higher relative permittivity value, as a consequence of the higher PNN
concentration, was observed.

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

Introduction

Lead Zirconate, PbZrO3 (PZ), is one end member of the industrially interesting solid-
solution series PbZrO3;—PbTiO3 [1] and the first antiferroelectric identified by Sawaguchi
et al. [2]. At room temperature PZ has an antiferroelectric phase (AFE) which has an or-
thorhombic structure [2]. Lead nickel niobate [Pb(Ni;3Nb,,3)O3, PNN] was one of the first
known relaxor ferroelectrics reported by Smolenskii and Agranovskaya [3]. Ferroelectric
relaxor PNN exhibits a broad maximum in the dielectric constant, and a diffuse phase tran-
sition. Its Curie temperature is about —110°C and the maximum dielectric constant is about
3500 at 1 kHz [4]. Using this compound as one end member, the ternary solid solutions
of PNN-PZ-PT [5] have been developed and utilized for sensors and actuators because of
their excellent piezoelectric behavior.

As one part of a series of the investigations on the solid solutions with PZ, this study
deals with the binary compound of PNN-PZ because of there has been no detailed report
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on dielectric and piezoelectric properties of this entire system. In the present work, the
columbite precursor method was used to synthesize the (1-x)PbZrOs;— xPb(Ni;3Nb/3)O3
(PZ —PNN ) with x = 0-0.5. The phase formation and morphology of the powder calcined
at various conditions are studied and discussed. Dielectric properties of PZ-PNN ceramics
obtained from the columbite precursor method are presented and analyzed.

Experimental

Ceramics of (1-x)PbZrO3;— xPb(Ni;;3Nb,/3)O3(PZ — PNN ) with x = 0-0.5 were synthe-
sized using the columbite precursor method. The NiNb,Og precursor, PbO (Fluka, >99%
purity) and ZrO, (99%) were mixed and milled in ethyl alcohol for 18 h using a ball-
milling. After drying at 120°C for 2 h, the reaction of the uncalcined powders taking place
during heat treatment was investigated by themogravimetric and differential thermal analy-
sis (TG-DTA, Shimadzu), using a heating rate of 10°C/min in air from room temperature up
to 1400°C. Based on the TG—DTA results, the mixture was calcined at various temperatures
ranging from 650 to 900°C, dwell times 4 h and heating/cooling rates ranging 20°C /min,
in closed alumina crucible, in order to investigate the perovskite phase formation. Each
composition was sintered at 1100-1200°C in Pb atmosphere for 4 h in a closed alumina
crucible. X-ray diffraction (XRD; Philips PW 1729 diffractometer) using CuK,, radiation
was used to determine the phases formed and optimum firing temperatures for the formation
of desired phase. Lattice parameters of the perovskite phases were determined by Cohen’s
method in conjunction with the least squares method. Dielectric constant and loss measure-
ments were made using an automated measurement system. This system consisted of an
LCR meter (HP-4284, Hewlett-Packard Inc.). The capacitance and loss were measured at
frequencies between 100 Hz and 1 MHz.

Results and Discussion

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

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

Table 1
Structure and dielectric properties of (1 — x)PZ-xPNN
ceramics
Relative
Lattice permittivity Tan §
Composition constant (A) (1kHz) (1kHz)
x =0.1 4.149 £ 0.0060 320 0.08
x=02 4.134 £ 0.0032 580 0.01
x =03 4.126 £ 0.0025 960 0.05
x=04 4.111 £ 0.0040 1400 0.08

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

Atthe composition x = 0.1 to 0.5, an increase in the mole fraction of PNN did not show
any evidence of a change in symmetry. However, the lattice constant decreased as the amount
of PNN increased due to the smaller ionic radii of b-site cation. The lattice parameters of the
perovskite phase calculated from the XRD data for (1 —x)PZ-xPNN samples is summarized
in Table 1. In Fig. 3(a) the relative permittivity and dielectric loss are plotted versus frequency



Downloaded By: [Vittayakorn, Naratip] At: 00:06 11 November 2007

48/[930] N. Vittayakorn et al.

for different compositions. All curves show the same trend, the permittivity ¢ decreases with
increasing frequency f inthe formof ¢ ~ 1/log f. Furthermore, an increase in permittivity
with increasing x concentration is observed. For dielectric loss results, it can be seen that the
loss tangent increases with increasing the frequency in all the samples. This may be attributed
to the collective relaxation of increased dipoles and change in their relaxation time due to
increased substitution of (Nij/3Nb,/3)*". Figure 3(b) represents the relative permittivity
versus the PNN concentration. The relative permittivity was increased with increased mol
percent of PNN as also illustrated in Table I. The effect of increasing the dielectric constant
with increasing PNN content is interpreted to be due to the drive toward the orthorhombic
to pseudo-cubic phase transition at room temperature, or in other words associated with the
possibility of the decrease of the transition temperature to near room temperature. Other
authors have reported a similar behavior [7, 8]. Figure 4 shows scanning electron microscopy
(SEM) images of the surfaces of the composition x = 0.3 and 0.5 respectively. No plate-like
grains were observed in both samples, indicating an absence of pyrochlore formation. There
is not change in the grain size, nor is there any evidence of abnormal grain growth.

Conclusions

The columbite methods is explored in the preparation of single phase (1-x)PbZrOs;—
xPb(Ni;/3Nb,,3)O03 powders. According to the results of DTA/TG and XRD analysis, crys-
tallization of PZ-PNN powders took place at below 650°C and pure perovskite-type could
be obtained above 775°C. The complete solid solutions of perovskite phase of PZ-PNN
ceramics were obtained over a wide compositional range. The results showed that the con-
centration of the PNN phase increased the calcination temperature must be increased in order
to obtain phase-pure perovskite. The permittivity ¢ decreases with increasing frequency f
in the form of ¢ ~ 1/log f. Furthermore, an increase in permittivity with increasing PNN
concentration is observed.
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Pb[(Zr;2Tij2)07(Zn1;3Nb3/3)0.3]03 (PZT-30PZN) powder was prepared using the
columbite precursor method. The phase development of calcined powder precursors
was analyzed by X-ray diffraction. Dielectric and ferroelectric properties of the as-
sintered and annealed samples were measured and correlated with microstructure. The
morphology evolution was determined by a scanning electron microscopy (SEM) tech-
nique. The as-sintered ceramic exhibited weak relaxor-ferroelectric behavior, with a
relatively low dielectric constant maximum measured at 1 kHz (K.,@1 kHz) of 14 000.
Annealing resulted in a transition to normal—ferroelectric-like behavior, a shift in the di-
electric maximum temperature from 310°C to 300°C, and a dramatic increase of K @1
kHz to a maximum value of 25 100 for the longer anneal. After thermal annealing at
900°C for 1 week a strong enhancement of remanent polarization (P, ) was observed.

Keywords Pb(Zr5Tig5)O3; Pb(Zn;,3Nb,,3)O3; thermal annealing; Dielectric proper-
ties; Phase Transitions

PACS: 77.84.Dy, 77.65.-j, 77.80.Bh

Introduction

Ferroelectric oxide materials are of immense interest for future electronic, optoelectronic,
and multi-functional devices, where a tunable dielectric constant, switchable polarization,
strong electro-optic properties, pyroelectric and piezoelectric properties may be exploited
[1, 2]. In the last decade, normal ferroelectric lead zirconate titanate [Pb(Zr;_Tix )O3, PZT]
has become one of the most important commercially produced piezoelectric materials [3].
Lead zinc niobate, PZN, was first synthesized in the 1950s [1]. Its permittivity versus
temperature curve displays a broad peak around 140°C (Ty,) with a strong frequency de-
pendence [4]. Extremely high relative permittivities have been measured in the vicinity of
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the peak with a &, ~ 60 000 reported for single crystals [4, 5]. Nanometer-level chemical
heterogeneity in the form of short range order of Zn>* and Nb>* at B-sites was proposed to
account for the observed diffuse phase transition [6]. Although single crystals of PZN can
routinely be grown by the flux method, it is known that perovskite PZN ceramics cannot be
synthesized by the conventional mixed-oxide method without doping [7]. Since both PZT
and PZN have the perovskite structure and are known to have excellent ferroelectric and
piezoelectric properties, it is proposed to alloy PZN with PZT to stabilize and optimize the
PZN ceramics. Ultra-high piezoelectric properties were expected in this system. Since both
PZT and PZN have a perovskite structures and are known to have excellent dielectric and
piezoelectric properties, it is suggested to alloy PZN with PZT to stabilize and optimize
the PZN ceramics. Recent work by Fan and Kim [8, 9] have shown promise in producing
phase-pure perovskite PZN-PZT ceramics with the conventional mixed-oxide method. In
this study we emphasize the effect of annealing on the dielectric, ferroelectric properties
and crystal structure in 0.7Pb(Zry /2 Ti;2)03-0.3Pb(Zn;;3Nb,/3)O3 ceramics. Based on our
previous results [10] for the PZN-PZT system, PZT containing 30 mol% of PZN was se-
lected as the starting composition which is close to the rhombohedral MPB in this system
[10, 11]. For annealing, the samples were heat treated at 900°C for 1 week in a sealed Al,O3
crucible with PbO-rich atmosphere. In this paper, we report the perovskite phase evolution
and crystal structure of the PZT-PZN ceramics. Next, the temperature and frequency de-
pendence of the dielectric constant are given for as-sintered and annealed samples. The
remanent polarization and coercive field determined from P—FE hysteresis loops are pre-
sented. Finally, the diffuseness parameter (§) of as-sintered and annealed sample are also
introduced.

Experimental Procedure

The columbite-(woulframite) precursor method was used to fabricate phase-pure
0.7Pb(Zr; /5 Ti;2)03-0.3Pb(Zn, 3Nb,/3)O3 ceramics. The reagent-grade oxide powders of
PbO (99.9%, Aldrich, Milwaukee, WI, USA), ZnO (99.9%), Nb,Os5 (99.9%), ZrO, (99.9%)
and TiO; (99.9%) were used as starting raw materials. Prior to reaction with other raw mate-
rials, ZnO was reacted with Nb,O5 at 975°C for 4 h to form ZnNb,Og and ZrO, was reacted
with TiO, at 1400°C for 4 h to form ZrTiO4. The precursors ZnNb,Og, ZrTiO4 and PbO
(with 2 mol% excess PbO) were weighed and mixed well by ball-milling in a polyethylene
bottle together with methyl alcohol and partially stabilized zirconia balls. Methyl alcohol
was removed by heating at 80°C for appropriate durations and then the mixture was dried
at 150°C for 24 h. After drying, the mixed powders were calcined at 700-900°C for 4 h in
a covered Al,Oj3 crucible. The calcined powders were crushed using a mortar and pestle,
mixed with organic binder PVA of 3 wt% to facilitate pressing. The mixtures were uniaxially
cold-pressed at 90 MPa into discs of 15 mm in diameter and about 1 mm in thickness. Before
sintering, the binder was removed by burning at 500°C for 2 h in a furnace, and then, the
samples were placed on a dense Al,O3 crucible and sintered for 2 h in PbO atmosphere at
temperature of 1200°C. To determine the effect of thermal annealing, the sintered samples
were thermally annealed at 900°C in the same PbO atmosphere for 1 week.

X-ray diffraction (XRD) patterns of the sintered pellets were measured using an x-ray
diffractometer (PW1729, Philips, Netherlands). CuK, radiation with step scanning was
used with a step size of 0.02° and a scan rate of 2 s per step. The relative amounts of
perovskite and pyrochlore phases were approximated by calculating the ratio of the major
XRD peak intensities of the perovskite and pyrochlore phase via the following equation



96/[498] N. Vittayakorn et al.

[12]:

Tperov
Perovskite Intensity % = ( Pero ) x 100 (1)
I perov +1 pyro + 1 PbO

where yerov, Ipyro» and Ippg refer to the intensity of the (110) perovskite peak, (222) py-
rochlore peak, and the intensity of the highest lead oxide peak, respectively. The dielectric
and ferroelectric properties of the as-sintered and annealed samples were characterized as
follows. The polished samples were electroded with silver paste and then fired at 550°C for
30 min. The dielectric constant (K) and dielectric loss (tan §) were measured on heating
at 3°C min~! using an LCR meter (HP4274A, Hewlett-Packard, Palo Alto, CA) over the
range of 100-500 kHz and temperatures 25-450°C. In addition, the polarization (P) was
measured as a function of electric field (E), using a ferroelectric tester system (Radiant
Technologies, Inc., RT66A).

Results and Discusson

A. Perovskite Phase Formation and Crystal Structure

Powder XRD patterns of the calcined 0.7PZT-0.3PZN powders at different calcination tem-
peratures are shown in Figure 1. The pyrochlore phase Pby g3(Zng 3Nbj25)O5.305 (JCPDS
No. 25-0446) was dominant at calcination temperatures below 850°C. The precursor phases
PbO, ZrTiO4 and ZnNb,Og4 were also detected by XRD at below 800°C. The columbite
precursors did not have any trace of free Nb,Os. This minimizes the preferential reaction

* = perovskite
# = pyrochlore

‘l T = ZrTiO,
| $ = ZnNb,O,
| += PbO
5 I ) y i
i\ !|| I' 2l * fP"
Y '\—‘,{|I|'\__,H._HJ"‘\ J A
; 900 °C
3 £ '|||| f
~— ;u'\1 f .I ! Irr- i I:I \
%‘ b= N er' NAS NN ‘\J}__
2 | || 850 °C
) | ||
E |l'\\ (h / III i
= A VA AN
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| . #
[ A 'l"]l \ 1,‘ #
L * | N
* #1 '\-Jlll + * i III \T* $ $ .'IIII.
B il OTIRERN. . LY O T . T L WU ("o v
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Figure 1. XRD patterns of 0.7PZT-0.3PZN powder calcined at various temperatures for 4 h with
heating/cooling rate of 20°C/min.
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Figure 2. Percentage of perovskite phase as a function of calcination temperature.

of Nb,Os with PbO to form a stable PbyNb,O, pyrochlore phase. It is assumed that the
columbite phase ZnNb,O¢ decomposed via a reaction with PbO at low temperatures to
form the pyrochlore phase Pb; gg(Zng 3Nbj 25)Os.305. At 800°C, the pyrochlore phase began
to decrease and disappeared completely at 900°C. This result shown that at higher tem-
peratures, the pyrochlore phase (Pb; gg(Zng3Nbj 25)Os 305) transforms to perovskite phase
(0.7Pb(Zrg 5Tig 5)03-0.3Pb(Zn; ;3Nby,3)O03) with increased calcination temperatures. The
optimum calcination temperature for the formation of pure perovskite phase was found to
be about 900°C for 4 h. with heating/cooling rates as fast as 20°C/min. The perovskite
phase formation various calcination temperatures are shown in Figure 2. Room tempera-
ture XRD patterns are shown in Figure 3(a) for 0.7PZT-0.3PZN samples before and after
annealing. First, both samples show pure phase perovskite after sintering and annealing
process. No evidence of pyrochlore phase Pb; gg(Zng33Nbj 25)Os.305 or any unidentified
phase was detected for as-sintered and annealed samples. Splitting of diffraction peaks can
be used to determine details of structure changes. Figure 3(b) shows XRD peak profiles
of the (200) and (102) peaks for as-sintered and annealed samples. The XRD data shows
that the splitting of (200) and (102) peak are not observed in the as-sintered sample. In
the as-sintered sample, only a single (200) peak is seen, indicating that the major phase
had pseudo-cubic symmetry. Nevertheless, a shoulder in the (200) peak for annealed sam-
ple demonstrated the coexistence of both tetragonal and rhombohedral phase, which was
consistent with this composition’s proximity of the MPB [10]. As the annealing time was
increased, this broad peak split into two peaks, demonstrating that the average symmetry
became tetragonal. On the basic of XRD and dielectric properties measurements, we have
identified the MPB in the (1 — x)PZT-xPZN system in our previous work [11]. The MPB sits
around x ~ 0.2, separating the tetragonal phase for x < 0.2 from the rhombohedral phase
for x > 0.3. It is possible that this composition has moved close to the tetragonal side of the
MPB.
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Figure 3. (a) XRD patterns of 0.7PZT-0.3PZN samples for as sintered and after annealing at 900°C
1 week. (b) XRD patterns of the (200) and (102) peaks of as-sintered and annealed samples.

B. Dielectric and Piezoelectric Properties

The characteristic temperature and frequency dependence of the dielectric constant for as-
sintered and annealed samples is shown in Figure 5. The general trend seems to indicate
that the annealed samples show more normal-ferroelectric-like behavior as opposed to the
relaxor-ferroelectric behavior observed in the as-sintered state. The as-sintered 0.7PZT-
0.3PZN ceramic exhibited weak relaxor-ferroelectric behavior, with a relatively low dielec-
tric constant maximum of approximately 12,000 measured at 1 kHz with a Tj,x ~ 310°C.
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Figure 4. Temperature-dependent relative dielectric permittivity of 0.7PZT-0.3PZN for as-sintered
and annealed samples.

Annealing resulted in a transition to normal—ferroelectric-like behavior, a shift in the dielec-
tric maximum temperature from 310°C to 300°C, and a dramatic increase in the dielectric
constant at 1 kHz to a maximum value of 22,000 for the longer anneal. This change in
dielectric behavior is believed to be due to a reduction in the effective volume fraction of a
low-K PbO rich grain-boundary phase and a decrease in the chemical heterogeneity of the
sample. This behaviour is consistent with the conclusions of Randall et al. [13] and Leite
et al. [14] in the PMN-PT system.

Randall et al. [13] and Xia and Yao [15] observed that excess PbO has a great influence
on the electrical properties. In lead-based ferroelectric ceramics, liquid phase sintering is
present because of the low melting point of lead oxide. Thus, a small amount of excess
PbO can be added to assist in the formation of the perovskite phase and for densification
of the ceramic. However, an overabundance of PbO will result in PbO enrichment of the
grain boundary and the formation of a grain boundary layer. Because this layer has a
low dielectric constant (K ~20), the overall dielectric constant will be decreased due to
the presence of the grain-boundary phase. To ameliorate this effect, thermal annealing is
effective in increasing the chemical homogeneity. Recently, work by Leite et al. [14] on
PMN-35PT ceramic reported a non-uniform distribution of constituent elements in PMN-
PT powder (phase-pure according to XRD) which was prepared by the columbite method.
They reported that both the chemical homogeneity and dielectric properties were improved
with increased annealing time.

