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Abstract
This project aimed to study the solid solution in the binary system of lead zirconate — lead cobalt
niobate [(l-x)PbZrO3 ~xPb(Co, Nb,,)O; 5 PZ — PCoN, where x = 0.0 — 0.3], lead zirconate — lead
zinc niobate [(l-x)PbZrO3 - be(ZnU:,me)O3 ; PZ — PZN, where x = 0.0 — 0.3] and lead
zirconate — lead yttrium niobate [(l-x)PbZrO3 — xPb(Y,,Nb, )0, ; PZ — PYN, where x = 0.0 —
0.08]. The solid solution of these Systems was prepared by columbite-(wolframite) methods. The
X-ray diffraction (XRD) and Raman Spectroscopy were used to investigate the crystal structure of
the sintered ceramics. Moreover, morphology, thermal properties, thermal expansion, dielectric
properties and ferroelectric properties were investigated as a function of composition via scanning
electron microscopy (SEM), differential scanning calorimetry (DSC), dilatometer, dielectric
spectroscopy and P — E hysteresis loop measurements, respectively.

It was found that all compositions in PZ-PCoN and PZ-PZN systems show pure phase
perovskite. The crystal structure successively transforms from orthorhombic to rhombohedral
symmetry with increased PZN and PCoN concentration. Furthermore, intermediate ferroelectric
phase was successfully induced by PZN and PCoN substitution in perovskite PZ. Apparently, the
replacement of the Zr"* ion by Zn2+, Co™" /Nb™" ions decreases the driving force for an antiparallel

shift of Pb” jons because they interrupt the translational symmetry. Transition from the first to



second order phase was clearly observed as thé mole fraction of increased PZN and PCoN. From
the XRD pattern, Raman- spectra, ferroelectric and dielectric results, and ferroelectric phase
diagram of PZ-PCoN and PZ-PZN were established. For the PZ-PYN system, where x = 0.0 —
0.08, the crystal structure is orthorhombic, Moreover, PYN can also stabilize the AFE of PZ. The

AFE to PE phase transition shifted to lower temperatures with increased PYN.
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2.2.2 Tﬂim%mwaiawa‘lnﬁn%%u (Complex perovskite structure)
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Complex Lead Perovskites
Pb(B,,'B,")O,

1 X

A/ T
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Order Present
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/ )
/ \
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Long Coherence
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Coherence Length Length
\4\
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(x =12} (x = 2/3)

¥ v

* Mormal " Ferroelectric
and Antiferroelectric

Y Y

Normal Long Range
Ferroelectric and
Antiferroelectric

Relaxor Ferroelectric

Pb(Fe,,Nb,,)0, Pb(Sc,,,Ta,,)O Pb(Sc,,,Ta,,)0,
Ph(Fe,.Ta, )0, Pb{in, Nb.)0; Ph(In,;Nb, )0,
14-X)Pb(Mg,;Nb,,)0,:(X)PBTIO, Pb(Mg, ;Nb,,)0; Ph(Mg,,W, )0,
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2.3.1 1e315Di@nn3nuuuinf (Normal ferroelectric)

23.1.1 mufalnalsiulfewaznngmanilnlsdidinnin Spontaneous
polarization and pyroelectric effect) [24]
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®-~RISING TEMPERATURE
X=FALLING TEMPERATURE
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3 2.16 uanslamuuurraniauAos 1s8iann3 nves PZST [27]
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MgOy, +Nb,0,, > MgNb,O,, (2.13)
3PbO, + MgNb,0gy ——> 3p b(MgllleZB)Ol(s) (2.14)
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A5197 4.1 uﬁmﬁ”ﬂym:mwmmmiﬂsznaumasaﬂﬁ"lnﬁ“luixuu (1-x)PZ-xPCoN
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Abstract The combination of antiferroelectric PbZrO3
(PZ) and relaxor ferroelectric Pb(Zn, /3Nb2/3)03 was pre-
pared via the columbite precursor method. The basic charac-
terizations were performed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), linear thermal expan-
sion, differential scanning calorimetry (DSC) techniques,
dielectric spectroscopy, and hysteresis measurement. The
XRD result indicated that the solid solubility limit of the
(1 — x)PZ-xPZN system was about x = 0.40. The crystal
structure of (1 — x)PZ—xPZN transformed from orthorhom-
bic to thombohedral symmetry when the concentration of
PZN was increased. A ferroelectric intermediate phase be-
gan to appear between the paraelectric and antiferroelectric
phases of pure PZ, with increasing PZN content. In addition,
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the temperature range of the ferroelectric phase increased
with increasing PZN concentration. The morphotropic phase
boundary (MPB) in this system was located close to the
composition, x = 0.20.