It is well known that the permittivity of a normal ferroelectric can be described by the
Curie-Weiss law: [2]

—=— 2

where 0 is the Curie-Weiss temperature and C is Curie constant. A relaxor ferroelectric
can be described by a simple quadratic law. This arises from the fact that the total num-
ber of relaxor contributing to the permittivity response in the vicinity of the permittivity
peak is temperature dependent, and the temperature distribution of this number is given
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Figure 5. In[(en,/e)—1] vs In(T-Ty,) for 0.7PZT-0.3PZN ceramics; (a) as-sintered sample (b) annealed
sample.

by a Gaussian function about a mean value T, with a standard deviation 8. The relative
permittivity can be derived via the following expression: [16, 17]

8;,, _ (T - Tm(f))y
8,(f’T)—1+728§ (1<y=<2 3)

where ¢/, is the maximum value of the permittivity at T = T,,,(f). The value of y is the
expression of the degree of dielectric relaxation in the relaxor ferroelectric material. When
y = 1 Eq. (3) expresses Curie-Weiss behavior, while for y = 2 this equation is identical
to the quadratic relationship. Many relaxor ferroelectric materials can be fit to Eq. (3) with
y = 2 at temperatures above Ty,.. The parameter 8, can be used to measure the degree
of diffuseness of the phase transition in mixed relaxor-normal ferroelectric materials. The
values y and §, are both material constants depending on the composition and structure of
the material. Figure 5(a) and (b) are the fitting curves of the dielectric constants for the as-
sintered and annealed samples according to Egs. (3). The §,, value can be determined from the
slope of &/, /&’ versus (T — Tyy)?, which should be linear. The fitting results are summarized
in Table 1. From Table 1, it was found that a significant reduction in §,, and y is observed
in the annealed samples, indicating reduced diffusiveness in the phase transition. The large
improvement in the dielectric constant after annealing mainly occurs at the temperature
range around Ti,, thus the dielectric peak becomes sharper, so a lower §, is observed in
the annealed samples with the highest £,,. The parameter §, can be used to measure the
degree of diffuseness of the phase transition in mixed relaxor-normal ferroelectric materials.
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Table 1
Dielectric parameter at 10 kHz for as-sintered and
annealed samples

As-sintered Annealed
£ max 12 000 19 300
T max 308 297
y 1.86 1.71
) 28.35 22.93

The lower § value in the annealed samples indicates that the homogeneity at the atomic
scale is much higher than in as-sintered samples.

Polarization hysteresis measurements at room temperature were performed using a
modified Sawyer—Tower circuit. Figure 6 shows the saturated loops of 0.7PZT-0.3PZN
samples with difference electric fields strengths. It is clearly evident that the shape of
hysteresis various greatly with the electric fields strength. At 5 kV/cm electric fields strength,
a near-linear relationship of P-E is observed. This result is due to the fact that the electric
field is not large enough to switch any domains. At 10 kV/cm electric fields, the polarization
nonlinearity is developed in both regions of the positive and negative fields. These results
clearly demonstrate that the electric field strength of 10 kV/cm is of enough energy to
constrain realignment of some domains in the direction of the applied fields. No evidence of
pinning effect or asymmetric loop was detected in all electric fields strength. At 30 kV/cm
electric field strength, the loop reveals fully developed symmetric hysteresis loop. This
shows that the electric fields strength of 30 kV/cm has of enough energy to constrain
realignment of all domains in the direction of the electric fields.

40
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-20 4 10kVicm
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Figure 6. P-E behaviors for annealed sample at various maximum electric field strengths.
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The hysteresis loops of as-sintered and annealed samples are shown in Figure 7. The
remanent polarization (P,) increased from 21.4 ;1C/cm? to 34.7 uC/cm? for the annealed
sample. Moreover the coercive field (E.) decreased from 14.5 kV/cm to12.3 kV/cm after
annealing. It can be concluded that the annealed samples exhibited larger remnant polar-
izations and lower coercive fields compared with as-sintered samples, which means that
the annealed ceramic samples are more easily poled and should have better piezoelectric
properties.

Haertling and Zimmer [18] derived an empirical relationship between remanent po-
larization, saturation polarization and polarization at fields above the coercive field. This
permits the quantification of changes in the hysteresis behavior for each sample through the
following equation:

P, r P 1.1Ec

R =5, 775
N T

“

where, Ry, is the squareness of the hysteresis loop, P, is remanent polarization, Py is
saturation polarization, Py g, is the polarization of an electric field equal to 1.1 times the
coercive field (E.). For an ideal hysteresis loop, the squareness parameter is equal to two.
Normal square ferroelectric P-E loops were observed in undoped as-sintered samples. After
annealing, the value of R, increased from 1.21 to 1.64 for the annealed sample.

In lead-based ferroelectric materials, the dielectric and piezoelectric properties are
strongly influenced by phase composition, homogeneity, microstructure, defects, external
field and domain wall motion. These external factors not only contribute to the material
properties but also in many cases actually control the materials responses. The transition
from a mixed domain to a uniform domain structure after annealing is believed to account
for the observed increase in properties. Leite et al. [14] observed many types of ferroelectric
domains in hot-pressed PMN-PT ceramics, including nano-domains, tweedlike domains and
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ferroelectric micro-domains. With the anticipated differences in size and mobility between
the three coexisting types of domains, the interaction among these domains will be weak,
resulting in low permittivity and P,. After annealing, only tweedlike domains were observed.
Interactions between these domains and the motion of domain walls yield higher values of
P, and lower coercive fields (E.).

Figure 8 shows scanning electron microscopy (SEM) images of the surfaces of 0.7PZT-
0.3PZN ceramics before and after annealing. No plate-like grains were observed in both
samples, indicating absence of pyrochlore formation. There is no change in the grain size,
no evidence of abnormal grain growth in the annealed sample. Both of the microstruc-
tures looked quite dense, with little porosity. The density of the samples slightly increases
from 94.7% theoretical density to 96.2% after annealing at 900°C for 1 week. Obviously
the increase in density will not lead to an improvement of dielectric and piezoelectric
responses.

Conclusions

The dielectric and ferroelectric properties of 0.7PZT-0.3PZN ceramics formed via the
columbite process were investigated. Post-sintering annealing is an effective way to im-
prove the dielectric and piezoelectric responses of PZT-PZN ferroelectric ceramics. The
annealing temperature and annealing time have an effect on the electrical properties. After
annealing at 900°C for 1 week in a PbO-rich atmosphere, PZT-based ceramics with &;max
22 000, P, 34.7 uC/cm? were achieved in this study. The large improvements in the dielec-
tric and piezoelectric properties due to postsintering annealing are mainly attributed to the
extrinsic contributions from domain wall motion.
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The dielectric and piezoelectric properties of pyrochlore-free lead zirconate
titanate-lead zinc niobate ceramics were investigated systematically as a function
of Sr doping. The powders of Pb(,_Sr,[0.7(Zr,,Ti;»)-0.3(Zn, 3Nb,3)|O3, where
x=0-0.06 were prepared using the columbite-(wolframite) precursor method.
The ceramic materials were characterized using X-ray diffraction, dielectric
spectra, hysteresis and electromechanical measurements. The phase-pure
perovskite phase of Sr-doped PZN-PZT ceramics was obtained over a wide
compositional range. The results showed that the optimized electrical properties
were also achieved at composition x=0.0, which were Kp=0.69,
d3=670pCN~", P,=31.9uCem™> and eymax = 18600. Maximum dielectric
constant values of the systems decreased rapidly with increasing Sr concentration.
Moreover, with increasing Sr concentration dielectric constant versus temperature
curves become gradually broader. The diffuseness parameter increased signifi-
cantly with Sr doping. Furthermore, Sr doping has been shown to produce a
linear reduction in the transition temperature (73,)=294.1-12.7x°C with
concentration (x). Sr shifts the transition temperature of this system at a rate
of 12.7°Cmol ™' %.

Keywords: Pb(Zr,>Ti;5)O3; Pb(Zn;;3Nb,/3)O5 dielectric properties; Perovskite structure

1. Introduction

Piezoelectric materials are widely used for various devices, including multilayer
capacitors, sensors, and actuators. By the 1950s, the ferroelectric solid solution
Pb(Zr,_,Ti, )O3 (PZT) was found to host exceptionally high dielectric and
piezoelectric properties for compositions close to the morphotropic phase boundary
(MPB). This MPB is located around PbZrO;:PbTiO;~0.52:0.48 and separates
a Ti-rich tetragonal phase from a Zr-rich rhombohedral phase [1, 2]. Recent results
have discovered the existence of a low-symmetry (monoclinic) phase within the MPB
region, a nearly vertical line between the rhombohedral and tetragonal phases [3].
And Noheda et al. [4, 5] and [6] have suggested that the enhanced dielectric
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and piezoelectric properties around the MPB are due to the formation of an
intermediate monoclinic phase.

Most commercial PZT ceramics are thus designed in the vicinity of the MPB with
various dopings in order to achieve optimum properties. Tons of alkaline—earth
metals, e.g., Ca>*, S+ and Ba>* which have ionic radii of 1.06 A, 1.27 A and 1.43 A,
respectively, are frequently used to substitute for Pb*" [2, 7]. Recently, Zheng
et al. [8] have reported that Sr-modified PZT ceramics generally have higher
dielectric and piezoelectric properties than pure PZT. Sr substitutions on the A-site
in PZT tended to shift the MPB composition toward the tetragonal phase.

Lead zinc niobate, Pb(Zn,;;Nb,/3)O;3, (PZN) has a disordered complex
perovskite structure in which Zn>" and Nb>" cations are distributed randomly
with the short range ordering on the B-site [9]. PZN is a well known relaxor
ferroelectric that has been noted for its high permittivity and extremely high
piezoelectric coefficients [10]. Relaxor single crystal actuators can produce strain
levels in excess of 1% and exhibit five times the strain energy density of conventional
piezo-ceramics [11]. These materials are used for compact chip capacitors, actuators,
hydrophones, sonar transducers, receivers and micro-positioning devices [12—14].
Although single crystals of PZN can routinely be grown by the flux method [11], it is
known that perovskite PZN ceramics cannot be synthesized by the conventional
mixed-oxide method without doping [15]. It is well known that replacement of the
A-site ion (Pb) by an ion with a large radius such as Ba or Sr is also considered to be
a good approach to stabilize the perovskite phase [15]. Such an approach is also
known to improve the mechanical strength, increase the electrical resistivity,
and of course reduce the total amount of Pb weight% in the composition. Recently
our previous work [16, 17] observed large coupling coefficients and large
piezoelectric constants in PZN-PZT ceramics. This study is concerned with the
effect of Sr substituted PZT modified with the relaxor ferroelectric PZN. Based on
our previous [16] results for the PZN-PZT system, PZT containing 30 mol% of PZN
was selected as the starting composition which is close to the rhombohedral MPB
in this system.

2. Materials and methods

The general formula of the materials studied was Pbg_,Sr[0.7(Zr;,Ti, )
0.3(Zn;;3Nb,/3)]O3, where x =0-0.06. The samples were prepared by the two-stage
method to acquire a pure phase of perovskite. Reagent-grade oxide powders, PbO,
7105, TiO,, ZnO, Nb,Os, and SrCO;, were used as the starting materials. In the first
stage, a powder of columbite precursor, ZnNb,Og4, was prepared by calcination
of ZnO with Nb,Os at 1100°C for 4 h. And the wolframite precursor, ZrTiO4, were
synthesized by calcination of ZrO, with TiO, at 1400°C for 4 hours In the second
stage, the above precursor with PbO, ZrTiO4, ZnNb,Og4, and SrCO5 was weighed
and mixed through use of a polyethylene jar and ZrO, milling media. The mixture
was then calcined at 900°C for 4h in air, remilled, pressed into disks ~10.0 mm
in diameter at around 80 MPa, and then sintered at 1200°C for 2h in a sealed
alumina crucible with a PbZrO; powder atmosphere. The as-sintered disks were
lapped and electroded with a silver paste. The specimens for piezoelectric properties
measurements were poled in a silicone oil bath with a DC field of 3kVmm™" for
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45min at 120°C and was cooled down to room temperature under a DC field.
The specimens were aged for 24 h before testing.

The crystal structure of solid solutions was analyzed using X-ray diffractometry
XRD (PW1729, Philips, Netherlands) with a 26 range from 10° to 60°. A step scan
with a step size of 0.02° was used with a counting time of 1 s/step. The bulk density
was measured using the Archimedes method. The piezoelectric constant (ds3)
was measured using a quasi-static piezoelectric d3;3 meter (Model 8000 d;; Tester).
The planar coupling coefficient (k,) was determined by the resonance and
anti-resonance technique using an impedance analyzer (Model HP4194A,
Hewlett-Packard, CA). The transition temperature (7,,) and dielectric constant
(K) were measured on heating at 3°Cmin~' using an LCR meter (HP4274A,
Hewlett-Packard, Palo Alto, CA) over the range of 100Hz to 500kHz and
temperatures of 25 to 450°C. In addition, the polarization (P) was measured as a
function of electric field (E), using a ferroelectric tester system (Radiant
Technologies, Inc., PT66A).

3. Results and discussion

Figure 1 shows the XRD diffraction patterns of Pb_,Sr.[0.7(Zr/xTi )
0.3(Zn;;3Nb,/3)]O3, where x=0-0.06 specimens, each exhibiting a phase-pure
perovskite phase within the detection limit of the equipment. It is apparent that
no undesirable pyrochlore phase such as Pb,Nb,O5 or Pb; g3(Zng »9Nb; 71)Og 39 has
been formed because no diffraction peaks are observed in the 26 range of 28-30°,
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Figure 1. Room Temperature XRD patterns of PZT-PZN (ZT:ZN=70:30) ceramics as
function of Sr-doping level.
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Figure 2. Lattice parameter (/OX) of perovskite structure as a function of Sr concentration.

in which their strongest diffraction peaks are (JCPDS 25-0444, 34-0374). The XRD
data can be identified as a single-phase material with a perovskite structure, having
rhombohedral symmetry. With the peaks properly indexed, lattice parameter was
determined using UnitCell, a linear least squares refinement program. The calculated
lattice parameters of the perovskite structures are presented in figure 2. An increase
in the mole faction of Sr** did not show any evidence of a change in symmetry.
Also, the lattice constant linearly decreases with the replacement of Pb** by Sr*+
according to the Vegard rule.

It indicates that, together with the XRD patterns in figure 1, complete series
of perovskite solid solutions are formed. In general, the lattice parameters of the
perovskite structure also decreased gradually as x increased, undoubtedly because
of the introduction of the smaller strontium ion (r=1.27 A) into the lead site
(r=1.49 A), resulting in decreasing of the unit cell. Bulk density of piezo-ceramics is
an important factor influencing the properties of ceramics. Commonly, the dielectric
and piezoelectric properties of ferroelectric materials depend strongly on chemical
compositions as well as the density of the specimens. The densities of the as-sintered
specimens containing different amounts of strontium were measured, and the results
are shown in figure 3. The densification behaviour of the specimen was greatly
influenced by the strontium content. The density decreased almost linearly with
increasing strontium concentration for both of the samples.

Dielectric constant or relative permittivity versus temperature measurements
of as-sintered samples are summarized in figure 4. All of the samples displayed
relaxor ferroelectric behaviour, characterized by broad frequency and temperature
dependent phase [18]. As the Sr** content increased, a clear shift of the transition
temperature to lower temperatures was observed. In addition, the dielectric
maximum decreased as the x value increased. Furthermore the dielectric peak
became broader as the Sr content increased. The broad dielectric spectra of the
relaxor ferroelectric composition more appropriately follow the quadratic
law [19]. This arises from the fact that the total number of relaxors contri-
buting to the permittivity response in the vicinity of the permittivity peak
is temperature-dependent, and the temperature distribution of this number is given
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by a Gaussian function about a mean value 7, with a standard deviation o.
The diffusiveness parameter (§) of the transition was calculated from the
expression [20]:

_ N2
K ((T Tm(f))) 0

K)o
where K, is maximum value of the dielectric constant at 7= T,,(f) and K(f, T) is
the intrinsic dielectric constant of sample. If In (K,,,/K,) is plotted versus (T — T
the slope of the fitted curve, 1/(286%), will give the value of the diffuseness
parameter. As clarified by Pilgrim et al. [20] the estimate of § is valid for the range
of Kn/Ks1y<1.5. Table 1 gives in more detail the dielectric and ferroelectric
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Table 1. Dielectric and ferroelectric properties of Sr-doped
PZT-PZN ceramics.

As-sintered

Sr Mol & max s P,(uCem™?)  E.(kVem™') Ry

0.00 18600 29.0 31.9 10.6 1.48
0.02 14500 38.8 24.0 10.8 1.41
0.04 11600 48.2 20.2 11.7 1.38
0.06 11000 71.8 18.1 12.7 1.33
300 =
o

275 4 o

250+

Transition temperature (7))

200 —
000 001 002 003 004 005 006
Sr -concentration

Figure 5. Transition temperature (7y.x) of Sr doped PZT-PZN ceramic as a function
of doping level.

properties of the Sr dope PZN-PZT ceramics. The diffuseness parameter increased
significantly with Sr doping. It is important to note that at the composition x =0.06,
two peaks were revealed at temperatures ~214°C and ~250°C in the ceramics at
1kHz. However, this behaviour was not observed at a low concentration of
strontium. These two peaks are interpreted to be due to the phase transitions,
or in other words associated with the possibility of the decrease of the chemical
homogenization. Other authors have reported a similar behaviour [21, 22].

The transition temperature at 1 kHz versus the Sr content is also plotted in figure 5.
As expected, S, doping has been shown to produce a linear reduction in the transition
temperature (7,,) =294.1—12.7x°C with concentration (x). Sr shifts the transition
temperature of this system at a rate of 12.7°Cmol™'%, which agrees quantitatively
with the previous studies [22, 23]. Figure 6 display the hysteresis curves of doped
PZT-PZN samples. As one can expect the polarization decreased with increasing Sr
dopant concentration [24, 25]. Haertling and Zimmer [26] derived an empirical
relationship between remanent polarization, saturation polarization and polarization
at fields above the coercive field. This permits the quantification of changes in the
hysteresis behaviour for each sample through the following equation:

Py PLiE,

Ra=pT7p
S T

2
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where, Ry, is the squareness of hysteresis loop, P, is remanent polarization, P is
saturation polarization, Py ;g is the polarization at an electric field equal to 1.1 times
the coercive field (Ec). For an ideal hysteresis loop, the squareness parameter is equal
to two. Normal square ferroelectric P—E loops were observed in undoped samples.
The hysteresis curves also become more slanted with increasing Sr content.
The remanent polarization decreased from 31.9 to 20.2uCcem™2 for the sample
doped with 0.04mol Sr. However, the coercive field increased from 10.6 to
12.7kVem ™" after doping with 0.06 mol Sr. Figures 7 and 8 show the changes in the
piezoelectric constant (d33) and the electromechanical coupling factor (kp)
as a function of the amount of Sr addition, respectively. As can be seen, both k,
and d33 show a similar variation with increasing Sr content. The piezoelectric
constant (d33) and the electromechanical coupling factor (k) decreases with
increasing Sr content.
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Figure 8. Electromechanical coupling factor (k,) of PZT-PZN specimens with Sr doping
concentration.

4. Conclusions

The dielectric and ferroelectric properties of Sr-modified PZT-PZN ceramics formed
via the columbite process were investigated. With an increase in the Sr dopant
concentration, the transition temperature and the maximum dielectric constant
decreased. In addition, Sr doping caused the ferroelectric phase transition to become
more diffuse.
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The crystal structure, ferroelectric and piezoelectric properties of pyrochlore-free lead
zinc niobate-lead zirconate titanate ceramics were investigated systematically as a func-
tion of Sr doping as well as thermal treatment. The results showed that the remanent
polarization (P,) has decreased significantly with increase in strontium content. After
annealing, the value of squareness of hysteresis loop (Rsq) increased from 1.48 to 1.74
for the annealed sample. Furthermore the annealed samples exhibited larger P, and
lower coercive fields (E.) compared with as-sintered samples. The results indicated
that the ferroelectric and piezoelectric properties in Sr-modified PZT-PZN were further
improved by thermal annealing.

Keywords Thermal treatment; hysteresis loop; ferroelectric properties

Introduction

Lead zirconate titanate (PZT) occupies an important place in the field of ferroelectricity
since the mid 1950s, as its properties can easily be tailored for specific applications by
the addition of appropriate dopants or substituents [1, 2]. Recently, Zheng et al. [3] have
reported that Sr-modified PZT ceramics generally have higher dielectric and piezoelectric
properties than pure PZT. Sr substitutions on the A-site in PZT tended to shift the MPB
composition toward the tetragonal phase.

Lead zinc niobate, Pb(Zn;,3Nb,,3)O3, (PZN) is a well known relaxor ferroelectric that
has been noted for its high permittivity and extremely high piezoelectric coefficients [4]. It
is known that perovskite PZN ceramics cannot be synthesized by the conventional mixed-
oxide method without doping [5]. It is well known that replacement of the A-site ion (Pb)
by an ion with a large radius such as Ba or Sr is also considered to be a good approach to
stabilize the perovskite phase [5].

Recently our previous work [6, 7] observed large coupling coefficients and large
piezoelectric constants in PZN-PZT ceramics. Work by Kim et al. [8] on PZN-PZT

Received September 3, 2006; accepted September 14, 2006.
*Corresponding author. E-mail: naratipcmu@yahoo.com
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ceramics reported that a dielectric and piezoelectric properties were improved with in-
creased annealing time. This study is concerned with the effect of Sr substituted PZT
modified with the relaxor ferroelectric PZN. Special emphasis is placed on the piezo-
electric and ferroelectric properties before and after thermal treatment. Based on our
previous [6] results for the PZN-PZT system, PZT containing 30 mol% of PZN was
selected as the starting composition which is close to the rhombohedral MPB in this
system.

Experimental

The composition selected for the present study is Pbg_,)Sr[0.7(Zr 2 Ti)2)
0.3(Zn;;3Nb,/3)]03, where x = 0-0.06. The mixture was calcined at 900°C for 4 h in
air, remilled, pressed into disks ~10.0 mm in diameter at around 80 MPa, and then sintered
at 1200°C for 2 h in a sealed alumina crucible with a PbZrO3; powder atmosphere. To deter-
mine the effect of thermal annealing, all of the sintered samples were thermally annealed
at 900° C in the same PbO atmosphere for 24 h. The crystal structure of solid solutions
was analyzed using X-ray diffractometry XRD (PW 1729, Philips, Netherlands). The bulk
density was measured using the Archimedes method. The piezoelectric constant (d33) was
measured using a quasi-static piezoelectric d33 meter (Model 8000 ds; Tester). The planar
coupling coefficient (k,) was determined by the resonance and anti-resonance technique
using an impedance analyzer (Model HP4194A, Hewlett-Packard, CA). In addition, the
polarization (P) was measured as a function of electric field (E), using a ferroelectric tester
system (Radiant Technologies, Inc., PT66A).

Results and Discussions

Figure 1 shows the XRD diffraction patterns of Pb_,)Sr[0.7(Zri/Tiy/2)
0.3(Zn;3Nby/3)]03, where x = 0-0.06 specimens, each exhibiting a phase-pure
perovskite phase within the detection limit of the equipment. The XRD data is consistent
with rhombohedral symmetry, which is indicative of a ferroelectric phase. With the
peaks properly indexed, lattice parameter was determined using UnitCell, a linear
least squares refinement program. The calculated lattice parameters of the perovskite
structures and the densities of the as-sintered and annealed specimens containing different
amounts of strontium are presented in Table 1. An increase in the mole faction of
Sr?* did not show any evidence of a change in symmetry. Also, the lattice constant
linearly decreases with the replacement of Pb?* by Sr>* according to the Vegard rule.
It indicates that, together with the XRD patterns in Fig. 1, complete series of perovskite
solid solutions are formed. In general, the lattice parameters of the perovskite structure
also decreased gradually as xincreased, undoubtedly because of the introduction of the
smaller strontium ion (r = 1.27A) into the lead site (r = 1.49 A), resulting in decreasing
of the unit cell. The densification behavior of the specimen was greatly influenced by
the strontium content. The density decreased almost linearly with increasing strontium
concentration for both of the samples. Figure 2(a) and (b) display the hysteresis curves
of doped PZT-PZN samples in the as-sintered state (Fig. 2(a)) and after annealing
(Fig. 2(b)). As one can expect the polarization decreased with increasing Sr dopant
concentration.

Haertling and Zimmer [9] derived an empirical relationship between remanent po-
larization, saturation polarization and polarization at fields above the coercive field. This
permits the quantification of changes in the hysteresis behavior for each sample through the
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where, Ry is the squareness of hysteresis loop, P, is remanent polarization, P; is saturation
polarization, P ; E. is the polarization at an electric field equal to 1.1 times the coercive field

Table 1
Physical characteristic of Pb(j_y)Sr[0.7(Zr/;Tii2) 0.3(Zn;3Nby/3)]03,
where x = 0-0.06 ceramics

Density(g/cm?®)
Composition Lattice parameter (A) As-sintered Annealed
x=0.0 4.0642 + 0.008 7.71 £ 0.05 7.82 + 0.06
x =0.02 4.0568 £ 0.009 7.64 + 0.03 7.76 = 0.03
x =0.04 4.0556 + 0.012 7.58 + 0.03 7.68 + 0.08

x =0.06 4.0462 £ 0.011 7.47 £ 0.06 7.54 £ 0.04
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Figure 2. Dependence of the polarization versus electric field (P-E) loop on the Sr dopant concen-
tration (a) as-sintered (b) anneal sample.

(Ec). For an ideal hysteresis loop, the squareness parameter is equal to two. Normal square
ferroelectric P-E loops were observed in undoped as-sintered samples. After annealing, the
value of Ry increased from 1.48 to 1.74 for the annealed sample. In the as-sintered samples,
the hysteresis curves also become more slanted with increasing Sr content. The remanent
polarization decreased from 31.9 1 C/cm? to 20.2 uC/cm? for the sample doped with 0.04
mol Sr.

However the coercive field increased from 10.6 kV/cm to 12.7 kV/cm after doping
with 0.06 mol Sr. Furthermore the annealed samples exhibited larger remnant polarizations
(P;) and lower coercive fields (E.) compared with as-sintered samples, which mean that
the annealed ceramic samples are more easily poled and should have better piezoelectric
properties. It is interesting to note that in annealed samples, the value of P, was largely
independent of the doping concentration and amounts to approximately 29 1C/cm?. How-
ever the coercive fields were found to increase with increasing Sr concentration. Figure 3(a)
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and (b) shows the changes in the piezoelectric constant (ds3) and the electromechanical
coupling factor (kp) as a function of the amount of Sr addition. As can be seen, both k;, and
ds3 show a similar variation with increasing Sr content. The piezoelectric constant (ds3)
and the electromechanical coupling factor (k,) decreases with increasing Sr content . After
annealing at 900°C for 24 h, ds3 increases from 670 to 720 pC/N, and k; increases from
69% to 72% for 0.7PZT-0.3PZN, while there is only a slight change in k;, and d33 for 6
mol% Sr-doped PZT-PZN.

Conclusions

The ferroelectric properties of Sr-modified PZT-PZN ceramics formed via the columbite
process were investigated. The lattice parameters of the perovskite structure decreased
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gradually as xincreased, undoubtedly because of the introduction of the smaller strontium
ion into the lead site. The best ferroelectric properties were attained in the annealed samples.
Furthermore, the piezoelectric constant (d33) and the electromechanical coupling factor (k)
decreases with increasing Sr content in the annealed samples.
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Phase transitions and ferroelectric properties
in BiScO3-Bi(Zn,,,Tiy2)03-BaTiO; solid solutions
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Ceramics solid solutions within the ternary perovskite system Bi(Zn,,;Ti;;;)O05-BiScO5-BaTiO;
were synthesized via solid-state processing techniques. The crystal structure of sintered ceramics
was analyzed by x-ray diffraction. A stable perovskite phase was obtained for all compositions with
a BaTiOj; content greater than 50 mol %. Furthermore, a change in symmetry from pseudocubic to
tetragonal was observed as the mole fraction of BaTiO; increased. Dielectric measurements show a
dielectric anomaly associated with a phase transformation over the temperature range of
30 °C-210 °C for all compositions. Examination of the polarization hysteresis behavior revealed
weakly nonlinear hysteresis loops. With these data, ferroelectric phase diagrams were derived
showing the transition between the pseudocubic relaxor behavior to the tetragonal normal
ferroelectric behavior. This transition was also correlated with changes in the diffuseness
parameter. © 2007 American Institute of Physics. [DOI: 10.1063/1.2769787]

I. INTRODUCTION

Perovskite Pb(Zr, Ti)O5 (PZT) ceramics are widely used
for many industrial applications due to their superior perfor-
mance in piezoelectric, dielectric, and pyroelectric applica-
tions. However, recently there have been environmental con-
cerns about PZT related to the toxicity of lead oxides which
are volatile during processing. Consequently, this has moti-
vated the search for lead-free piezoelectric materials with
piezoelectric properties comparable to PZT with a reduced
environmental impact.

The origin of the enhanced piezoelectric response in per-
ovskite PZT is the result of lone pair electrons in the Pb?*
hybrid orbitals' and the existence of a morphotropic phase
boundary (MPB) between two ferroelectric phases.” There-
fore, Bi** is an excellent candidate for the substitution of Pb
in the PZT system since it has a similar electronic structure
and there are already numerous Bi-based perovskite ceramics
that can be used in solid solutions.”™® Through systematic
research, a number of MPB systems based on
Bi(M)O5-PbTiO5 (M =Ti*, Sc**, Zn**, Nb>*,...) have been
discovered.*® Recently, BiScO; (BS) perovskite has drawn
attention due to its high Curie temperature (7.=450 °C) and
its excellent piezoelectric properties at the MPB with
PbTiO3.6 Another Bi-based perovskite, Bi(Zn,,,Ti;;)O5, ex-
hibits a high 7, with an enhanced tetragonality through solid
solution with PbTiO3.8’9 However, both BiScO; and
Bi(Zn,;,Ti;;;)O5 are unstable in their pure form and can only
be stabilized under high pressuresm’ll or in solid solutions
with other perovskite end members.*® In order to develop

“Electronic mail: huangch@onid.orst.edu

0021-8979/2007/102(4)/044103/5/$23.00

102, 044103-1

lead-free piezoelectric materials, BaTiO; (BT) was used for
this research in order to stabilize the BZT and BS perovskite
phases in a solid solution.

Recently, Tinberg et al. reported ferroelectric thin films
based on the BiScO;-BaTiO; binary system.12 Similar to the
BiScO3-PbTiO; system, when PbTiO; was replaced with
BaTiO;, the perovskite structure was stabilized and a MPB
was observed. Although there are no reports related to the
Bi(Zn,/,Ti;;;)O5-BaTiO; system, an increased transition
temperature can be expected for this system.

In this work, the phase equilibria and dielectric proper-
ties of the ternary solid  solution  BiScOs-
Bi(Zn,/,Ti,;;)O3-BaTiO; (BS-BZT-BT) were examined. This
article may provide an alternative approach for lead-free pi-
ezoelectric materials development.

Il. EXPERIMENTAL PROCEDURE

Solid solutions of (1-x)(0.5BiScOs-
0.5Bi(Zn,/,Ti;;3)O5)-xBaTiO; (BS-BZT-BT) were prepared
by conventional ceramic processing. Reagent grade oxide
powders of Bi,03(=99.9%), ZnO(=99%), Ti0,(=99.9%),
and BaCO03(=99.5%) were batched in stoichiometric
amounts and ball-milled with ethanol and yttrium-stabilized
zirconia media for 6 h. The dried powders were double cal-
cined in open crucibles between 800 °C—-950 °C for 24 h
and followed by an additional milling and drying step. The
calcined powders were mixed with 3 wt % polyvinyl alco-
hol (PVA) and then uniaxially cold-pressed at 150 MPa into
12.7 mm diameter pellets. Following binder burnout at
500 °C, the pellets were sintered in sealed crucibles between
850 °C—1200 °C for 2 h. For phase determination, x-ray

© 2007 American Institute of Physics
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FIG. 1. (Color online) XRD diffraction pattern of calcined (1-x)

(BS-BZT)-xBT powders.

diffraction (XRD, Siemens D5000 diffractometer) was uti-
lized in the 26 scan range of 10—60° for calcined powders
and sintered pellets.

Prior to the electrical measurements, the pellets were
polished to smooth and parallel surface. After polishing, a
silver electrode paste (Heraeus C1000) was applied and then
fired at 600 °C. An Agilent 4284A LCR was used to measure
the dielectric properties over a wide temperature range using
a NorECS ProboStat high-temperature measurement cell.
The polarization versus electric field hysteresis loops of se-
lected compositions were recorded at room temperature and
=50 °C, respectively, with a RT66A standard ferroelectric
test system (Radiant Technologies).

lll. RESULTS AND DISCUSSION
A. Perovskite phase determination

Figure 1(a) displays the XRD patterns for calcined pow-
ders of (1-x)(BS-BZT)-xBT. Perovskite phases were ob-
tained  for  compositions containing at  least
50 mol % BaTiO;. For compositions below this amount, a
complex mixture of phases was observed. Based on the {111}
and {200} peak splittings shown in Fig. 1(b), the composition
with x=0.5 corresponds to a pure rhombohedral symmetry.
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FIG. 2. (Color online) XRD diffraction pattern of sintered (1-x)
(BS-BZT)-xBT ceramics.

Compositions above x=0.95 stabilized in a pure tetragonal
symmetry. The peaks between these two compositions indi-
cated the coexistence of rhombohedral and tetragonal phases.
The XRD patterns of sintered (1-x)(BS-BZT)-xBT pellets
shown in Fig. 2 confirm that the samples retained phase pure
perovskite for all compositions with 50 mol % and above
BaTiOs. In contrast to the calcined powders, in the sintered
pellets the tetragonal perovskite phase was only present for
compositions with x=0.95 to x=1. The remainder of the
compositions x=0.9 exhibited a rhombohedral symmetry.
These results indicate that the MPB in this system may be
located between x=0.9 and 0.95. This shift in symmetry be-
tween the calcined and sintered samples may be due to a
number of factors. The observation of the coexistence of two
perovskite phases in calcined powders is likely the result of
the relatively low processing temperature. The limited reac-
tion kinetics may have resulted in an incomplete reaction
between BT, BS, and BZT. In addition, both Bi,O; and ZnO
have some degree of volatility at this temperature that may
have caused a slight change in composition. Upon sintering,
homogenization occurred, leading to a clearly observed
single-perovskite phase.

The lattice parameters were calculated from XRD pat-
terns shown in Table I. Although Bi** is slightly smaller than
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TABLE I. Room-temperature structure and dielectric data for all compositions at 10 KHz.

x mol % BT 0.5 0.6 0.7 0.8 0.9 0.92 0.95 1
Structure Rhombohedral Tetragonal
lattice parameter a: 3.997 a: 3.992

(A) 4.046 4.040 4.030 4.022 4.014 4.009 o 4023 4034
7,(°C) 208 161 118 76 45 33 111 134
g, at T, 1100 1170 1240 1360 2570 3960 3520 9740
o 587.5 210.3 143.1 70 61.4 57.3 16.3 3.4
b 1.99 1.74 1.65 1.67 1.66 1.44 1.38 1.11

Ba2* based on 12-fold coordination, the unit cell volume
increased with decreasing BaTiO; content due to substitution
of larger size B-site cations Zn>*(0.88 A) and
Sc3*(0.885 A) for Ti**(0.745 A). Comparing the tetragonal
structure for x=1 and x=0.95, the results show that the c:a
ratio increased with BaTiO5 content. This may be due to the
phase transition for x=0.95 that occurs close to room tem-
perature, which results in the formation of a pseudocubic
phase.

B. Dielectric behavior of BS-BZT-BT

The dielectric constant and dielectric loss were measured
from 100 Hz to 100 KHz as a function of temperature. The
room-temperature dielectric properties for all of the compo-
sitions in this study are listed in Table I. Figure 3 shows the

permittivity versus temperature at 10 KHz for (1-x)
(BS-BZT)-xBT from x=0.5 to 1.0. It was observed that the
maximum permittivity, €,,, increased with increasing BaTiO5
content. However, temperature at which maximum permittiv-
ity appeared, T,,, exhibited a more complex trend. It is very
clear from the data that, while pure BaTiO; exhibited a
strong first-order phase transition, the addition of BS+BZT
caused a shift toward relaxor ferroelectric behavior. It is well
known that perovskite BaTiO; has three phase transitions
within a wide range of temperature.13 According to our XRD
data in Fig. 2, when mixed with more than 10 mol % BS-
BZT, all three transition temperatures merged into one dif-
fuse transition which is also reflected in the XRD data. This
kind of phenomenon has also been noted when BaTiO; was
mixed with BaZrO3.14 In Table I, the data clearly show that
T,, decreased with increasing BaTiO; content for x=0.9. On
the contrary, 7, increased with BaTiO; content for x=0.95.

1800 For a diffuse phase transition, the degree of diffuseness
(a) * x=0.5 can be obtained from the parameter &, derived via the fol-
1600 . :28? lowing expression:'
£ 1400 28 e [T-T, (]
S —— =1+ (1= y=2). (1)
£ 1200 e'(f.7) 25,
E 1000 tiy,, ”3:::::: The parameter of 7y is degree of dielectric relaxation, where
Fear, y=1 corresponds to a normal first-order ferroelectric phase
800 transition. Larger values of v express more relaxor-
600 ferroelectric behavior of transition. The value of &, repre-
sents degree of diffuseness for transition peaks. Both y and
400 &, were determined from the slope and intercept of In(e,,/&’)
o x=0.9 | vs In(T-T,,). According to Table I, a greater percentage of
4 x=0.92 BS and BZT resulted in a higher degree of diffuseness and
8000 i . ::?'95 stronger relaxor behavior. This can be explained by the in-
b creased cation disorder due to the substitution on the A-site
6000 ': ] by Bi and on the B-site by Sc and Zn.
i % The dielectric property as a function of frequency for

Dielectric constant
B
S
(=]

i8]
g

0 50 100 150 200 250 300 350 400

Temperature(°C)

FIG. 3. (Color online) Dielectric constant of (1-x)(BS-BZT)-xBT as a
function of temperature at measuring frequency of 10 kHz.

(1-x)(BS-BZT)-xBT is shown in Fig. 4. A strong frequency
dependence characteristic of a relaxor ferroelectric was ob-
served. The peaks appearing around 600 °C for x=0.8 are
likely the result of oxygen vacancies.'® Moreover, these com-
positions possess a stable dielectric constant of approxi-
mately 1000 and low loss tangent (tan §<0.01) up to high
temperatures (7<<400 °C). It may have great potential for
high-temperature applications.

The polarization versus electric field measurements at 4
Hz for x=0.5 and x=0.7 are shown in Fig. 5. The samples
used in this study were sintered without being covered,
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FIG. 4. (Color online) Dielectric con-
stant and loss tangent of (1-x)
(BS-BZT)-xBT with x=0.5, 0.7, and
0.8 as a function of temperature.

FIG. 5. (Color online) Polarization
data on (1-x)(BS-BZT)-xBT ceram-
ics at 4 Hz for (a) x=0.5 and (b) x
=0.7.
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FIG. 6. (Color online) The P-E hysteresis loop measured from the ceramic
of x=0.5 at 4 Hz at room temperature.

which, due to the loss of Zn and Bi, resulted in a slight
downward shift in 7', (i.e., on the order of 10 °C-20 °C.
The loop from the ceramic of x=0.5 exhibits a weak nonlin-
earity at room temperature, which is not unexpected given
that the measurements were taken at a temperature in the
vicinity of T,,. At T=-50 °C the slope of the loop decreased
as expected due to the decrease in dielectric permittivity be-
low T,,. Figure 6 displays room-temperature P-E data for x
=0.5 as a function of electric field. As the E-field increases, a
clear elliptical rotation is observed which is another indica-
tion of nonlinear behavior. The x=0.7 sample exhibited a
narrow, weakly nonlinear loop at room temperature which
broadened at lower temperatures corresponding to the in-
creased tan & below the transition temperature (Fig. 4). It is
interesting to note that even at relatively high fields up to 60
kV/cm all the loops were weakly nonlinear with relatively
low polarization values.