1 Introduction

Ferroelectric materials are extensively used for many dif-
ferent electronic devices, such as actuators, transducers,
and multilayer capacitors [1-3]. Study over several decades
has focused mainly on the development of physical and
electrical properties of ferroelectric materials [2, 3]. Many
ferroelectric ceramics have been developed from binary
systems containing a combination of antiferroelectric and
normal ferroelectric ceramics such as (1 — x)PbZrOsz~
xPbTiO3 (PZ-PT, PZT) [3, 4], and (1 — x)SITiO3—xPbZrO3
[4,5]. Among them, PZT is a very famous ferroelectric
ceramic, due to its exhibition of high piezoelectric coef-
ficient and electromechanical coupling factor around the
morphotropic phase boundary (MPB) [3, 4]. The combi-
nation of normal ferroelectric and relaxor ferroelectric ce-
ramics also shows excellent piezoelectric and dielectric
properties such as Pb(Mg|/3Nbz/3)03-PbTiO3(PMN-PT)
[5], Pb(Zn} ;3Nby/3)03-PbTiO3(PZN-PT) [6, 7], Pb(Zn;3-
Nbz/3)03-Pb(Zr) /2Ti1/2)03(PZN-PZT) [8], and Pb(Ni /3-
Nb2/3)03-Pb(Zr /2 Ti) /2)03(PNN-PZT) [9]. Furthermore,
PZN-PZT, PNN-PZT, and Pb(Zr;,2Ti; /2)03-Pb(Coy/3-
Nb3/3)03(PZT-PCN) [8-10] ceramics show high, relative
permittivity.

Metal oxide Lead zirconate (PbZrOs, PZ) is a proto-
type of antiferroelectric ceramics. The PZ phase changes
from the orthorhombic antiferroelectric phase (AFE) to cu-
bic paraelectric phase (PE) at 236°C, and a ferroelectric
phase (FE) exists over a very narrow temperature range
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(230-233°C) [11]. Stability of the ferroelectric phase can be
altered by substitutions such as Ba?* jons or La®* ions at the
A-site of the perovskite structure (ABO3) [12—-14]. Besides,
PZ-based thin films are also particularly interesting be-
cause of the characteristic hysteresis loop resulting from the
electric field-induced antiferroelectric-to-ferroelectric phase
switching [14, 15]. Our recent work reported that the com-
bination of antiferroelectric PZ and relaxor ferroelectric
(RFE), Pb(Coy/3Nbz/3)03 (PCoN), or Pb(Ni;/3Nbz/3)03
(PNN) can also induce the ferroelectric phase of PZ [16, 17].
Nevertheless, due to PCoN and PNN having a low transi-
tion temperature (7, ~ —90°C and ~—120°C for PCoN and
PNN, respectively), the transition temperature of PZ-PCoN
and PZ-PNN systems was dramatically decreased [17, 18].

Complex metal oxide lead zinc niobate (Pb(Zny/3Nbz/3)
O3, PZN) is an RFE material with a rhombohedral per-
ovskite structure at room temperature. A diffuse phase tran-
sition from paraelectric to ferroelectric polar state occurs at
the high temperature of 140°C [6, 7]. There has been exten-
sive research carried out on single PZN crystals because of
their high relative permittivity (e, 10xH. reaching 50,000),
pyroelectric constant (Prgec = 7 X 10~12 C/m2 K) [6],
high piezoelectric coefficient (da3 ~ 1100 pC/N), and high
electromechanical coupling factors (k33 =~ 92%) [7]. Single
crystals of PZN can be prepared by the flux-growth method,
but pure perovskite PZN ceramics are difficult to synthesize
via the conventional mixed-oxide method under atmospheric
pressure [19, 20]. It is well known that forming solid so-
lutions with other perovskites such as Ba(Zn /3Nb2/3)03,
BaTiO3, and SrTiOs3 [20, 21] is considered an effective way
to stabilize the perovskite PZN ceramic.