C. Phase transformations in the (1-x)(BS-BZT)-xBT
system

Figure 7 presents data on the phase transformation in the
(1-x)(BS-BZT)-xBT system obtained from the dielectric
data. Starting from pure BaTiO; the phase transition de-
creases as the (BS-BZT) content increases to a minimum of
33 °C at x=0.92. At higher (BS-BZT) concentrations the
transition temperature then increases up to x=0.5. Also plot-
ted in Fig. 7 is the diffuseness parameter & as a function of
composition. Pure BaTiO; exhibits a sharp first-order phase
transition, but as the (BS-BZT) content increases a quasilin-
ear increase in ¢ is observed owing to increased relaxor be-
havior.

IV. CONCLUSION

Single-phase perovskite was
(BS-BZT)-xBT for compositions

obtained for
containing at

(1-x)

least

J. Appl. Phys. 102, 044103 (2007)
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FIG. 7. (Color online) Ty, and diffuseness & as a function of BaTiO;
content.

50 mol % BaTiOs. The XRD data revealed that a MPB may
exist between 5—10 mol % BS-BZT added to BaTiOs. The
dielectric characterization revealed that as BS-BZT was
added to BaTiOj; the phase transition became very diffuse.
The relaxor ferroelectric behavior was likely due to complex
cation ordering on the A-site and on the B-site. Due to the
diffuseness of the phase transition, the compositions in this
study exhibited a very stable dielectric constant greater than
1000 and low loss tangents (<0.01) over a wide range of
temperature (7<<400 °C).
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Abstract

The binary system of 0.8Pb(Zr,Ti;,2)O03—0.2Pb(Ni;/3Nb,/3)O3 ceramics were synthesized by conventional mixed oxide and columbite
method. X-ray diffraction analysis demonstrated the coexistence of both the rhombohedral and tetragonal phases for the columbite pre-
pared sample. Rhombohedral to tetragonal phase transition for columbite method was different compared with those of the mixed oxide
method. The permittivity shows a shoulder at the rhombohedral to tetragonal phase transition temperature 7Trpo_Tetra = 195 °C, and
then a maximum permittivity (36,000 at 10 kHz) at the transition temperature 7, = 277 °C on ceramics prepared with the columbite
method. However, piezoelectric coefficient (d33) was measured to be 282 pC/N for the conventional method and higher than the colum-
bite method. The results were related to the phase compositions and porosity of the ceramics.

© 2007 Elsevier B.V. All rights reserved.

PACS: 71.22.—d; 77.22.Gm; 77.84.Dy

Keywords: Phase transition; Dielectric properties; Ferroelectric properties; Columbite method

1. Introduction

Pb(Ni;/;3Nb,/3)03 (PNN) is a relaxor ferroelectric mate-
rial which has a cubic structure at room temperature. It
shows a broad dielectric peak near 7, ~ —120 °C with rel-
ative permittivity near 4000 at 1 kHz [1]. Nanometer-level
chemical heterogeneity in the form of short range ordering
of Ni*" and Nb>* on the B’ site was proposed to account
for the diffuse phase transition [2]. Pure perovkite phase
of PNN can be prepared by the columbite method. This
material can be alloyed with normal ferroelectric to opti-
mize the electrical properties [3].

Lead zirconate-titanate, Pb(Zr,Ti;_,)O3 (PZT) is a nor-
mal ferroelectric material which has been extensively inves-
tigated in the past because of their owing to the

* Corresponding author. Tel.: +66 53 943 376; fax: +66 53 357 512.
E-mail address: rujijanagul@yahoo.com (G. Rujijanagul).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.05.002

exceptionally good dielectric and piezoelectric properties
as well as high Curie temperature (>350 °C) [4]. The high
dielectric and piezoelectric of PZT was found for the com-
position close to the morphotropic phase boundary (MPB).
This MPB is located around PbZrO;:PbTiO; ~ 0.52:0.48
and separates the Ti-rich tetragonal phase from the Zr-rich
rhombohedral phase [4]. PZT-based ceramics were applied
in many areas such as spark igniters, micro-actuators,
sensors, piezo-transformers, transducers and multilayer
ceramic capacitors, electro-optical and micro-electro-
mechanical systems applications [4,5].

Recently, the high electrical properties have been reported
in binary and ternary systems containing a combination
of normal and relaxor ferroelectric materials such as
PleO3—Pb(Mg 1 /3Nb2/3)03 (PT—PMN), Pb(ZI‘Tl)Og,—Pb(ZH] /3"
Nb,/3)05 (PZT-PZN), Pb(Zr Ti)O5-Pb(Ni;/3Nbs/3)O3 (PZT—
PNN) [3,6-9], PbZrO;-PbTiO3;-Pb(Mg;/3Nby/3)03
(PZ-PT-PMN) [10], PbZrO;—PbTiO;-Pb(Ni;/;3Nb,/3)O0;
(PZ-PT-PNN) [7-9] and Pb(Zn;;3Nby/3)03-PbZrO;
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(PZN-PZ) [4]. The solid solution of lead nickel niobate
Pb(Ni;/3Nby/3)O03 (PNN) with Pb(Zr, _, Ti, )O3 (PZT) is also
a relaxor-type ferroelectrics, which has drawn much interest
in recent years for its excellent dielectric, especially electro-
strictive properties [7-9]. Our recent work found that the
maximum relative permittivity (&ymax)) of MPB composi-
tions in the PNN-PZT binary systems is higher than
30,000 [3]. However, the properties and phase transition of
the lead-based ferroelectric materials are strongly influenced
by density, composition, phase, and microstructure which in
turn depend on the method of preparation. In the present
work, the columbite precursor method and conventional
mixed oxide method were used in synthesizing the 0.8PZT—
0.2PNN ceramics. The columbite precursor method is used
as an initial step of preparing columbite precursor
(NiNb,Og) and wolframite (ZrTiO4) precursor followed by
a reaction with PbO to form the binary ceramics system
whereas the conventional method utilizes a one-step reaction
with all of the starting materials. The phase formation, phase
transition and electrical properties of the ceramics prepared
by both the methods were compared and discussed.

2. Experiment procedure

Ceramics of the binary system 0.8PZT-0.2PNN were
prepared via the columbite method and the conventional
method. For the columbite method, the columbite struc-
ture (NiNb,Og) and wolframite structure (ZrTiO4) was
synthesized first. NiNb,Og was formed by reacting NiO
and Nb,Os at 1100 °C for 4 h, while ZrTiO4 was prepared
by reaction between ZrO, and TiO, at 1400 °C for 4 h. The
precursors and PbO (with 2 mol% excess PbO) were
weighed and mixed by ball-milling in a polyethylene bottle
together with partially stabilized zirconia media. The mix-
ture was calcined at 950 °C for 4 h in a double crucible con-
figuration with a heating rate of 20 °C/min. After grinding
and sieving, 5 wt.% of polyvinyl alcohol binder was added.
The calcined powder was cold isostatically pressed into pel-
lets at a pressure of 150 MPa. The pellets were sintered in a
sealed alumina crucible at 1250 °C for 2 h. To compensate
PbO volatilization, the PbO atmosphere for the sintering
was maintained using PbZrOj; as the spacer powder. For
the conventional method, oxides of PbO, NiO, ZrO,,
TiO, and Nb,O5 were mixed in the required stoichiometric
ratios to form the composition 0.8PZT-0.2PNN. The mix-
ture was then followed the same processing condition as
the columbite method. The density of the sintered samples
was measured by Archimedes’ method with distilled water
as the fluid medium. Perovskite phase formation of sin-
tered pellets was checked by X-ray diffraction (XRD).
The microstructures of the sintered samples were examined
using a scanning electron microscopy (SEM). For the elec-
trical measurement, the pellets were polished and then
electroded by gold sputtering. The relative permittivity
(¢;) at various temperature was measured using a LCR
meter in junction with an environmental chamber with a
heating rate of 3 °C/min. The ferroelectric polarization ver-

sus electric field (P-E) measurements was made using a
Sawyer-Tower circuit at 50 Hz. The ceramics were poled
for piezoelectric measurement in silicone oil at 80 °C for
30 min at field strength of 2 kV/mm. The ds3 piezoelectric
coefficient was measured using a d;; meter, 24 h after
poling.

3. Results and discussion

Fig. 1 shows XRD patterns of the 0.8PZT-0.2PNN
ceramics prepared by columbite and conventional meth-
ods. Perovskite phase was observed for both the methods.
XRD patterns for the ceramics over the range 20 = 42-48°
are shown in Fig. 2. There was appearance of multi peaks
due to the superposition of the tetragonal and rhombohe-
dral (200) peaks. In general, the single peak of (200)
reflection results for the rhombohedral phase, whereas it

(110)

Columbite methods

Intensity (a.u.)

-
-
o
E

|

20 30 40 50 60 70 80
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Fig. 1. XRD patterns of 0.8PZT-0.2PNN ceramics prepared by the
conventional method and the columbite method.

Columbite method
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= (zooT)""
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Conventional method
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Fig. 2. XRD patterns of the (002) and (200) peaks of 0.8PZT-0.2PNN
ceramics prepared by the conventional method and the columbite method.



90 G. Rujijanagul, N. Vittayakorn | Current Applied Physics 8 (2008) 88-92

splits into two peaks for the tetragonal phase. In the pres-
ent work, the XRD pattern for the columbite prepared
sample shows a weak splitting of the (200) peak, while
the conventionally prepared sample exhibits a strong split-
ting of the peak. In order to identify the phase composi-
tions between rhombohedral and tetragonal phase, the
(200) peaks can be fitted with Gaussian peaks. For the
conventionally prepared sample, it can be well fitted with
three Gaussian peaks as seen in Fig. 2. However, it can
only be fitted with two peaks for the columbite prepared
sample because of the intensive overlap of the (200) tetrag-
onal and (200) rhombohedral plane. The result indicates
that the columbite method produced the ceramics with
the dominance of the rhombohedral phase (rhombohedral
rich) compared with the conventional method. Similar
behavior was reported by previous authors in another fer-
roelectric system [11].

The ceramic density was measured to be 7.49 g/cm’ and
7.90 g/cm® for columbite and conventional methods,
respectively. The SEM images of fracture surface for
0.8PZT-0.2PNN ceramics prepared by both the methods
are shown in Fig. 3. The porosity levels evident in SEM
micrographs of the ceramics were consistent with the den-
sity values. In addition, the columbite method produces
ceramics with courser grains compared with the conven-
tional method. By using the linear intercept method to

P

Fig. 3. Fracture surface of 0.8PZT-0.2PNN ceramics prepared by (a)
columbite method and (b) conventional method.

the SEM images, the average grain size was determined
to be 5.8 and 2.1 pm for the columbite and conventionally
prepared samples, respectively. The results suggested that
different processing methods develop the ceramics with dif-
ferent density and grain size.

In polar dielectric, in most cases the molecules cannot
orient themselves in the low-temperature region. When
the temperature rises, the orientation of dipoles facilitates,
and this increases the permittivity. Characteristic sets of
curves are obtained if the dependence of the permittivity
of strong polarized dielectrics is plotted versus two variable
factors — temperature and frequency. The variations of the
relative permittivity of the material under investigation
were measured as a function of temperature between
1 kHz and 100 kHz. From Fig. 4, the temperature depen-
dences of dielectric constant depict a typical relaxor behav-
ior with strong dispersion of the dielectric peak at T < T},
(T, the temperature of permittivity maximum) for both
methods. The broad dielectric maxima shifting towards
higher temperature with increasing frequency signify the
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Fig. 4. Temperature dependence on the relative permittivity of 0.8PZT—
0.2PNN at frequencies between 1kHz and 100 kHz: (a) columbite
method; (b) conventional method.



G. Rujijanagul, N. Vittayakorn | Current Applied Physics 8 (2008) 88-92 91

relaxor-like type behavior of the ceramics. Furthermore,
the columbite prepared sample shows stronger frequency
dependence compared with the conventional prepared sam-
ple. However, the frequency dispersion in the 0.8PZT-
0.2PNN ceramics prepared by both the methods is not as
strong as that in the pure relaxor PZN. Fig. 5 shows a com-
parison dielectric result (measured at 10 kHz) between the
conventional and columbite prepared sample. The temper-
ature at which the permittivity is maximum 77, and the rel-
ative permittivity (measured at 10 kHz) for both at room
temperature and at T, is listed in Table 1. The columbite
prepared sample shows a sharp dielectric maximum at
the ferroelectric transition temperature (7y,) of 277 °C with
maximum permittivity value of 36,000 and the convention-
ally prepared sample exhibits a maximum permittivity
value of 35,700 at T, ~ 278 °C. Although the columbite
method helps to improve the dielectric permittivity, the
porosity of the samples was also found to influence on this
value. Therefore, the ceramic prepared via columbite
method exhibits a slightly higher relative permittivity at
T than that of ceramics synthesized by the conventional
method.

The ¢, versus T curves shown in Fig. 4 are also indicative
of thermally induced phase transitions. The permittivity
shows a shoulder at the rhombohedral to tetragonal phase

40000

/| — Conventional method
Rho-Tetra  /* [ amam- Columbite method

30000

200004 50 100 150 200 250 300
Temperature (°C)

Relative permittivity (&)

10000

T T T T T T T T
50 100 150 200 250 300

Temperature (°C)
Fig. 5. Temperature dependence on the relative permittivity of 0.8PZT-

0.2PNN ceramics prepared by the conventional method and the columbite
method measured at 10 kHz.

Table 1
Comparisons of dielectric properties measured at 10 kHz of 0.8PZT-
0.2PNN ceramics prepared by the conventional method and the columbite
method

Method of g at tand at T Er(max) tand at 4,

preparation 25°C  25°C (°C) T (°C)

Columbite 825 0.011 277 36,000  0.047 14.6
method

Conventional 2100 0.014 278 35,700 0.030 16.1
method

transition temperature (7Trno Tetra) ~ 195 °C for the colum-
bite prepared sample as seen in the Fig. 5. However, for the
conventional method, there was observed only one peak
present at the tetragonal to cubic phase transition
T ~ 278 °C. Similar transition (rhombohedral to tetrago-
nal transition) has been reported by previous authors in
other systems [3,12]. The results for the rhombohedral to
tetragonal transition can be related to the XRD results,
i.e. rhombohedral rich composition was observed in cera-
mic prepared by columbite method.

In relaxor ferroelectric materials, the value of relative
permittivity above Ty, does not follow the Curie-Weiss
law. A number of materials show behavior intermediate
between proper ferroelectric and relaxor. A simple qua-
dratic law can be used to describe a second order relaxor
ferroelectric. This arises from the fact that the total number
of relaxors contributing to the permittivity response in the
vicinity of the permittivity peak is temperature dependent.
The diffusiveness parameter (J,) of the transition was deter-
mined from the equation [13,14]:

Er(max) _ (T - Tm)z
i exp <—25% (1)

y

where &qmax) 1S maximum value of the relative permittivity
at T= Ty, and ¢, is the dielectric constant of sample. The
value of the diffuseness parameter can be calculated from
the slope of In(&xmax)/&:) versus (7 — T,,)* curve. This value
is valid for the range of &y max)/e: < 1.5, as clarified by Pil-
grim et al. [13]. The graphs of In(exmax/er) versus (T — Tp,)?
is shown in Fig. 6. The values of parameter J, are listed in
Table 1. The parameter ¢, is calculated to be 14.6 and 16.1
in ceramics prepared with columbite method and conven-
tional method, respectively. A significant increase in J,
for the conventionally prepared sample indicates an in-
creased diffusiveness in the phase transition. This may be
due to the homogeneity at the atomic scale of the columbite
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Fig. 6. The In(eymax/e:) versus (T — Ti)? for 0.8PZT-0.2PNN ceramics
prepared by the conventional method and the columbite method.
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Fig. 7. P-E hysteresis of 0.8PZT-0.2PNN ceramics prepared by the
conventional method and the columbite method.

prepared sample which is much higher than that in the
ceramics prepared by conventional method.

The result of polarization—field (P-E) measurement (at
50 Hz) for ceramics prepared from both the methods is
shown in Fig. 7. The polarization loop of both samples
are well developed showing a large remanent polarization
at zero field. The hysteresis loops have a typical “square”
form stipulated by switching of a domain structure in an
electrical field, which is typical of a phase that contains
long-range cooperation between dipoles. That is character-
istic of a ferroelectric micro-domain state. From the fully
saturated loops, the remanent polarization P, and coercive
field E_ were determined. The values of P, and E, for con-
ventional method are 10.1 pC/cm? and 13.3 kV/cm, respec-
tively, whereas for columbite methods the remanent
polarization P, and coercive field E, are 10.9 uC/cm? and
7.2 kV/cm, respectively. It can be noted that P, for the col-
umbite method is not too much higher than the conven-
tional method, which may be due to the porosity effect.
However, the higher P, and lower E_ can be related to
the more rhombohedral phase in the columbite prepared
sample [15]. This trend is agreed with the results from the
previous works in PMN-PZ-PT and PZT ceramics [16,17].

In order to study the piezoelectric property of the sam-
ples, the ds; piezoelectric coefficient was measured at the
same condition. The d;; values were found to be 282 and
202 pC/N for the ceramics prepared by conventional and
columbite method, receptively. The ds3 value for the con-
ventional method is relatively high compared to those
reported in the literature for the same system [18]. How-
ever, di3 value for the columbite sample was lower than
the conventional method. The lower ds; value is likely

due to the higher porosity of the columbite prepared sam-
ple. This effect also made the ceramics difficult to pole.

4. Conclusions

The properties of 0.8PZT-0.2PNN ceramics prepared
by the conventional method and the columbite methods
were investigated. Phase transition behavior, dielectric,
and ferroelectric properties were found to depend on the
phase composition of the samples with association with
the methods of preparation. Although a slightly higher
dielectric constant was observed in the columbite prepared
sample, the better piezoelectric property was found for the
conventionally prepared sample. These results were attrib-
uted to the porosity effect.
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Abstract

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

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

© 2007 Elsevier B.V. All rights reserved.
PACS: 77.22.—d; 77.80.Bh; 77.84.Dy; 61.10.Nz; 77.80.Dj

Keywords: Ferroelectric; Relaxor ferroelectric; Perovskite

1. Introduction

Since the late 1960s, lead titanate:lead zirconate ceramic
(generally known as Pb(Zr;_,Ti,)O3; or PZT), near the
tetragonal-rhombohedral morphotropic phase boundary
has been considered an important material for a wide range
of piezoelectric, pyroelectric and ferroelectric device appli-
cations such as transducers, computer memory and display
and pyroelectric sensors [1,2]. Most commercial PZT
ceramics are thus designed in the vicinity of the morpho-
tropic phase boundary (MPB) with various doping in order
to achieve optimum properties [1,2]. Recently, many

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

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

piezoelectric ceramic materials have been developed from
binary systems containing a combination of relaxor and
normal ferroelectric materials [3] which yield high dielec-
tric permittivities {e.g. Pb(Zn,;3Nb,/3)O3-PbTiO3 (PZN-
PT) [4,5], Pb(Zr,/>Ti;/2)O3—Pb(Niy/;3Nby/3)03 (PZT-PNN)
[6]}, excellent piezoelectric coefficients {e.g. Pb(Zn;;3Nby/3)-
Og—PleOg (PZN—PT) [4,5], Pb(Zrl/zTi1/2)03—Pb(Zl’11/3Nb2/3)-
O3 (PZN-PZT) [7], Pb(Sci/3Nb,/3)O5-PbTiO; (PSN-PT)
[8,9]}, and high pyroelectric coefficients {e.g. Pb(Nijs-
Nb,/3)O3-PbTi0O5-PbZrO;(PNN-PT-PZ) [10]}.

Lead cobalt niobate (Pb(Co,/3Nb;/3)O3, PCoN) is a typ-
ical relaxor ferroelectric characterized by a high dielectric
constant, a broad diffuse phase transition near —70 °C
and low firing temperature [11]. Though the paraelectric—
ferroelectric transition temperature of PCoN is below room
temperature, it can be easily shifted upward with the
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Fig. 1. Compositions studied in the PbTiO3-PbZrO;—Pb(Co;/3Nb,/3)03
ternary system.

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

Since PCoN is a relaxor ferroelectrics with a broad
dielectric peak near T, ~ —70 °C and PZT (Zr/Ti = 50/50)
is a normal ferroelectric with a sharp maximum permittivity
at T, ~ 390 °C, the curie temperature in PZT-PCoN system
can be engineered over a wide range of temperature by con-
trolling the amount of PCoN in the system. However, the
PZT-PCoN ceramics have not been obtained as yet.
Fig. 1 schematically shows the pseudo-ternary composition
range which was studied in this work compared with other
studies [2]. In order to get more information about combi-
nation of relaxor and normal ferroelectric materials and
to recognize the properties of PZTCoN ceramics, this paper
attempted to carry out the synthesis of the quasi-binary
solid solution (1 — x)Pb(ZrO_5Ti045)03—be(Co1/3Nb2/3)03,
with x = 0.0-0.5 using a solid-sate reaction method and to
report some properties of obtained ceramics.

2. Experimental

Ceramics of (1 — X)Pb(ZI‘OA5Ti0.5)03*XPb(CO1/3Nb2/3)-
O3(PZT-PCoN) with x =0-0.5 were synthesized using
the solid-state reaction method. The CoO (99.9%), Nb,Os5
(99.9%), PbO (Fluka, >99% purity) TiO, (99.8%) and
Zr0, (99%) were mixed and milled in ethyl alcohol for
18 h using a ball-milling. After drying at 120 °C for 2 h,
the reaction of the uncalcined powders taking place during
heat treatment was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analysis
(TGA; Shimadzu), using a heating rate of 10 °C/min in air
from room temperature up to 1400 °C. Based on the TG—
DTA results, the mixture was calcined at various tempera-
tures ranging from 650 to 900 °C, dwell times 4h and

heating/cooling rates ranging 20 °C/min, in closed alumina
crucible, in order to investigate the perovskite phase forma-
tion. The calcined powders, with polyvinyl alcohol (PVA)
added as binder, were pressed into pellets of 15 mm diam-
eter and ~2 mm thickness, which were then sintered at
1100-1200 °C in Pb-atmosphere for 4 h in a closed alumina
crucible. X-ray diffraction (XRD; Philips PW 1729 diffrac-
tometer) using Cu K, radiation was used to determine the
phases formed and optimum firing temperatures for the
formation of desired phase. For measuring the dielectric
and ferroelectric characteristics, the specimens were pol-
ished to 1 mm thickness. After ultrasonic cleaning in etha-
nol bath, silver-paste was coated on the polished samples
on both sides by the screen printing method, and then
subsequently, fired at 650 °C for 30 min. For the dielectric
properties measurement, capacitance was measured at
1 kHz using an automated measurement system consisted
of an LCR meter (HP-4284, Hewlett—Packard Inc.). The
dielectric constant is then calculated from ¢, = Cd/epA,
where C is the capacitance of the sample, d and A4 are the
thickness and the area of the electrode, respectively, and
& 1s the dielectric permittivity of vacuum (8.854 x
107'2 F/m). The ferroelectric hysteresis loop parameters
were measured with aid of a home-built Sawyer-Tower
circuit.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed
in the stoichiometric proportions of PZT-PCoN is illus-
trated in Fig. 2. In the temperature range from room tem-
perature to ~350 °C, the sample shows both exothermic
and endothermic peaks in the DTA curve, in consistent
with a slight drop in weight loss at the same temperature
range. These observations can be attributed to the decom-
position of the organic species from the milling process
[12,13]. The different temperature, intensities, and shapes
of the thermal peaks probably are related to the different
natures of the organic species and consequently, caused
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Fig. 2. DTA-TG curves for the mixture of PZT-PCoN powder.
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by the removal of species differently bounded in the net-
work [13]. In the temperature range 650-900 °C, both exo-
thermic and endothermic peaks are observed in the DTA
curve. The enlarged zone of this DTA curve shows that
the endothermic peak at ~750 °C should be correlated to
the phase transition of perovskite structure, because no
weight loss could be found in the TG curve and that is also
in accordance to literature data [14,15]. The last endother-
mic peak centered at ~840 °C may be caused by the decom-
position of lead oxide. As a result, crystallization of PZT-
PCoN powders is established above ~750°C. Further
increase in temperature or heating time will promote crys-
tallization of perovskite phase powders. These data were
used to define the range of temperatures (650-950 °C) for
XRD investigation. To study the phase development with
increasing calcination temperature, all compositions were
calcined at various temperatures for 4 h in air with con-
stant heating/cooling rates of 20 °C/min, followed by phase
analysis using XRD technique.

XRD patterns of the calcined 0.7PZT-0.3PCoN pow-
ders at different calcination temperatures are illustrated
Fig. 3. The XRD results show that the pyrochlore phase
Pb,Nb,O. pyrochlore phases was dominant at calcination
temperatures below 700 °C. In the work by Chen et al.
[12] it was reported that in the lead—niobium pyrochlore
system the cubic PbsNb4O;3, pyrochlore phase (ICDD
No. 25-443) forms first around 580 °C. At higher temper-
atures, it transforms to Pb,Nb,O;, (ICDD No. 40-828)
and finally to PbsNb,Og, (ICDD No. 30-712) with
increased calcination temperatures. At 700 °C, the pyroch-
lore phase began to decrease and disappeared completely at
750 °C. The yield of the perovskite phase increased signif-
icantly until at 750 °C, a single-phase of perovskite phase
was formed. The studies also reflect the growth of crystal-
linity in the powders with the increasing heat-treatment
temperatures. The results of the X-ray diffraction measure-
ment support the DTA observation (Fig. 2) that the perov-
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Fig. 3. XRD patterns of 0.7PZT-0.3PCoN powder calcined at various
temperature for 4 h.

skite phase is formed at approximately 750 °C. The
relationship between the relative content of perovskite
phase and the calcination temperature is illustrated in
Fig. 4. The relative content of perovskite phase is calcu-
lated based on the value of (IPe(llO)/(IPe(llO)+IPy(222)))a
where Ipei10) and Ipy22) indicate the intensity of the
(110) diffraction peak of perovskite phase and the intensity
of the (222) diffraction peak of the pyrochlore phase,
respectively. Based on the XRD data obtained here
together with the % phase perovskite, it may be conclude
that the change in the calcination temperature is approxi-
mately linear with respect to the PCoN content in the range
x = 0.0-0.5. With an increase in x, the calcination temper-
ature shifts up to high temperatures. The XRD patterns of
(1—x)PZT-xPCoN ceramics with various x values are
shown in Fig. 5. The patterns show single-phase perov-
skite-structured ceramics with x < 0.4. Evidence for the
pyrochlore or other second phases was not detected in
the patterns. Pyrochlore peaks, identified with “*” in
Fig. 5, were found in the samples with x =0.5. These
results indicated that the presence of PCoN in the solid
solution decreases the structural stability of PZT perov-
skite phase by its tolerance factor and electronegativity
[16].

The PbZrO;-PbTiO; phase diagram predicts that at
room temperature Pb(Zr,/,Ti;/»)Oj3 falls within the tetrago-
nal phase field near the MPB. The crystal symmetry for
pure PCoN is cubic at room temperature. Below
Tmax =~ —70 °C, the symmetry changes to rhombohedral.
Therefore, with increasing x the crystal symmetry should
change due to the effects of the increased PCoN fraction
and the decrease in Tc. It is well know that in the
pseudo-cubic phase, the {200} profile will show a single
narrow peak because all the planes of {200} share the same
lattice parameters, while in the tetragonal phase, the {200}
profile should be split into two peaks with the intensity
height of the former being half of the latter because the
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Fig. 4. Percentage of perovskite phase as a function of calcinations
temperature for (1 — x)PZT-xPCoN powder.
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Fig. 5. XRD patterns of (I — x)PZT-xPCoN ceramics.

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

Based on the careful XRD study of {200} reflections in
Fig. 6, we can find that a phase transformation from the
tetragonal structure to the pseudo-cubic structure occurs
with increasing PCoN content. The ceramics exist as
tetragonal phase which is indicated by the splitting of
(002)1 and (200) peaks in the 20 range from 43.5° to
46.5° at x =0.10. As PCoN content increases from x =
0.1 to 0.3, the ceramics coexist as tetragonal and pseudo-
cubic phase revealed by the coexistence of (002)tr and
(200)r peaks in the 26 range from 43.5° to 45.5°. To a first
approximation, it could be said that the composition with
x =0.1-0.2 is close to the morphotropic phase boundary
(MPB) of the Pb(Zro_SoTiO.SQ)OgﬁPb(CO1/3Nb2/3)03 system,
where the structure of the PZT-PCoN compositions is
gradually changing from tetragonal to pseudo-cubic. Elec-
trical data described later further supports this assumption.
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Fig. 6. XRD pattern of the (200) peak of (1 — x)PZT-xPCoN, x = 0.0-
0.1 ceramics.

The ceramics with x =0.50 exist as pseudo-cubic phase
revealed by the single (200)g peak. It is interesting to note
that the influence of the addition of Pb(Co;/;3Nby/3)0;
on the phase transition of the Pb(Zr;,Tij»)O; system
is similar to that of Pb(ZI’]/QTi1/2)03—Pb(Ni1/3Nb2/3)03,
Pb(Zry/>Ti1/2)03-Pb(Mg;/3Nb/3)O3 and Pb(Zry:Tiy/2)03-
Pb(Zn,/3Nb,/3)O3 systems [6,17-19].

The dielectric properties of (1 — x)PZT-xPCoN, x =
0.0-0.5 are illustrated in Fig. 7. With increasing concentra-
tion of PCoN, the dielectric constant tends to increase. The
effect of increasing the dielectric constant at room temper-
ature with increasing PCoN content is interpreted to be due
to the possibility of the decrease of the transition tempera-
ture to near room temperature. Because of when PCoN is
added into PZT, the transition temperature of the PZT—
PCoN ceramics are shifted towards the room temperature;
hence the dielectric properties measured at room tempera-
ture are increased. Other authors have reported a similar
behavior [6,20]. Fig. 8 shows the saturated loops of
0.9PZT-0.1PCoN samples with difference electric fields
strengths. It is clearly evident that the shape of hystere-
sis various greatly with the electric fields strength. At
5 kV/cm electric fields strength, a near-linear relationship
of P-E is observed. This result is due to the fact that the
electric field is not large enough to switch any domains.
At 10 kV/cm electric fields, the polarization nonlinearity
is developed in both regions of the positive and negative
fields. These results clearly demonstrate that the electric
field strength of 10 kV/cm is of enough energy to con-
strain realignment of some domains in the direction of
the applied fields. No evidence of pinning effect or asym-
metric loop was detected in all electric fields strength. At
25kV/em electric field strength, the loop reveals fully
developed symmetric hysteresis loop. This shows that the
electric fields strength of 25 kV/cm has of enough energy
to constrain realignment of all domains in the direction
of the electric fields.
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Fig. 7. Relative permittivity of (1 — x)PZT-xPCoN as a function of
compositions.
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Fig. 9 illustrates the P-E curves of the samples with
x=0.0, 0.1 and 0.5 measured at 25 kV/cm. All composi-
tions show symmetry in shape and reveal rectangular hys-
teresis loops. From the fully saturated loops, the remanent
polarization P, and coercive field E. were determined. The
values of P, and E, for composition x = 0.1 are 21.4 uC/
em” and 9 kV/cm, respectively, whereas for composition
x =0.0 the remanent polarization P, is 15.2 pC/cmz. At
the composition 0.0 < x < 0.5, the hysteresis loop has a
typical “square” form stipulated by switching of a domain
structure in an electrical field, which is typical of a phase
that contains long-range cooperation between dipoles.
That is characteristic of a ferroelectric micro-domain state.
Room temperature values of P, are found to be ~15.2, 21.4
and 25.3 uC/cm? for composition x = 0.0, 0.1 and 0.5 sam-
ples, respectively. The results on other compositions are
also listed Table 1.

It is seen that the samples with compositions x = 0.1 and
0.5 exhibit the highest saturation and remnant polarization
among all the ceramics studied. As indicated by the above
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Fig. 9. Hysteresis loops of the (1 — x)PZT-xPCoN ceramics with x = 0.0,
0.1 and 0.5 measured at 25 kV/cm.

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

Composition P, (nC/cm?) P, (nC/cm?) E. (kV/cm)
x=0.0 19.3 15.2 16.7
x=0.1 25.0 21.4 9.0
x=0.2 10.1 9.5 9.7
x=03 12.5 7.6 8.4
x=04 13.9 8.6 9.8
x=0.5 28.7 253 9.3

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

4. Conclusions

The effect of PCoN modification on the phase formation
and transition mechanism of perovskite PZT-PCoN
ceramics has been investigated for various chemical com-
positions. X-ray diffraction has indicated that except at
x =0.5, complete solid solutions occur across the entire
compositional range of the (1 — x)Pb(ZrgsTig5)O3—
xPb(Co;/3Nb,/3)O; system. PZT ceramic was identified
by XRD as a single-phase material with a perovskite struc-
ture having tetragonal symmetry, while the mixed compo-
sitions showed a gradual change from tetragonal to
pseudo-cubic symmetry, with a possible morphotropic
phase boundary (MPB) between the two phases near the
0.9PZT-0.1PCoN composition. Ferroelectric and dielectric
properties of the PZT-PCoN ceramics were investigated.
The maximum value of remnant polarization P, (25.3 pC/
cm?) was obtained for the 0.5PZT—0.5PCoN ceramic. Most
importantly, this study showed that the addition of PCoN
could improve the ferroelectric behavior in PZT ceramics.
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Abstract

The binary system of lead zirconate titanate [Pb(Zr;,Ti;2)O3, PZT] and lead cobalt

niobate [Pb(Coj,3Nb, /303, PCoN] was fabricated using a high temperature solid state reaction
method. The structure and homogeneity of the ceramics obtained have been investigated using
x-ray diffraction. The morphology of the ceramics was characterized by scanning electron
microscopy (SEM). The results indicated that the presence of PCoN in the solid solution
decreases the structural stability of PZT perovskite phase. A transition from tetragonal to
pseudo-cubic phase was observed as PCoN increased and the co-existence of
tetragonal—pseudo-cubic phases occurred at composition with x = 0.3. The permittivity
showed a ferroelectric to paraelectric phase transition at 236 °C with a maximum

value = 39 000 at 100 Hz at the morphotropic phase boundary (MPB) composition.

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

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

1. Introduction

Lead zirconate titanate (PZT) is a very important material
due to its excellent spontanecous polarization. Hence, the
ability to produce small actuator components, ultrasonic
transducers, hydrophones, speakers, fish finders, sensors,
electrical resonators and other devices for microelectronics
would be very useful [1, 2]. PZT has an ABOj; type perovskite
structure with the A-site (Pb*") occupying the cubo-
octahedral interstices described by the BOg-site octahedra.
PZT is a solid solution of ferroelectric PbTiO3(7, = 490 °C)
and antiferroelectric PbZrO3(7. =230°C) phases [3]. At
room temperature all compositions are ferroelectric when the
Zr : Tiratio < 95: 5. Above the Curie temperature, the unit
cell is cubic, but below, it is distorted to either tetragonal
(Zr : Ti < 53 :47) or rhombohedral (Zr : Ti > 53 : 47). The
boundary between these two phases (Zr : Ti ~ 53 : 47 at room
temperature) is known as the morphotropic phase boundary
(MPB) [3]. The best piezoelectric and ferroelectric properties
can be obtained in PZT near the MPB [4]. Most commercial

0031-8949/07/129199+06$30.00 © 2007 The Royal Swedish Academy of Sciences

PZT ceramics are thus designed in the vicinity of the MPB
with various doping in order to achieve optimum properties
[2, 5]. Recently, many piezoelectric ceramic materials
have been developed from binary systems containing a
combination of relaxor and normal ferroelectric materials [6]
which yield high dielectric permittivities (e.g. PZN-PT [7,
8], PZT-PNN [9]), excellent piezoelectric coefficients (e.g.
PZN-PT [7, 8], PZN-PZT [10], PSN-PT [11, 12]) and high
pyroelectric coefficients (e.g. PNN-PT-PZ) [13].

Lead cobalt niobate (Pb(Co;/;3Nby/3)O3, PCoN) is
a typical relaxor ferroelectric characterized by a high
dielectric constant, a broad diffuse phase transition near
—70°C and low firing temperature [14]. Though the
paraelectric—ferroelectric transition temperature of PCoN is
below room temperature, it can be easily shifted upward
with the addition of PbTiO; (PT), which is a normal
ferroelectric compound with a phase transition at 490 °C.
It was reported that the Pb(Coj/3Nb,/3)03—PbTiO3(PCNT)
system had a MPB at about 0.38 mol fraction PbTiO3 and the
PCNT ceramics near MPB showed higher Curie temperature
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(T, ~250°C). So the PCoN-based relaxors are one of the
most attractive materials for multilayer ceramic capacitors and
electrostrictive actuators [5].

Since PCoN is a relaxor ferroelectric with a broad
dielectric peak near 7, &~ —70°C and PZT (Zr/Ti = 50/50)
is a normal ferroelectric with a sharp maximum permittivity
at T.~390°C, the Curie temperature in the PZT-PCoN
system can be engineered over a wide range of temperature
by controlling the amount of PCoN in the system. With their
complementary characteristics, it is expected that excellent
properties can be obtained from ceramics in the PZT-PCoN
system. So far, there have been no systematic studies
on the structural and dielectric properties of the whole
series of PZT-PCoN compositions, which would help in
identifying excellent electrical properties within this system.
In the present study, PZT and PCoN were chosen as end
components to prepare solid solutions via a high temperature
solid state reaction method. Structure and morphology
are investigated by x-ray diffraction (XRD) analysis and
scanning electron microscopy (SEM) respectively. Finally, the
dielectric properties of PZT-PCoN ceramics are determined
as a function of temperature and frequency to establish
structure—property relationships.

2. Experimental

Samples with the composition of (1 —x)Pb(Zry5Tips5)O03—
xPb(Coy/3Nby/3)O3(PZT-PCoN) with x = 0-0.5 were syn-
thesized using the high temperature solid state reac-
tion method. CoO (99.9%), NbyOs (99.9%), PbO (Fluka,
>99% purity) TiO; (99.8%) and ZrO; (99%) were mixed and
milled in ethyl alcohol for 18 h using a ball-mill. In all com-
positions, 2 mol% excess PbO was added to compensate for
lead volatilization during calcination and sintering. After re-
milling and drying, the mixtures were calcined at 700-950 °C
for 4h in alumina crucible configuration with a heating rate
of 20°Cmin~". The calcined powders were milled for 3 h for
reduced particle size. After grinding and sieving, the calcined
powder was mixed with 5 wt.% poly (vinyl alcohol) binder
and uniaxially pressed into a pellet. Binder burnout occurred
by slowly heating to 500 °C and holding for 2 h. Sintering oc-
curred between 1100 and 1250 °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 PbZrO;
powder. The perovskite phase was examined by XRD. Data
collection was performed in the 26 range of 20°-70° using
step scanning with a step size of 0.02° and counting time of
2sstep”!.