As both PZ and PZN have a perovskite structure, it has
been suggested that PZN can be alloyed with PZ in or-
der to stabilize the perovskite structure and find a suitable
composition across the MPB. To the best of the author’s
knowledge, there has been no detailed report on the struc-
ture, solubility limit, dielectric properties, thermal proper-
ties, or phase transition in this system. Additionally, as PZN
is a relaxor ferroelectric with broad dielectric peak near
T,n ~ 140°C, and PZ is an antiferroelectric with sharp max-
imum permittivity at T, ~ 230°C, the Curie temperature in
the PZ-PZN system can be engineered over a wide range of
temperatures via control of the PZN amount in the system.
With a complementary characteristic, it is expected that ex-
cellent properties can be obtained from PZ-PZN ceramics.
The relationship between the phase evolution and the prop-
erties was emphasized.

2 Experiment

The composition series of (1 —x)PbZrO3—-xPb(Zn| 3Nby /3)
O3 ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10,

@ Springer

0.20, 0.30, 0.40, and 0.50 were fabricated via a columbite
precursor. The reagent-grade oxide powders of PbO (99.9%,
Aldrich, Milwaukee, WI, USA), ZnO (99.9%), Nb;Os
(99.5%), and ZrO, (99.6%) were used as starting raw ma-
terials. Prior to reaction with other raw materials, ZnO was
reacted with NbyOs at 975°C for 4 h to form ZnNb;Og. The
precursors, ZnNb;Og, ZrO,, and PbO (with 2 mol% excess
PbO), were weighed and mixed well by ball-milling in a
polyethylene bottle together with methyl alcohol and par-
tially 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 750-850°C for 4 h in a covered
AL O3 crucible. After that, all compositions of (1 — x)PZ~
xPZN were ball-milled again for 18 h. The calcined pow-.
ders were sieved and uniaxially cold-pressed at 300 MPa.
The disks were sintered at 1,200-1,250°C for 4 h depend-
ing on the composition. To compensate PbO volatilization;
the PbO atmosphere for the sintering was maintained using
PbZrO3 as the spacer powder.

The crystal structure and phase transition of the sintered
pellets were characterized using an X-ray diffractometer
(XRD; Bruker-AXS D8, CuKe radiation). The density of
PZ-PZN ceramics was measured via Archimedes water im-
mersion method. Scanning electron microscopy (SEM; Hi-
tachi, s4007) was employed to investigate the microstruc-
ture of sintered pellets. The phase transition of samples
was investigated using a differential scanning calorime-
ter (DSC 2920, TA Instrument) between room temperature
and 300°C at a heating rate of 10°C/min. To confirm the
phase transition of samples, the sintered pellets were mea-
sured by a dilatometer (DIL 402 PC, Netzsch) between
25-300°C at a rate of 1°C/min. For the measurement of
electrical properties, both sides of the maximum density of
each composition sample were polished and electroded with
silver paste (C1000, Heraeus). An LCR meter (HP4284A,
Hewlett-Packard, Palo Alto, CA) was used to measure the
dielectric properties, and the temperature varied between
25-350°C with a heating rate of 2°C/min. The polarization—
electric field (P—E) hysteresis loops were obtained at room
temperature using a standardized ferroelectric tester system
(RT-66A, Radiant Technologies, Albuquerque, NM) at a fre-
quency of 4 Hz.

3 Results and discussion
3.1 Crystal structure

The XRD patterns of the sintered (1 — x)PZ—~xPZN ceram-
ics for 0.00 < x < 0.50 are shown in Fig. 1. At the compo-
sition, 0.00 < x < 0.40, ceramic samples had a pure per-
ovskite structure. Evidence for the secondary phases was
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not observed in the patterns, indicating homogeneous solid
solution of PZ-PZN. However, increasing the amount of
PZN further to 50 mol%, gave rise to formation of the
pyrochlore phase, Pb; gsZng.3Nbj 2505305, which could be
matched with JCPDS No. 25-0446. This result could explain
the larger ionic size of Zn?t (0.88 A) [22], as compared to
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Fig. 1 XRD patterns of sintered ceramics for various compositions of

(1- x)PbZrO3-xPb(Zn) ;3Nby/3)03, where x = 0.0-0.5

the sixfold lattice sites formed by the oxygen octrahedra,
Then, Zn?* cannot enter the B-site of the perovskite struc-
ture as a replacement for Zr*+ (0.86 A) ions [22]. This result
indicated that the solubility limit of the (1 — x)PZ-xPZN
system was found at x = 0.40. Furthermore, the 1/4 (h k 1)-
typc supcrlattice reflcction peaks, identified with “*”, arisc
from antiparallel displacement of Pb2* cations, and this was
clearly seen in all compositions. The relative intensity of 1/4
(h k I)-type superlattice reflection peaks decreased with in-
creasing PZN, which indicated that the substitution of Zr*+
ions by Zn?* /Nb>* ions decreased the driving force for an
antiparallel shift of PbZ* ions.