After surface grinding, the samples were electroded using
sputtered gold and air-dried silver paint was applied. The
relative permittivity (&) and dissipation factor (tan §) were
measured using an automated measurement system. This
system consisted of an LCR meter (HP-4284A, Hewlett-
Packard Inc.) in connection with a sample holder (Norwegian
Electroceramics) capable of high temperature measurement.
The capacitance and dissipation factors of each sample were
measured at 100 Hz, 1, 10 and 100 kHz and temperature varied
between 25 and 400°C. A heating rate of 2°Cmin~! was
used during measurements. The dielectric constant is then
calculated from ¢, = Cd/e, A, where C is the capacitance of
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Figure 1. XRD patterns of PZT-PCoN ceramics.

the sample, d and A are the thickness and the area of the
electrode, respectively, and ¢, is the dielectric permittivity of
vacuum (8.854 x 1072 Fm™1).

3. Result and discussion

3.1. Crystal structure and microstructure

The XRD patterns of (1 —x)PZT-xPCoN ceramics with
various x values are shown in figure 1. The patterns show
single-phase perovskite-structured ceramics with x < 0.4.
Evidence for the pyrochlore or other second phases was not
detected in the patterns. Pyrochlore peaks, identified by “*’ in
figure 1, were found in the samples with x = 0.5. These results
indicated that the presence of PCoN in the solid solution
decreases the structural stability of PZT perovskite phase by
its tolerance factor and electronegativity [15]. Figure 2(A)
shows a SEM micrograph of the polished surface of the
sintered pellet sample. The ceramic has a close microstructure
with low porosity, and the packed grains are in the size range
of 1-4 um. It was found from the SEM micrograph that
grains of different sizes are homogeneously distributed over
the entire surface of the sample, and hence the sample is
highly dense. It should be noted that a rectangular shape of
Pb3;Nb4O,3 or octahedral shape of pyrochlore phase has been
reported inside and on the surface of the composition x = 0.5
as shown in figure 2(B).

The PbZrO;—PbTiO3; phase diagram predicts that at
room temperature Pb(Zr; ,Ti;2)Os falls within the tetragonal
phase field near the MPB. The crystal symmetry for pure
PCoN is cubic at room temperature. Below Tj,.x =~ —70°C,
the symmetry changes to rhombohedral. Therefore, with
increasing x the crystal symmetry should change due to the
effects of the increased PCoN fraction and the decrease in
Tc. Tt is well known that in the pseudo-cubic phase, the
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 {2 0 0} profile should be split into two
peaks with the intensity height of the former being half of the
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Figure 3. XRD pattern of the (2 0 0) peak of (1 — x)PZT—xPCoN,
x = 0.0-0.1 ceramics.

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 PCoN concentration, the XRD pattern
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Figure 4. Dielectric properties as a function of temperature at
frequencies between 100 Hz and 100 kHz.

shows strong (2 0 0) peak splitting which is indicative
of the tetragonal symmetry. As the PCoN concentration
increased, the (2 0 0) transformed to a single peak which
suggests pseudo-cubic symmetry. The results show that
the mixed phase region of the coexisting ferroelectric
tetragonal and ferroelectric pseudo-cubic phases is located
in the composition x = 0.3 of the (1 — x)PZT—xPCoN binary
system. A transition from tetragonal to pseudo-cubic phase
was observed as PCoN increases. It is interesting to note
that the influence of the addition of Pb(Co;/;3Nby/3)0;3
on the phase transition of the Pb(Zri;;Ti;;»)O3 system is
similar to that of the Pb(Zrl/zTil/2)03—Pb(Ni1/3Nb2/3)O3 and
Pb(Zrl/zTi1/2)03—Pb(Zn1/3Nb2/3)03 systerns [9, 16, 17]

3.2. Dielectric properties

The characteristic temperature and frequency dependence of
the relative permittivity for (1 — x)PZT-xPCoN, x = 0.1-0.5
is shown in figure 4. With increasing concentration of
PCoN, the dielectric constant tends to increase. The effect
of increasing dielectric constant at room temperature with
increasing PCoN content is interpreted to be due to the
possibility of the decrease of the transition temperature to
near room temperature. The dielectric properties of PZT
ceramic change significantly with temperature, but are nearly
independent of frequency, except in the vicinity of the
phase transformation temperature [18, 19]. This is a typical
characteristic of ferroelectric ceramics with a long-range
ordered structure. The Curie temperature (7¢) for PZT
ceramic is not determined in this study as a result of
limited range of the measuring set-up, though it is widely
known to be close to 400°C [18, 19]. While PZT exhibits
normal ferroelectric behaviour, PCoN is a relaxor ferroelectric
material as a result of short-range ordered structure with
nanometer scale heterogeneity in composition [20].

The nature of the homogeneously polarized states is
believed to be primarily controlled by the concentration of
PCoN. When PCoN is added to form the binary system
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Table 1. Characteristics of (1 — x)PZT—-xPCoN ceramics with optimized processing conditions.

Relative Relative

Composition  Crystal permittivity  permittivity tan 6 tan 0

x structure T, (°C) at25°C at Thax at25°C  at T, )

0.1 T 336 350 5500 0.042 0.024 10.1

0.2 T 288 580 27500 0.042 0018 324

0.3 PC+T 136 875 39500 0.029 0.025 339

0.4 PC 199 1250 7700 0.011  0.047 48.6

0.5 PC 161 1900 22000 0.005 0.182  49.6

PC = Pseudo-cubic, T = tetragonal.
with PZT, a clear shift of the transition temperature to _
lower temperatures was observed. In addition, the dielectric . Morphotropic Phase smmum% —e— Calculated T_ =
maximum decreased as the x value increased. Moreover — _ 8 |—’g AT, oo 2
the dielectric peak became broader as the PCoN content 5_{ : /é g
iqcreaged. It .is interesting to note that all compositions show g 300z 2 é e g
dispersive dielectric behaviour with respect to frequency. = o jﬁ =)
However, the frequency dispersion in the PZT-PCoN binary = 2504 & % \ b
system is not as strong as that in the pure relaxor PCoN. = ; . = [P -F:g
A smooth transition from normal to relaxor ferroelectric §_ - ﬁ h :51
behaviour is observed with increasing mole percent of 2~ % “\.‘. 2y g
PZT from x =0.1 to 0.5. This transition is characterized & é NN B ?
by the enhancement of the first-order nature of the phase 304 4 //,/4 = @ é
transformation and the diminishment of the relaxor behaviour . , ? ‘ : -

01 02 03 0.4 05

(i.e. the permittivity dispersion) over the broad temperature
range in the vicinity of Tp.x. Similar phenomena have
been observed in PZT-PZN [16, 17], PZT-PNN [9] and
PZT-PMN [19]. For all compositions, table 1 lists the
temperature at which the permittivity is maximum (7jay),
and the relative permittivity both at room temperature and
at T It is also evident from figure 4 and table 1
that 0.7 PZT-0.3 PZN composition exhibited a maximum
permittivity of approximately 39 000 (at 1 kHz) with a Tax ~
236°C. Combined with the XRD examination described
in section 3.1, the anomaly in dielectric properties clearly
indicates a phase transformation over that compositional
range. Therefore, an MPB separating the tetragonal phase
(PZT-rich) from the pseudo-cubic phase (PCoN-rich) exists
at the composition x = 0.3.

It should also be noted here that the PCoN-rich samples
show very strong frequency-dependent dielectric dispersion
significantly at high temperature (7 > Tp.x) as a result of
thermally activated space charge conduction. In general, lead-
based ceramic is known to have a significant concentration
of oxygen vacancies due to super-oxidation, where there
exists an excess of Pb-vacancies due to the lead oxide
volatility over oxygen vacancies [3]. This results in the
generation of space-charge fields which stabilize the domain
structure [21]. However this behaviour may be caused by the
valence variation between Co*" and Co®". The conduction
resulting from the addition of PCN can be understood from
the charge hopping mechanism common among transition
metal ions. These ions, such as Fe, Ni, or Co, can assume
different charge states more readily than other cations: when
Co enters the perovskite lattice as a 2* cation, it can undergo a
local thermodynamic reaction through Co** = Co®" +e~. The
electron is mostly likely attached to the Co*" cations, but the
transfer of the electronic charge from one cation to another
through the lattice results in charge conduction. This charge
transfer process corresponds to a low mobility and is similar to
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Composition x

Figure 5. Transition temperatures (7y,), calculated 7;, and
maximum relative permittivity (&; ) as a function of
composition x.

the small polaron mechanism [22]. The maximum permittivity
&r.max and Tiax as a function of the mole fraction of PCoN (x)
are represented in figure 5. There is a good linear relationship
between T and x, indicating that this system is a well
behaved complete solid solution. The T, of the constituent
compounds PCoN and PZT are —70 and 390 °C, respectively,
which can be used to calculate an empirical estimate of Tiy.x
via the equation:

Tmax =x(390 °C) + (1 —x)(—120°C) 1)

The variation of the measured Tn.x, the calculated
Tinax, and the measured &; . as a function of composition
x is shown in figure 6. The highest & max of 39000 at
236°C at 10 kHz was observed for the composition at the
MPB 0.7PZT-0.3 PCoN. It is evident from the data that
equation (1) gives a reasonable approximation of the transition
temperature Tp,x. This result suggests that the transition
temperature of the (1 — x)PZT—xPCoN system can be varied
over a wide range from —70 to 390 °C by controlling the
amount of PCoN in the system.

It is generally accepted that a relaxor ferroelectric can
be described by a simple quadratic law. This arises from
the fact that the total number of relaxors contributing to the
permittivity response in the vicinity of the permittivity peak
is temperature-dependent, and the temperature distribution
of this number is given by a Gaussian function about a
mean value T, with a standard deviation o. The diffusiveness
parameter (§) of the transition was calculated from the
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expression (23):

Knm ((T -~ Tm<f>)2>
] s @)
K(f, T) 252

where K, is the maximum value of the dielectric constant at
T =Tn(f) and K(f, T) is the intrinsic dielectric constant of
the sample. If In (K,/K,) is plotted versus (7 — Ti)?, the
slope of the fitted curve, 1/(282), will give the value of the
diffuseness parameter. As clarified by Pilgrim et al [23],
the estimate of § is valid for the range of K, /K (f, T) < 1.5.
Figures 3(a) and (b) display the curves of In (K,/K(f, T))
versus (T — Ty,)? under the condition K.,/K(f,T) < 1.5.
The diffuseness parameter increased significantly with PCoN
substitution. A similar trend was also observed for substitution
with alkali-earth metals in lead-based perovskites [24-27].
The parameter 6 can be used to measure the degree of
diffuseness of the phase transition in mixed normal-relaxor
ferroelectric materials. The lower § value in the PZT-rich
samples indicates that the homogeneity at the atomic scale is
much higher than in PCoN-rich samples. As the PCoN mole
fraction increases, the solid solution displays more diffuse
phase transition characteristics.

4. Conclusions

The (1—x)Pb(ZI'1/2Ti1/2)03—(X)Pb(C01/3Nb2/3)03 (Where
x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) ceramic composites
are prepared using a high temperature solid state reaction
method. The dielectric properties of the ceramics are
determined as functions of both temperature and frequency
with an automated dielectric measurement system. Dielectric
measurements are taken over the temperature range of
25-400°C with measuring frequency between 100Hz
and 100kHz. The results indicate that the dielectric
properties of the binary system PZT-PCoN follow normal
and relaxor ferroelectric behaviour. Dielectric behaviour
of the 0.9PZT-0.1 PCoN ceramics is more like normal
ferroelectrics, while the other compositions are obviously

of diffuse phase transition. It is also observed that the
transition temperature decreases and the maximum dielectric
constant increases with increasing amount of PCoN in the
system. Investigations on the structure and properties of the
PZT-PCoN system over the range x = 0.1-0.5 reveal an MPB
at x = 0.3, separating tetragonal phase from pseudo-cubic
phase. Examination of the dielectric spectra indicates that
PZT-PCoN exhibits an extremely high relative permittivity at
the MPB composition. The permittivity shows a ferroelectric
to paraelectric phase transition at 236 °C with a maximum
value = 39 000 at 100 Hz at the MPB composition.
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Ceramics in a PZT-PCN system with the formula (1 — x)Pb(Zr; > Ti;;2)O3—(x)Pb(Coy,3Nb,/3)O3, where x = 0.1-0.5, were
prepared using a solid-state mixed-oxide technique (the columbite-wolframite precursor method). The phase formation
behavior and microstructure were studied using X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM),
respectively. The dielectric and ferroelectric properties of the compounds were studied and discussed. Phase-pure perovskites
of PZT-PCN ceramics were obtained over a wide compositional range. In addition, the XRD, dielectric, and ferroelectric
properties confirmed that the morphotropic phase boundary (MPB) composition between the tetragonal and pseudo cubic

phases of this system lied between 0.2 < x < 0.3.

[DOLI: 10.1143/JJAP.47.998]
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1. Introduction

Lead-based perovskite-type solid solutions consisting of
ferroelectric and relaxor materials have attracted more and
more fundamental and practical attention because of their
excellent dielectric, piezoelectric, and electrostrictive prop-
erties, which are useful in actuating and sensing applica-
tions.” Recently, many piezoelectric ceramic materials have
been developed from binary systems containing a combina-
tion of relaxor and normal ferroelectric materials® that yield
high dielectric permittivities [e.g., Pb(Zn;;3Nb,/3)O03—
PbTiO; (PZN-PT)** and Pb(Zr; > Ti1/2)O3-Pb(Nij/3Nby/3)-
03 (PZT-PNN)”], excellent piezoelectric coefficients [e.g.,
Pb(Zl’ll/3Nb2/3 )O3—PbTiO3 (PZN—PT),sA) Pb(Zr1/2T11/2)03—
Pb(Zn;3Nby/3)03 (PZN-PZT),” and Pb(Sci/3Nby/3)03—
PbTiO; (PSN-PT)”¥], and high pyroelectric coefficients
[e.g., Pb(Nij/3Nb,/3)03—PbTiO3-PbZrO; (PNN-PT-PZ)”].
Of the lead-based complex perovskites, lead zirconate
titanate [Pb(Zr;xTij»)O3 or PZT] ceramics have been
investigated from both fundamental and applied view-
points.'” A solid solution of Pb(Zr,_,Ti,)O3 (PZT) was
found to host exceptionally high value for dielectric and
piezoelectric properties for compositions close to the
morphotropic phase boundary (MPB). This MPB is located
at a PbTiO3:PbZrO; of ~1:1 and separates the Ti-rich
tetragonal phase from the Zr-rich rhombohedral phase.'”
Furthermore, it has a high 7¢ of 390°C, which allows
piezoelectric devices to be operated at relatively high
temperatures. Most commercial PZT ceramics are designed
in the vicinity of the MPB with various doping methods in
order to achieve high properties.

Lead cobalt niobate (PCN) is a perovskite relaxor ferro-
electric with a broad diffuse phase transition near —70°C.'"
The structure is cubic at room temperature (RT). In this
compound, the octahedral sites of the crystal are randomly
occupied by Co?* and Nb>* ions.'? Malkov and Venevtsev
have indicated that there are large deviations in the temper-
atures at which the permittivity is maximum (7},) for single-
crystal and ceramic samples.'® The effects of the DC bias on

*E-mail address: Prasatkhetragarn @yahoo.com

the dielectric properties have been reported as a function of
temperature for single-crystal Pb(Co;/3Nby/3)03 with a
diffuse phase transition.'* Although the paraelectric—ferro-
electric transition temperature of PCN is below RT, it can be
easily shifted upward with the addition of PbTiO; (PT),
which is a normal ferroelectric compound with a phase
transition at 490 °C.'> In addition, it is well known that the
addition of PZT enhances the piezoelectric, dielectric, and
ferroelectric properties in a solid solution with a relaxor
ferroelectric such as PZT-PZN,'®!? PZT-PNN,” and PZT-
PMN.!® On the basis of this approach, solid solutions of
PZT and PCN are expected to synergistically combine the
properties of both the normal ferroelectric PZT and relaxor
ferroelectric PCN, which could exhibit piezoelectric and
dielectric properties that are better than those of the single-
phase PZT and PCN.'>!”) There have been no systematic
studies on the electrical properties of ceramics within a wide
composition range between PZT and PCN.

The overall purpose of this study is to determine the phase
transition, grain size, and composition dependence of the
dielectric properties and ferroelectric behavior of ceramics
in a (1 — x)Pb(Zrl/zTi1/2)03—(x)Pb(C01/3Nb2/3)03 (Where
x = 0.1-0.5) binary system prepared using the columbite-
wolframite precursor method.

2. Experimental Procedure

Reagent-grade oxides of PbO, CoO, Nb,Os, ZrO,, and
TiO, (anatase-structure) were used as raw materials. The
columbite CoNb,O¢ and wolframite ZrTiO,4 precursors were
weighed and introduced into the batch calculations. CoNb,-
O¢ and ZrTiO4 powders were prepared at calcination
temperatures of 1100 and 1450°C for 2h, respectively.
In the present work, (1 — x)Pb(Zry/,Ti;;2)O03—(x)Pb(Coy,3-
Nb,,3)O3 samples with compositions of x = 0.1-0.5 were
prepared from ZrTiO4, CoNb,Og, and PbO powders. PZT-
PCN powders were synthesized using the solid-state reaction
of these raw materials and mixed by a vibro-milling
technique in ethanol for 1h. PbO excess of 2.0 mol % was
constantly added to compensate for lead losses during
calcination and sintering.'” After drying, the product was
calcined in an alumina crucible at a temperature of 950 °C.
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The calcined powders were pressed hydraulically to form
disc-shaped pellets with a diameter of 10 mm and a thickness
of 1 mm, with 1 wt % poly(vinyl alcohol) (PVA) added as a
binder. The pellets were sintered at 1200°C for 2h at a
heating/cooling rate of 5 °C/min. The phase structure of the
powders was analyzed via X-ray diffraction (XRD; Siemens-
D500 diffractometer) analysis using Cu Ko« radiation. The
microstructures of the sintered samples were examined
using scanning electron microscopy (SEM; JEOL JSM-
840A). The dielectric properties of the samples were
measured using an automated measurement system. This
system consisted of an LCR meter (Hewlett-Packard HP-
4284A) in connection with a Delta Design 9023 temperature
chamber and a sample holder (Norwegian Electroceramics)
capable of high-temperature measurement. The ferroelectric
properties were examined using a simple Sawyer—Tower
circuit.'®)

3. Results and Discussion

The XRD patterns of (1 — x)PZT—(x)PCN ceramics with
various x values are shown in Fig. 1. It can be seen that a
complete crystalline solution of the perovskite structure is
formed throughout the entire compositional range without
the presence of pyrochlore or unwanted phases. From the
XRD data, the Pb(Zr;/,Ti;2)O3 ceramic is identified as a
single-phase material with a perovskite structure having
tetragonal symmetry, which was matched with JCPDS file
no. 70-4057. The XRD patterns of the PZT-PCN compo-
sitions show a range in symmetry between the tetragonal and
pseudo cubic perovskite types.”” For a better comparison,
ICDD file no. 04-002-0416 for Pb(Co;/3Nby/3)O3 with
pseudo cubic structural symmetry is also displayed in
Fig. 1. It is clear that the crystal symmetry should change
owing to the effects of increasing the PCN fraction and a
corresponding decrease in T¢. It is well known that in the
pseudo cubic phase, the (200) profile will show a single
narrow peak, while in the tetragonal phase, the (200) profile
should be split into two peaks. More interestingly, the
composition at x = 0.3 exhibited peak broadening at a 26 of
~44-45°, indicating the structural transformation from the
tetragonal phase, characterized by the shifting of the
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XRD patterns of (1 —x)PZT—(x)PCN ceramics, where x = 0.1-0.5.

(002)/(200) peaks to the pseudo cubic phase. This observa-
tion is obviously associated with the composition showing
the coexistence of two symmetries, which in this case are the
tetragonal and pseudo cubic phases. To a first approxima-
tion, it could be said that the composition with x = 0.3 is
close to the MPB of the (1 — x)PZT—(x)PCN system, where
the structure of the PZT-PCN compositions gradually
changes from tetragonal to pseudo cubic. The electrical
data described later on will further support this assumption.

The SEM images in Fig. 2 reveal that the addition of PCN
resulted in significant changes in the microstructure of the
ceramics. Some grains are observed to have irregular shapes
with both open and close pores as a result of the high rate of
the evaporation of PbO during the sintering.'” The images
also show that the grain size of the ceramics varied
considerably from 0.43 to 19.56um (Table I). However,
the average grain size significantly decreased with an
increase in the content of PCN. It can also be seen that
the maximum density is obtained in the 0.7PZT-0.3PCN
ceramics, while the minimum density is observed in the
0.5PZT-0.5PCN ceramics. Interestingly, the density results
can be correlated to the microstructure because high-density
0.7PZT-0.3PCN ceramics show high degrees of grain close
packing, whereas low-density 0.5PZT-0.5PCN ceramics
contain many closed pores.

The dielectric properties of (1 — x)PZT—(x)PCN, where
x=0.1-0.5, are illustrated in Fig. 3. At RT, with an
increase in the concentration of PCN, the dielectric constant
tends to increase because the transition temperature of the
PZT-PCN ceramics shift across RT; hence, the value of the
dielectric properties measured at RT increased, as shown in
Table II. Other authors have reported a similar behavior.”
The temperature dependence of the dielectric constant for
the compositions of the (I — x)PZT—(x)PCN system show
broad dielectric peaks with an increase in the concentration
of PCN, which indicate a diffuse phase transition. The
diffuse phase transition may have been caused by a decrease
in grain size; the observed difference in the degree of
diffuseness could be a result of the grain size variation, as
shown in Table II,>" and chemical inhomogenieties within
the (1 — x)PZT—(x)PCN solid solution.??
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Fig. 2. SEM images of (1 —x)PZT-(x)PCN ceramics with various
compositions: x = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5.

It should be noted that the formation of MPB could be
clearly seen by the crystal structure analysis as described
earlier. As is well known, the value of the dielectric and
ferroelectric properties of a solid solution with MPB usually
maximize approximately at the MPB. An anomaly at the
MPB has been observed by our group in solid solution
(x)PZT—(1 — x)PNN.” However, no anomalies approximate-
ly at the MPB in the dielectric properties (Table II) could be
found in the present work. In addition, the ferroelectric
properties at approximately x = 0.3 are only slightly differ-
ent from those of other compositions (x = 0.2, 0.4), rather
than being “anomalously high”. This could possibly be
caused by a substitution of Ni** by Co?* in the B-site, which
shifts the MPB composition from x = 0.2 in the PZT-PNN
system to 0.2 < x < 0.3 in PZT-PCN. Since in this current

Table 1. Physical characteristics of (1 — x)PZT—(x)PCN ceramics, where
x=0.1-0.5.
Ceramics Density Grain size range  Average grain size
(£=01-05)  (g/em’) (um) (um)
0.9PZT-0.1PCN  7.39 £+ 0.05 4.54-19.56 7.45 £ 0.05
0.8PZT-0.2PCN  7.46 £+ 0.05 2.60-12.35 4.13£0.05
0.7PZT-0.3PCN  7.62 +0.05 0.43-9.48 2.82+0.05
0.6PZT-04PCN  7.42+0.05 0.60-10.75 2.77 £0.05
0.5PZT-0.5PCN  7.31 £0.05 0.47-9.53 2.61 £0.05
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Fig. 3. (Color online) Dielectric constant (g;) of (1 —x)PZT—(x)PCN

ceramics at 100 kHz.

work, we only started with compositions at 0.1 intervals, the
exact MPB composition could not be clearly identified.
However, as seen in Table II, the argument that the MPB
composition should fall between 0.2 < x < 0.3 in PZT-PCN
is supported by all the XRD and electrical data, which show
drastic decreases in the value of the electrical properties in
compositions with x > 0.3.

The temperature dependence of the dielectric constant (&;)
measured at 100kHz for the (1 — x)PZT—(x)PCN samples
with x = 0.1-0.5 is shown in Fig. 3. In an ideal solid
solution of PZT and PCN, the transition temperature is
expected to vary linearly between 341 and 167 °C. As shown
in Table II, the Curie temperature decreased as expected
with an increase in PCN content. However, the &, peaks
became broader with increasing PCN content at x > 0.3. It
was confirmed that the composition with 0.2 <x < 0.3 is
close to the morphotropic phase boundary (MPB) of the
(1 — x)Pb(Zr1/2Ti1/2)03—(x)Pb(C01/3Nb2/3)O3 system.

Table II. Dielectric and ferroelectric properties of (1 — x)PZT—(x)PCN ceramics, where x = 0.1-0.5.
. . . Ferroelectric properties
Dielectric properties Loop
Ceramics Tc (at 25°C) squareness
(x=0.1-0.5) ) P, P, E. (Reg)
e o ! MC/em?®)  @C/emd)  (KV/em)

0.9PZT-0.1PCN 341.40 23700 740 1.52 14.72 2.9 4.1 8.45 1.52
0.8PZT-0.2PCN 295.50 23400 800 1.68 15.73 20.1 21.6 6.84 1.91
0.7PZT-0.3PCN 248.40 15500 840 1.81 16.55 20.9 22.6 6.92 1.94
0.6PZT-0.4PCN 203.50 11600 910 1.82 16.68 18.6 20.3 6.30 1.93
0.5PZT-0.5PCN 167.50 8900 1180 1.97 16.92 14.5 15.2 6.10 1.92
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To further understand the dielectric behavior of the PZT-
PCN system, the ferroelectric transition can analyzed
through the Curie-Weiss relationship. For normal ferro-
electrics such as PZT and PCN, above the Curie temper-
ature, the dielectric constant follows the following equation:

c

&= .
T—-Ty

ey

where ¢ is the Curie constant and Ty is the Curie—Weiss
temperature.'%?"?>> For a ferroelectric with a diffuse phase
transition such as the PZT-PCN solid solutions, the follow-
ing equation applies:

1 2
2T =Tn), 2

The above equation has been shown to be valid over a wide
temperature range compared with the normal Curie-Weiss
law [eq. (D].2® In eq. (2), Ty, is the temperature at which
the dielectric constant is maximum. If the local Curie
temperature distribution is Gaussian, the reciprocal permit-
tivity can be written in the form:>%

— Ty
L_ 1 T-Twy 5
& &m 26m6?

where &, is the maximum permittivity, y is the diffusivity,
and § is the diffuseness parameter. For (1 — x)PZT—(x)PCN
compositions, the diffusivity (y) and diffuseness parameter
(8) can be estimated from the slope and intercept of the

dielectric data shown in Fig. 4, and tabulated in Table II.
y and § are both material constants depending on the
composition and structure of the material.” y is the
expression of the degree of dielectric relaxation, while § is
used to measure the degree of diffuseness of the phase
transition. In a material with a “pure” diffuse phase
transition described by the Smolenskii—Isutov relation
[eq. (2)], y is expected to be 2.2° The mean value of the
diffusivity (y) is extracted from these plots by fitting a linear
equation. The values of y vary between 1.52 and 1.97, which
confirms that diffuse phase transition occurs in the PZT-
PCN system. It is important to note that in perovskite
ferroelectrics, it has been established that y and § can be
affected by microstructure features, density, and grain
size.!® For PZT-rich ceramics, y and § increase with an

—— x=0.1

In (1/g,- 1/ ,.)

-18 T T T T T
0 1 2 3 4 5

In(T-T

max)

Fig. 4. (Color online) Variation of In(1/g, —
(1 — x)PZT—(x)PCN ceramics.

l/smax) Vs ln(T - Tmax) of

increase in PCN content, confirming the diffuse phase
transitions in PZT-PCN solid solutions. It is clear that the
addition of PCN increases the degree of disorder in
(1 — x)PZT—(x)PCN over the compositional range 0.1 < x <
0.5 with the highest degree of diffuseness exhibited in the
0.5PZT-0.5PCN composition. It should also be mentioned
here that different dielectric behaviors could also be caused
by grain size variation,?" as noted in Table 1.

The polarization—field (P-E) hysteresis loops of
(1 — x)PZT—(x)PCN ceramics measured at 15kV/cm are
shown in Fig. 5. A series of well-developed and mostly
symmetric hysteresis loops are observed for all composi-
tions. It is seen that the remanent polarization (P,) varies
significantly across the compositional range. However, the
coercive field E. is relatively constant, as shown in Table II.
The ferroelectric parameters obtained from the P-E loops
are plotted in Fig. 6. The remnant polarization (P,;) and
saturated polarization (P;) increased from P, = 2.9 uC/cm?
and Py = 4.1 uC/cm? in 0.9PZT-0.1PCN to reach maximum
values of P, =20.9uC/cm? and P, =22.6uC/cm’ in
0.7PZT-0.3PCN. At higher PCN contents, they then drop
to P, = 14.5uC/cm? and Pg = 15.2uC/cm? in 0.5PZT-
0.5PCN. However, it should be noted that the P, (2.9 uC/
cm?) for the composition x = 0.1 in the present work is

30

—e— x=0.1

20 1

P (uClcm?)
o

o
!

-20 4

-30 T T T T T T T

E (kV/cm)

Fig. 5. (Color online) Effect of composition (x) on P—E hysteresis loops
for (1 — x)PZT—(x)PCN ceramics with x = 0.1-0.5.

2.0

P, P, (uC/cmz) and E_ (kV/cm)
Loop Squareness (qu)

0 T T T T T 1.4
0.1 0.2 0.3 0.4 0.5

Composition (x)

Fig. 6. (Color online) Remnant polarization (P;), saturation polarization
(Py), coercive field (E.), and loop squareness (Ryq) of (1 — x)PZT—-(x)PCN
ceramics.
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lower than the P, (~15uC/cm?) in a previous study,?”

probably due to the fact that the solid-state conventional
mixed oxide method used in the previous study’” yielded
two MPB compositions at x = 0.1 and 0.5, which is different
from the columbite—wolframite method used in this study,
which showed only one MPB composition at approximately
0.2 <x<0.3. It is well known that ferroelectric values,
such as P;, Pg, and E., show maximum values approximately
at the MPB composition.

An empirical relationship between remnant polarization
(P;), saturation polarization (P;) and polarization at the fields
above the coercive field was derived by Haertling and
Zimmer.?” This permits the quantification of changes in the
hysteresis behavior for the (1 —x)PZT-(x)PCN samples
through the following equation:

P, Piig
Ra=p TP,
where R is the squareness of the hysteresis loop and P i,
is the polarization at an electric field equal to 1.1 times the
coercive field (E.). For an ideal hysteresis loop, Ry is equal
to 2.0. As listed in Table II, the loop squareness parameter
Ry increased from 1.52 in 0.9PZT-0.1PCN to reach the
maximum value of 1.94 in 0.7PZT-0.3PCN before decreas-
ing to 1.92 in the 0.5PZT-0.5PCN composition. This
observation is in good agreement with the P—E hysteresis
loops, as depicted in Fig. 5. The results imply that the
addition of 30 mol % PCN into PZT results in an optimized
square P—E loop.

; “4)

4. Conclusion

In this study, ceramics within the (1 —x)Pb(Zry,-
Ti;/2)03—(x)Pb(Co1,3Nb,,3)O3 solid solution system (where
x = 0.1-0.5) were successfully prepared using a solid-state
mixed-oxide technique. The PZT ceramic was identified
by XRD analysis as a single-phase tetragonal perovskite,
while the addition of PCN resulted in a gradual shift from
tetragonal symmetry to pseudo cubic symmetry, with a
possible MPB between the two phases located near the
0.7PZT-0.3PCN composition. However, the dielectric and
ferroelectric properties did not show anomalously high value
for the dielectric and ferroelectric properties at the 0.7PZT-
0.3PCN composition, indicating that the MPB composition
shifted to 0.2 < x < 0.3 in the PZT-PCN system.

Acknowledgements

This work was supported by the Commission on Higher

Education (CHE), the Thailand Research Fund (TRF), the
Faculty of Science, and the Graduate School of Chiang Mai
University.

1) A. J. Moulson and J. M. Herbert: Electroceramics: Materials,
Properties, Applications (Wiley, Chichester, U.K., 2003).

2) S.-E. Park and T. R. Shrout: IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 44 (1997) 1140.

3) J. Kuwata, K. Uchino, and S. Nomura: Ferroelectrics 37 (1981) 579.

4) M. L. Mulvihill, L. E. Cross, W. Cao, and K. Uchino: J. Am. Ceram.
Soc. 80 (1997) 1462.

5) N. Vittayakorn, G. Rujijanagul, X. Tan, M. A. Marquardt, and D. P.
Cann: J. Appl. Phys. 96 (2004) 5103.

6) H. Fan, G.-T. Park, J.-J. Choi, J. Ryu, and H.-E. Kim: J. Mater. Res. 17
(2002) 180.

7) O. Furukawa, Y. Yamashita, M. Harata, T. Takahashi, and K. Inagaki:
Sth Meet. Ferroelectric Materials and Their Applications, Kyoto,
1985, Jpn. J. Appl. Phys. 24 (1985) Suppl. 24-3, p. 96.

8) V.IJ. Tennery, K. W. Hang, and R. E. Novak: J. Am. Ceram. Soc. 51
(1968) 671.

9) D. Luff, R. Lane, K. R. Brown, and H. J. Marshallsay: Trans. J. Br.
Ceram. Soc. 73 (1974) 251.

10) L. E. Cross: Mater. Chem. Phys. 43 (1996) 108.

11) G. A. Smolenskii and A. L. Agranovskaya: Sov. Phys. Tech. Phys. 3
(1958) 1380.

12) T. Kudo, T. Yazaki, F. Naito, and S. Sugaya: J. Am. Ceram. Soc. 53
(1970) 326.

13) B. A. Malkov and Y. N. Venevtsev: Izv. Akad. Nauk Neorg. Mater. 13
(1977) 1468 [in Russian].

14) V.D. Sainiov, Y. S. Kuzminov, and Y. N. Venevtsev: Izv. Akad. Nauk
Neorg. Mater. 7 (1971) 1277 [in Russian].

15) C.Xu, Z. Duan, X. Wang, D. Yang, and K. Chen: J. Cryst. Growth 281
(2005) 543.

16) N. Vittayakorn, C. Puchmark, G. Rujijanagul, X. Tan, and D. P. Cann:
Curr. Appl. Phys. 6 (2006) 303.

17) N. Vittayakorn, G. Rujijanagul, T. Tankasiri, X. Tan, and D. P. Cann:
Mater. Sci. Eng. B 108 (2004) 258.

18) R. Yimnirun, S. Ananta, and P. Laoratanakul: J. Eur. Ceram. Soc. 25
(2005) 3235.

19) T. Hachiga, S. Fujimoto, and N. Yasuda: J. Phys. D 20 (1987) 1291.

20) N. Vittayakorn, S. Wirunchit, S. Traisak, R. Yimnirun, and G.
Rujijanagul: Curr. Appl. Phys. 8 (2008) 128.

21) R. Yimnirun, S. Ananta, and P. Laoratanakul: Mater. Sci. Eng. B 112
(2004) 79.

22) 1. W. Chen, P. Li, and Y. Wang: J. Phys. Chem. Solids 57 (1996) 1525.

23) G. H. Haertling: J. Am. Ceram. Soc. 82 (1999) 797.

24) A. Halliyal, U. Kumar, R. E. Newnham, and L. E. Cross: Am. Ceram.
Soc. Bull. 66 (1987) 671.

25) R. D. Shannon and C. T. Prewitt: Acta Crystallogr., Sect. B 25 (1969)
925.

26) Y.-M. Chiang, D. P. Birnie, and W. D. Kingery: Physical Ceramics
(Wiley, Chichester, U.K., 1997) p. 522.

27) G. H. Haertling and W. J. Zimmer: Am. Ceram. Soc. Bull. 45 (1966)
1084.

1002



+ Models
CERI-2922; No of Pages 4

Available online at www.sciencedirect.com

CERAMICS

INTERNATIONAL

ScienceDirect

ELSEVIER

Ceramics International xxx (2008) XXX—XxX

www.elsevier.com/locate/ceramint

Fabrication and electrical properties of Pb(Co;,3Nb,,3)O3 ceramics

M. Unruan®*, N. Vittayakorn °, R. Wongmaneerung®, A. Prasatkhetragarn®,
S. Ananta®, R. Yimnirun?

4 Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
® Department of Chemistry, Faculty of Science, King Mongkut'’s Institute of Technology, Ladkrabang, Bangkok 10520, Thailand

Accepted 1 October 2007

Abstract

Pb(Coy/3Nb,/3)O3 (PCN) ceramics have been produced by sintering PCN powders synthesized from lead oxide (PbO) and cobalt niobate
(CoNb,0g) with an effective method developed for minimizing the level of PbO loss during sintering. Attention has been focused on relationships
between sintering conditions, phase formation, density, microstructural development, dielectric and ferroelectric properties of the sintered
ceramics. From X-ray diffraction analysis, the optimum sintering temperature for the high purity PCN phase was found at approximately 1050 and
1100 °C. The densities of sintered PCN ceramics increased with increasing sintering temperature. However, it is also observed that at very high
temperature the density began to decrease. PCN ceramic sintered at 1050 °C has small grain size with variation in grain shape. There is insignificant
change of dielectric properties with sintering temperature. The P—FE hysteresis loops observed at —70 °C are of slim-loop type with small remanent

polarization values, which confirmed relaxor ferroelectric behavior of PCN ceramics.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based relaxor ferroelectrics, particularly lead magne-
sium niobate, Pb(Mg;,3Nb,,3)O; (PMN) belong to a techno-
logically important class of complex Pb(BB")0s perovskite
materials [1]. PMN has advantages of having broader operating
temperature range, especially over the room temperature range.
This is a direct result of a diffuse paraelectric—ferroelectric
phase transition in the vicinity of room temperature. In
addition, as a result of their unique microstructure features,
PMN ceramics exhibit low loss and non-hysteretic character-
istics [2]. However, little attention has been devoted to other
lead-base relaxor ferroelectrics, Pb(A;3B»/3)03 (A is Mg2+,
Co”*, Ni** or Zn>* and B is Nb>* or Ta™*), discovered by Bokov
and Myl'nikova [3], with the perovskite structure and the
dielectric maximum temperature (7,,) lower than room
temperature, except for that of Pb(Zn;;3Nb,/3)O03. Although
Mg**, Co**, Ni** and Zn** have similar radii, the temperatures

* Corresponding author.
E-mail address: muangjaiunruan@yahoo.com (M. Unruan).

at which spontaneous polarization occurs in Pb(A;;3B,/3)03
differ [4].