Figure 2 shows enlarged profiles of the 1/4 (h k )-type
superlattice reflections (*): (1 1 1), (2 0 0), and (2 2 0) re-
flections. At the composition, 0.00 < x < 0.10, the XRD
data exhibit the superlattice reflections and splitting of
(2 4 0) peak at roughly 43°, indicating that the crystal struc-
ture of samples at the composition, 0.00 < x < 0.10, are
orthorhombic perovskite. Furthermore, the compositions,
0.20 < x < 0.50, showed a split (1 1 1) and (2 2 0) re-
(lection, and single (2 0 0) rellection, indicating that the
crystal structure transformed into a rhombohedral structure.
Moreover, the XRD patterns of 0.20 < x < 0.50 composi-
tions also showed 1/4 (h k I)-type superlattice reflections.
Therefore, it could be assumed that the orthorhombic and
rhombohedral phase coexist in these compositions. Conse-
quently, the composition, x = 0.20, is expected to be close to
the MPB, whereas the 0.30 < x < 0.50 compositions are in
the rhombohedral-rich region of the coexistent phase. Elu-

Fig. 2 XRD patterns of the

1/4(h k 1)-type superlattice
reflections, and the (1 1 1),
(200) and (2 2 0) peaks of

(1 — x)PZ-xPZN ceramics with
x=0.0-0.5
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Fig. 3 SEM micrographs of the
fractured surfaces of

(1 =5 x)PbZrO3—be(Zn|/3-
Nby/3)O3 with various
compositions (a) x = 0.00,

(b) x =0.02, (¢) x =0.04,

(d) x =0.10, (e) x = 0.30, and
) x =0.50

cidated electrical property data later confirmed this assump-
tion. It is interesting to note that the influence of additional
Pb(Zn}/3Nby/3)O3 on phase transition of the PbZrOj3 sys-
tem was similar to that of PZ—PMW and PZ—PCoN sys-
tems [17, 23].

3.2 Microstructure

The effects of PZN amount on the microstructure of (1 — x)
PZ—-xPZN, where x = 0.00, 0.02, 0.04, 0.10, 0.30, and 0.50
ceramics, are shown in Fig. 3. From these micrographs,
specimens show the absence of pyrochlore formation. It is
interesting to note that at the composition, x = 0.50, the py-
rochlore phase was detected by XRD but not observed from
the SEM micrograph in Fig. 3(f). As the pyrochlore phase
was probably located at the surface, and the scale was too
small, it did not appear in the SEM micrograph of the frac-
tured surface. This result was similar to that in the PMN
system [24]. The ceramics displayed a dense microstruc-
ture, and most of the grains were fractured in an intergranu-
lar manner. The grain boundaries could be clearly observed,

@ Springer

and then the average grain size was calculated directly by
the linear interception method [25]. Physical properties of
the sintered (1 — x)PZ-xPZN ceramics are listed in Ta-
ble 1. The SEM images in Fig. 3 reveal that the addition
of PZN resulted in significant changes in the microstruc-
ture of the ceramics. All ceramics exhibited high density
with an average grain size range of about 0.54 £ 0.09 to
17.02 £ 0.19 pm. The relative densities were obtained in
the range of 90-97% of theoretical density. Additionally,
shrinkage of about 11-17% of (1 — x)PZ-xPZN ceram-
ics could be achieved in this study. This value is consis-
tent with other lead-based systems [26]. The average grain
size dramatically increased from ~1.80 pm in the compo-
sition, x = 0.0, to approximately 17.02 um in the compo-
sition, x = 0.06. Conversely, in concentrations of PZN in-
creasing to x = 0.08, the grain size significantly decreased
with increasing PZN. From these results, it can be assumed
that a small amount of PZN substitution improves the sin-
terability of the ceramic. While excessive PZN substitution
was segregated at the grain boundary, which acts as impuri-
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Table 1 Physical properties of (1 — x)PbZrO3—xPb(Zn, /3Nb2/3)03 ceramics (R, Rhombohedral; O, Orthorhombic; Pyr, Pyrochlore)
Composition Crystal structure Average grain size Shrinkage Relative density
) (um) (%) (%)