Therefore, in this study, one of lesser studied ceramics in the
Pb(A1/3B2/3)O3 system, i.e. Pb(C01/3Nb2/3)O3 (PCN), is
investigated. Earlier studies have shown interesting piezo-
electric properties of PCN single crystal [3]. Another study also
described electrical properties of PZT-PCN ceramics [4].
However, there has been no systematic investigation on the
PCN ceramics. Therefore, this study will provide more
information about this interesting ceramic. Synthesis method,
physical properties, microstructure, dielectric and ferroelectric
properties of these ceramics are discussed.

2. Experimental procedure

PCN ceramics were prepared from starting CoNb,Og¢ (or
CN) and PbO powders by a conventional mixed-oxide method.
CN powders were obtained from the columbite method, while
PCN powders were prepared by a simple mixed-oxide method.
To obtain the perovskite-phase PCN, the cobalt niobate
(CoNb,Og) powders were first prepared by mixing CoO
(99.9%) and Nb,Os (99.9%) powders in the proper proportion

0272-8842/$34.00 © 2008 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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and vibro-milling for 1 h. After drying, the mixtures were
calcined at 1100 °C for 4h to yield so-called columbite
powders (CoNb,Og). Subsequently, the columbite powders
were mixed with PbO (99.9%) by the vibro-milling method and
calcined at 950 °C for 4 h to form the perovskite-phase PCN
powders. Then PCN powders were pressed hydraulically to
form disc-shaped pellets 8 mm in diameter and 2 mm in
thickness, with 3 wt% polyvinyl alcohol as a binder. The pellets
were placed in the alumina crucible. Finally, for optimization
purposes, the pellets were sintered at 1050, 1100, 1150 and
1200 °C for 2 h. Optimum sintering conditions for all ceramics
were established by identifying the conditions for maximizing
both the bulk density and the yield of perovskite. The phase
formation of the sintered ceramics was studied by X-ray
diffraction (XRD) technique. The densities of sintered speci-
mens were measured by Archimedes method. The micro-
structure analyses were undertaken by scanning electron
microscopy (SEM: JEOL Model JSM 840A). The grain size
was determined from SEM-micrographs by a linear intercept
method.

Before studying the dielectric properties, the specimens were
lapped to obtain parallel face. After coating with silver paint as
electrode at the faces, the specimens were heated at 750 °C for
12 min to ensure contact between the electrode and the surface of
the ceramic. The dielectric properties were measured by LCR-
meter at temperatures between —125 and 50 °C with a frequency
of 1kHz. The dielectric constant was then calculated from a
parallel-plate capacitor equation, e.g. &, = Cd/e,A, where C'is the
capacitance of the specimens, d and A are, respectively, the
thickness and the area of the electrode and ¢, is the dielectric
permittivity of vacuum (8.854 x 10~ "> Fm™'). Finally, the
polarization—electric field (P—E) hysteresis loops at —70 °C were
obtained using a standardized ferroelectric tester system
(RT66A) at a frequency of 4 Hz.

3. Results and discussion

The phase formation behavior of the sintered ceramics is
revealed by an XRD method. The XRD patterns are presented
in Fig. 1, with the corresponding JCPDS pattern also shown. In
general, the strongest reflections apparent in the majority of the
XRD patterns indicate the formation of lead cobalt niobate
phases. These can be matched with JCPDS file number 04-002-

1200°C k ) A

1150°C

Intensity (a.u.)

1100
¢ oMbl N
1050°C
‘ PCN JCPDS file no.04-002-0416
| 1 | L
20 30 40 50 60

26 (degree)

Fig. 1. XRD diffraction patterns of the sintered PCN ceramics.

Table 1
Characteristics of PCN ceramics

Sintering Relative Average Dielectric properties
temperature density grain size

O (%) (um)

Emax tan &

1050 89.39 1.83 2178 0.0594
1100 95.05 4.11 2657 0.0592
1150 95.16 6.35 2673 0.0578
1200 94.10 4.58 2248 0.0507

0416 for the Pb(Cog 33Nbg 67)O5. Based on the JCPDS file, the
optimum sintering temperature for the formation of a high
purity PCN phase was found at 1050 and 1100 °C. The PCN
ceramics sintered at 1150 °C showed a small peak of
pyrochlore near 26 ~ 30°, while the peak of PCN ceramics
sintered at 1200 °C at 20 ~ 22° disappeared.

The relative densities of PCN ceramics sintered at different
temperatures are listed in Table 1. It is clear that the density
usually increases with increasing sintering temperature. This is
believed to be a result of more completed solid-state reactions
at higher sintering temperatures. However, it is also observed
that at very high temperature the density begins to decrease.
Lead-loss is generally accepted to be the reason for the
decreasing density [5,6].

The SEM-micrographs of fractured surfaces of all PCN
ceramics are shown in Fig. 2. PCN ceramic, sintered at
1050 °C, has small grain size with variation in grain shape.
However, the other ceramics exhibit different morphology
showing a possible pyrochlore formation (with pyramidal-
shaped grains) and also over-sintered specimens. Table 1 also
shows that the average grain size of PCN ceramics sintered at
1050 °C is relatively small, as compared to those sintered at
higher temperatures. The average grain size seems to increase
with increasing sintering temperatures. However, it is also
observed that at very high temperature, the grain size begins to
decrease, which is similar to the trend observed for the density.

Temperature dependencies of the dielectric constant (¢,), as
calculated from the capacitance of the sample and its geometry,
and dielectric loss (tan §) were measured continuously by
increasing temperature from —125 to 50 °C. The temperature
dependence of the dielectric constant and dielectric loss for the
PCN ceramics are plotted in Fig. 3. As the measuring
temperature increases, the maximum dielectric constant (&;,,x)
appear at —30 °C, this temperature is called dielectric maxima
temperature (7y,). There is also insignificant change of &.x
with different sintering temperatures. The dielectric loss shows
only very small decrease with decreasing temperature below
the T, and its value is much higher than that above the
temperature of maximum dielectric constant. A strongly
diffused dielectric peak is characteristic of ferroelectric
relaxors. Frequency-dependent dielectric properties below T,
(not shown here) are also observed, further indicating relaxor
behavior of PCN ceramics. Based on X-ray diffraction analysis,
density data, SEM-micrograph, and dielectric properties, the
optimum sintering temperature for a high purity PCN ceramic
is found to be about 1050 and 1100 °C.

doi:10.1016/j.ceramint.2007.10.033
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Fig. 3. Temperature dependence of dielectric properties of PCN ceramics at
1 kHz.

The hysteresis loops at —70 °C of PCN ceramics sintered
at different temperatures are shown in Fig. 4. It can be seen
that slim P—E loops with small remanent polarization values
are generally obtained for all ceramics. The slim-loop nature
of the P-E curves suggests that most of the aligned dipole
moments switch back to a randomly oriented state upon
removal of the field. This behavior has previously been
observed in ferroelectric relaxors [7]. In relaxor ferroelectric
materials, micro to macro-domain transition occurs. In
the absence of any external field, the domain structure of
relaxor ferroelectrics contains randomly oriented micropolar
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15 |
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Fig. 4. P-E hysteresis loops of PCN ceramics measured at —70 °C and
frequency 50 Hz.

regions. However, when an electric field is applied, the
micro-domains orient along the field direction and the
macro-domains occur [7]. The P—E loops observed here also
support that the PCN ceramics exhibit relaxor ferroelectric
behavior.

4. Conclusions
In this study, PCN ceramics were prepared by the columbite

precursor method. The PCN ceramics with perovskite structure
and a high purity single phase were obtained. The optimum
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sintering temperature for the formation of a high purity PCN
phase was found to be at 1050 and 1100 °C. Density of these
ceramics increases with increasing sintering temperature.
However, at very high temperature the density begins to
decrease. There is insignificant change of dielectric properties
with different sintering temperatures. The samples exhibit a
relaxor behavior around the maximum dielectric constant,
characterized by a strongly diffused dielectric peak. The
hysteresis loops at —70 °C show slim P—FE loops with small
remanent polarization values. This behavior has been observed
in ferroelectric relaxors.
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Abstract

In this study, Pb(Co;,3Nb,3)O3 or PCN ceramics have been produced by sintering PCN powders synthesized from lead oxide (PbO) and cobalt
niobate (CoNb,Og) with an effective method developed for minimizing the level of PbO loss during sintering. Attention has been focused on
relationships between sintering conditions, phase formation, density, microstructural development, dielectric and ferroelectric properties of the
sintered ceramics. The densities of sintered PCN ceramics increased with increasing sintering temperature. However, it was observed that at too
high temperature the density began to decrease. Change of dielectric properties with sintering temperature also followed the same trend as the
density. Based on X-ray diffraction analysis, density data, SEM micrograph, and dielectric properties, the optimum sintering temperature for a high
purity PCN ceramic was found to be about 1100 and 1150 °C. A strongly diffused dielectric peak also showed a typical characteristic of ferroelectric
relaxors. The P-E hysteresis loops observed at —70 °C were of slim-loop type with small remnant polarization values, which confirmed relaxor

ferroelectric behavior of PCN ceramics.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lead-base relaxor ferroelectrics, particularly lead mag-
nesium niobate, Pb(Mgi;3Nby3)03 (PMN) belong to a
technologically important class of complex Pb(B'B”)O3
perovskite materials [1]. PMN has advantages of hav-
ing broader operating temperature rang, especially over the
room temperature rang. This is a direct result of a diffuse
paraelectric—ferroelectric phase transition in the vicinity of room
temperature. In addition, as a result of their unique microstruc-
ture features PMN ceramics exhibit low loss and non-hysteretic
characteristics [2]. However, little attention has been devoted to
the other lead-base relaxor ferroelectrics, Pb(A1/3B2/3)O3 (A is
Mg?*, Co?*, Ni** or Zn>* and B is Nb>* or Ta>*), discovered by
Bokov and Mylnikova [3], with the perovskite structure and the
dielectric maxima temperature (71,) lower than room tempera-
ture except for that of Pb(Zn/3Nby/3)03. Although Mg?*, Co?*,
Ni2* and Zn>* have similar radii, the temperatures at which

* Corresponding author. Tel.: +66 53 943 367; fax: +66 53 943 445.
E-mail address: rattikornyimnirun @yahoo.com (R. Yimnirun).
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spontaneous polarization occurs in Pb(A1/3B2/3)03 differ [4].

Therefore, in this study one of lesser studied ceramics in
the Pb(A1/3B2/3)03 system, i.e. Pb(Co1;3Nby3)03 (PCN) is
investigated. Synthesis method, physical properties, microstruc-
ture, dielectric and ferroelectric properties of the ceramic are
discussed.

2. Experimental method

PCN ceramics were prepared from starting PbO and CoNb,Og (or CN)
powders by a conventional mixed oxide method. CN powders were obtained
from the columbite method [5], while PCN powders were prepared by a simple
mixed oxide method. To obtain the perovskite-phase PCN, the cobalt niobate
(CoNby0Og) powders were first prepared by mixing CoO (99.9%) and Nb;Os
(99.9%) powders in the proper proportion and vibro-milling for 1 h. After dry-
ing, the mixtures were calcined at 1100 °C for 4 h to yield so-called columbite
powders (CoNb;Og). Subsequently, the columbite powders were mixed with
PbO (99.9%) by the vibro-milling method and calcined at 950 °C for 4h to
form the perovskite-phase PCN powders. Then PCN powders were pressed
hydraulically to form disc-shaped pellets 8 mm in diameter and 2 mm thick, with
3 wt% polyvinyl alcohol as a binder. The pellets were placed in the alumina cru-
cible. Finally, for optimization purposes the pellets were sintered at 1050, 1100,
1150 and 1200 °C for 2h. The phase formation of the sintered ceramics was
studied by the X-ray diffraction (XRD) technique. The densities of sintered spec-
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Fig. 1. XRD diffraction patterns of the sintered PCN ceramics.

imens were measured by Archimedes method. The microstructure analyses were
undertaken by scanning electron microscopy (SEM: JEOL Model JSM 840A).
The grain size was determined from SEM micrographs by a linear intercept
method.

Before studying the dielectric properties, the specimens were lapped to
obtain parallel faces. After coating with silver paint as electrode on the faces,
the specimens were heated at 750 °C for 12 min to ensure contact between the
electrode and the surface of the ceramic. The dielectric properties (dielectric
constant (¢,) and dielectric loss (tan §)) were measured at temperatures between
—120 and 50 °C. The capacitance was measured with a HP4284A LCR meter in
connection with a Delta Design 9023 temperature chamber and a sample holder
(Norwegian Electroceramics). The dielectric constant (¢,) was then calculated
from a parallel-plate capacitor equation, e.g. &, = Cd/e,A, where C is the capaci-
tance of the specimens, d and A are, respectively, the thickness and the area of the
electrode and &, is the dielectric permittivity of vacuum (8.854 x 10~12 Fm~1).
Finally, the polarization—electric field (P-E) hysteresis loops at —70°C were
obtained using a standardized ferroelectric tester system (RT66A) with driving
frequency of 4 Hz.

3. Results and discussion

The phase formation behavior of the sintered ceramics is
revealed by an XRD method. The XRD patterns are pre-
sented in Fig. 1, with the corresponding JCPDS pattern also
shown. In general, the strongest reflections apparent in the
majority of the XRD patterns indicate the formation of per-
ovskite lead cobalt niobate phase. These can be matched with
JCPDS file number 04-002-0416 for the Pb(Cog 33Nbg.47)O3.
Based on the XRD analysis, the optimum sintering tempera-
ture for the formation of a high purity PCN phase was found at
1100 °C.

The densities of PCN ceramics sintered at different temper-
atures are listed in Table 1. It is clear that the density usually
increases with increasing sintering temperature. This is believed

Table 1
Characteristics of PCN ceramics

to be a result of more completed solid-state reactions at higher
sintering temperatures. However, it is also observed that at too
high temperature the density begins to decrease. Lead-loss is
generally accepted to be the reason for the decreasing density
[6].

The SEM micrographs of fractured surfaces of all PCN
ceramics are shown in Fig. 2. PCN ceramic sintered at 1050 °C
has small grain size with variation in grain shape. However, the
other ceramics exhibit different morphology showing a possi-
ble pyrochlore formation (with pyramidal-shaped grains) and
also over-sintered specimens. Table 1 also shows that the aver-
age grain size of PCN ceramics sintered at 1050 °C is relatively
small, as compared to those sintered at higher temperatures. The
average grain size increases with increasing sintering tempera-
tures. However, it is also observed that at very high temperature
the grain size begins to decrease, which is similar to the trend
observed for the density. Change of dielectric properties with
sintering temperature also followed the same trend as the den-
sity. The dielectric constant reaches maximum values at sintering
temperature of 1150 °C.

Temperature and frequency dependencies of ¢, as calculated
from the capacitance of the sample and its geometry, and tan §
were measured continuously by increasing temperature from
—120 to 50 °C and frequency rang from 100 Hz to 100 kHz. The
temperature dependence of ¢, and tan § for the PCN ceramics
are plotted in Fig. 3. As the measuring temperature increases
the maximum dielectric constant (emax ) appears at —30 °C, this
temperature is called dielectric maxima temperature (7). It
should be noticed that T, obtained in this study is different
from previous studies [3,7-9], which reported Ty, of —70 °C for
single crystal PCN and stress-dependent Ty, for PCN ceram-
ics ranging from —20 to —50°C. It could be said that the Ty,
values obtained in this study fall within the previously reported
values. This is because in this current study the dielectric prop-
erties, which are used to determine Tp,, of the PCN ceramic
were measured under compressive stress from a rather heavy
sample holder used in the measurement system. In addition,
the ceramics may also contain internal residual stress. There-
fore, the Ty, values obtained in this study are slightly lower
than the previously reported value under stress-free condition.
There is also insignificant change of T, with different sinter-
ing temperatures. The tan§ shows only very small decrease
with decreasing temperature below the Tj, and tan § becomes
very high above the temperature of maximum dielectric con-
stant. Based on X-ray diffraction analysis, density data, SEM
micrograph, and dielectric properties, the optimum sintering

Sintering temperature (°C)

Density (g/cm?)

Average grain size (jum)

Dielectric properties

Emax tan §
1050 7.58 1.83 2178 0.0594
1100 8.06 4.11 2657 0.0592
1150 8.07 6.35 2673 0.0578
1200 7.98 4.58 2248 0.0507
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Fig. 2. SEM micrographs of PCN ceramics at different sintering temperature: (a) 1050 °C; (b) 1100 °C; (c) 1150 °C; and (d) 1200 °C.

temperature for a high purity PCN ceramic is found to be about
1100 and 1150 °C.

A strongly diffused dielectric peak is characteristic of fer-
roelectric relaxors. Frequency-dependent dielectric properties
below Ty, are also observed (Fig. 4.), further indicating relaxor
behavior of PCN ceramics. However, one would expect to see a
strong shift in 7y, with frequency, as expected for typical relax-
ors, such behavior is not clearly visible because very high tan §
above Ty, causes &, to increase rapidly.

The hysteresis loops at —70°C of PCN ceramics sintered
at different temperatures are shown in Fig. 5. It can be seen
that slim P-E loops with small remnant polarization values are

3000
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1500 4

Dielectric Constant
Dielectric loss

1000 4

500 T T ™ T T -0.0
120 -100 -80 60 40 20 0 20 40

Temperature (°C)

Fig. 3. Temperature dependence of dielectric properties of PCN ceramics at
1 kHz.

generally obtained for all ceramics. The slim-loop nature of the
P-E curves suggests that most of the aligned dipole moments
switch back to a randomly oriented state upon removal of the
field. This behavior has previously been observed in ferroelectric
relaxors [10]. In relaxor ferroelectric materials, micro- to macro-
domain transition occurs. In the absence of any external field,
the domain structure of relaxor ferroelectrics contains randomly
oriented micropolar regions. However, when an electric field is
applied, the micro-domains orient along the field direction and
the macro-domains occur [10]. The P-E loops observed here
also support that the PCN ceramics exhibit relaxor ferroelectric
behavior.
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Fig. 4. Temperature and frequency dependence of dielectric properties of PCN
ceramic sintered at 1100 °C.

Please cite this article in press as: M. Unruan, et al., J. Alloys Compd. (2007), doi:10.1016/j.jallcom.2007.11.071




+Model
JALCOM-17147; No.of Pages4

4 M. Unruan et al. / Journal of Alloys and Compounds xxx (2007) xxx—xxx

— 1050 °C
1100 °C
——— 1150 °C
— 1200 °C
o
£
(5]
=
Q
=
c
o
=
v}
N
et
@
[e]
o o
104 e—7

o
o

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

Fig. 5. P-E hysteresis loops of PCN ceramics measured at —70 °C (4 Hz).

4. Conclusions

In this study, PCN ceramics were prepared by the columbite
precursor method. The PCN ceramics with perovskite structure
and a high purity single phase are obtained. Density of these
ceramics increases with increasing sintering temperature. How-
ever, at too high temperature the density begins to decrease.
Change of dielectric properties with sintering temperature also
follows the same trend as the density. Based on X-ray diffraction
analysis, density data, SEM micrograph, and dielectric proper-
ties, the optimum sintering temperature for a high purity PCN

ceramic is found to be about 1100 and 1150 °C. The samples
exhibit a relaxor behavior around the maximum dielectric con-
stant, characterized by a strongly diffused dielectric peak at
—30°C. The hysteresis loops measured at —70°C show slim
P-E loops with small remnant polarization values. This behavior
has been observed in ferroelectric relaxors.
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