0.00 o 1.80+0.31 15.0+£0.02 97.240.11

0.02 O 11.96 £0.21 11.0£0.01 89.8+0.21

0.04 o} 12.22+0.17 12.740.03 93.340.33

0.06 o 17.02+0.19 13.54+0.03 92.54+0.30

0.08 o} 1.20+0.15 12.940.02 91.140.13

0.10 (0} 0.54 £ 0.09 13.94:0.01 94.34+0.09

0.20 O+R 0.77+£0.26 13.940.02 93.0+0.16

0.30 R-rich 0.95+0.16 15.6+0.01 93.8+0.14

0.40 R-rich 1.59 +0.31 17.130.01 95.1+0.18

0.50 R-rich + Pyr 1.96 + 0.48 17.330.01 94.410.39

Fig.4 Temperature dependence
of dielectric properties of

(1 — x)PbZrO3-xPb(Zn 3~
Nby/3 }03

ceramics
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ties, the grain growth was inhibited. This phenomenon was
similar to those in other solid solution systems [27].

3.3 Dielectric properties
The relative permittivity of (1 — x)PZ-xPZN ceramics, as

a function of temperature at differently applied frequencies
between 1 and 100 kHz, are given in Fig. 4. At the compo-

Temperature ('C)

sition, 0.00 < x < 0.06, two distinct dielectric peaks were
observed. The phase transitions at lower temperatures were
due to transformation from the orthorhombic antiferroelec-
tric phase to rhombohedral ferroelectric phase [16], while
the maximum dielectric was linked with the transformation
of the rhombohedral ferroelectric phase into the cubic para-
electric phase [17, 23]. Later descriptions in ferroelectric
data supported this finding.
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Table 2 Phase transition temperatures and enthalpy of (1 — x)PbZrO3—xPb(Zn);3Nba;3)03 ceramics
Composition Phase transition temperature (°C) AH AS x 10° AS/T, x 108
(x) Dielectric constant Thermal expansion DSC Jg™h Jg 'k (Jg K™%
TAFE-FE Tre—pE TArE-FE Tre-PE TAFE-FE Tre—pE
x =0.00 - 233 212 220 208.4 225.6 2.6 11.6 51.7
x=0.02 212 226 192 213 193.1 2249 33 14.6 64.8
x=0.04 207 227 181 215 184.7 223.2 3.3 14.7 65.8
x =0.06 130 219 110 205 137.4 222.1 3.6 16.2 72.8
x=0.08 - 214 - 200 94.7 219.5 33 15.1 68.9
x=0.10 - 217 - - 59.0 217.3 2.6 11.8 54.2
x=0.20 - 216 - - - 211.2 1.5 7.1 33.8
x=0.30 - 213 - - - 209.4 0.8 4.0 19.4
x=0.40 - 210 - - - 188.5 0.6 34 18.0
x=0.50 - 200 - - - - - - -

Phase transition temperature of (1 — x)PZ-xPZN ceram-
ics is summarized in Table 2. The transition temperatures
of the AFE to FE phase became lower, and the tempera-
ture range width of the FE phase also increased continuously
with increasing PZN. For the composition, x > 0.08, transi-
tion of the orthorhombic antiferroelectric phase to rhombo-
hedral ferroelectric phase was not observed. As PZN con-
centration increased, the diffuse phase transition (DPT) be-
havior, with broad maximum and frequency dispersion, be-
came more self-evident. The FE to PE transition decreased
nearly linearly at the rate of 0.48°C/mol% of PZN, when
compared with its value for pure PZ. Noticeably, this rate
was much lower than that of PZ-PCoN (2.20°C/mol%) [17]
and PZ-PNN (2.81°C/mol%) [18]. The maximum relative
permittivity for all compositions is listed in Table 3. The
composition, x = 0.20, showed the highest value of relative
permittivity, and existence of the MPB near this composi-
tion was expected. This result is consistent with the X-ray
diffraction finding that both orthorhombic and rhombohe-
dral phases coexist in this composition. It was found that the
addition of PZN also shifts the transition temperature (7;,)
value of PZ-PZN ceramics down from 243°C (T, for PZ)
in the composition, x = 0.0, to 199°C in the composition,
x =0.5. A similar trend has also been found in the PZ-PNN
[18] and PZ-PCoN system [17].

It is well known that the relative permittivity of a nor-
mal ferroelectric, which is above the maximum relative per-
mittivity temperatures, can be described by the Curie-Weiss
law [4]:

1 T-—Ty

, (M

& C

where Ty is the Curie-Weiss temperature, and C the Curie
constant. Above the Curie temperature, the relative permit-
tivity of pure PZ obeys the Curie~Weiss law, with the Curie
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constant C ~ 1.70 x 10°°C and Curie-Weiss temperature
Tp ~ 179°C. However, a broad relative permittivity of re-
laxor ferroelectric can be described by a simple quadratic
law. The relative permittivity of relaxor ferroelectric above
the maximum relative permittivity temperatures can be de-
rived via the following expression [28]:

S:n (T - Tm(f))y

=1
Nl o

(I<sy=2), )

where &, is the maximum value of the permittivity at T =
T,»(f). The value of y expresses the degree of dielectric re-
laxation in the relaxor ferroelectric material, when y =1 (2)
expresses Curie—Weiss behavior, while y = 2 in this equa-
tion is identical to the quadratic relationship. Many relaxor
ferroelectric materials can fit (2) with y = 2 at temperatures
above Tiax. The parameter §, can be used to measure the
degree of diffuseness of the phase transition in mixed re-
laxor antiferroelectric materials. The values y and §, are
both materijal constants depending on the structure and com-
position of the material. The 8, value can be determined
from the slope of a,’,, /&’ versus (T — T,,,)z, which should
be linear. By plotting In(1/& — 1/gmax) versus In(T — T,),
y can be determined directly from the gradient. According
to (2), the values of In(1/e — 1/gmax) for the sintered ce-
ramics measured at 100 kHz are plotted against In(T — T,,)
in Fig. 5. As shown in the figure, the plotted lines for all
samples demonstrate significantly good linearity within the
measured temperature range. The intercept and gradient of
lines in Fig. 5 are used to calculate and demonstrate y and
8, for each sample in Table 3. The value of y presented in
Table 3 varies between 1.02 and 1.81. The §,, values are in-
creased also from 11.5 to 15.6 with increasing PZN content,
thus confirming that a diffuse phase transition occurs in the
PZ-PZN system. Nevertheless, a minor swing of y values
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Table 3 Dielectric and ferroelectric properties of (1 — x)PbZrO3-xPb(Zn; /3Nb2/3)03 ceramics

Composition Tin &r max 8y y P, Py E. .
(x) (°C) (uC/cm?) (uC/cm?) (kV/cm)
0.00 233 2850 11.5 1.02 - - -
0.02 226 4400 11.6 1.02 - - -
0.04 227 5500 11.8 1.04 - - -
0.06 219 4400 11.8 1.08 - - -
0.08 214 6600 13.5 1.33 20.20 22.86 17.88
0.10 217 6800 12.6 1.09 22.69 25.69 19.59
0.20 216 10300 14.8 1.55 26.90 31.45 15.52
0.30 213 8300 16.0 1.81 18.59 25.66 13.34
0.4 209 9700 153 1.59 20.73 27.48 13.04
0.5 199 9300 15.6 1.65 19.65 26.18 14.80
T T mm =050
s x=-0.02 T
.8 cox=004 188.5°C r=040
= k=006 =0 — .
- x-0.08 209.4°C x=0.30
-9 - ’t,?)
E‘ 211.2°C x=0,20
- -
= < [59.07C f2173°C coq10
& < 2 I
= M = 94.7°C  Jy2195°C (08
g 1374°C j 2221 °C x=0.06
-12 ax m—— i
184.7°C_ 1 223.2°C x=0.04
-134 193.1°C 2249°C x=0.02
/
03 10 15 20 25 30 s 40 45 a6 2084 "C/\Jk235-7 °C x=0.00
In (T-T ) y
50 100 150 200 250 300

Fig.5 Theln(l/e—1/emax) vs. In(T —T,,) plots for (1 — x)PZ~xPZN
ceramics with x = 0.00-0.50

as a function of composition was found in some composi-
tions. For ferroelectric ceramics, it has been established that
the degree of dielectric relaxation could also be caused by
the decrease of grain size [29], and the observed difference
of y value could be a result of grain size variation. A similar
propensity also has been detected in several prior investiga-
tions [29, 30].

3.4 Thermal properties

The DSC technique was used as a primary (ool to confirm
the phase transition of the PZ-PZN system. DSC analysis
results of the PZ-PZN ceramics are presented in Fig. 6,
in which two distinct endothermic peaks for the composi-
tion, 0.0 < x < 0.10, are observed. The lower temperature
corresponds to the transition temperature of the AFE—FE
phase transition, while the higher temperature corresponds
to the FE— PE phase transition. The AFE— FE peaks shift
to lower temperatures, with a higher composition of x. This

Temperature ("C)

Fig. 6 Typical differential scanning calorimetry (DSC) curves for
(1 — x)PZ—xPZN ceramics with x = 0.00-0.50

result corresponds to a decreasing AFE phase, and the tem-
perature range width of the FE phase increases, with increas-
ing amounts of PZN content. Moreover, the endothermic
peaks become progressively broader, while the areas under
these peaks (AH) decrease with increasing PZN content.
These results indicate that phase transition diverges from
the first-order type. Burggraaf et al. [31] reported that the
change in entropy (AS) and AS/T; related to fluctuation
in conjunction with a small spontaneous lattice deformation
and polarization. They also reported that large values of the
AS/T; ratio give sharp phase transition, whereas the lower
values lead to diffusing phase transition. Transition temper-
atures and the values of AH, AS, and AS/T; for all compo-
sitions are calculated and summarized in Table 2. Notably,
the values of AS/T; gradually reduce, which indicates that
the diffuse phase transition behavior of PZ-PZN increases
with increased PZN.
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Fig.7 Thermal expansion
curves of

(] - x)PbZr03—be(Zn1/3-
Nb2/3)03 ceramics in
heating
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It is well known that in phase transition from AFE to FE
or FE to PE the volume of material yields abrupt changes.
Therefore, the thermal expansion measurement was em-
ployed as a secondary tool to confirm the phase transition
sequence. Figure 7 shows thermal expansion curves for the
PZ-PZN system. In the expansion curves of 0.00 < x <
0.06, with rising temperature, the volume expansion that
resulted from the transformation of AFE to FE, and the
small volume contraction of FE to PE transition, were ob-
served. The thermal expansion curves exhibited FE to PE
phase transition only when the amount of PZN increased
to x = 0.08; however, the transition temperature tended to
decrease continuously with increasing PZN. There was no
clear anomaly in the thermal expansion at transition temper-
ature for the composition, x > 0.10, because these composi-
tions showed the second-order phase transition, which is the
behavior of relaxor-like FE [16]. This occurrence was sim-
ilar to those in other researches on different solid solution
systems [32]. In demonstrating phase transition of PZ-PZN
ceramics by relative permittivity, DSC, and thermal expan-
sion measurements, it is noteworthy that all compositions
showed the difference of transition temperature in each tech-
nique, as listed in Table 2. This result attributed to the dif-
ferent heating rates used during the measurements.
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Fig. 8 Polarization—electric field hysteresis loops of (I — x)Pb-
ZrO3—xPb(Zn; 3Nbz/3)03 ceramics

3.5 Ferroelectric properties

The ferroelectric measurement was used to clarify further
dielectric behavior of the FE phase in the PZ-PZN sys-
tem. The P-E hysteresis loops for all composition ceram-
ics at room temperature are shown in Fig. 8. At the compo-
sition, 0.00 < x < 0.06, a near-linear relationship of P-E



Antiferroelectric—ferroelectric phase transition in lead zinc niobate modified lead zirconate ceramics 559

loop is observed, due to electric fields being insufficient
to switch any ferroelectric domains. It is well known that
in PZ ceramics, the electric field required for inducing the
AFE to FE phase transition at room temperature is higher
than the breakdown strength of the ceramics [11, 33]. This
result indicated that the AFE phase of pure PZ persisted
in the PZ-PZN system for x < 0.08 at room temperature,
which corresponded to the dielectric and thermal expan-
sion results. For 0.08 < x < 0.50, at the 35 kV/cm elec-
tric field strength, fully and symmetrical hysteresis loops
were detected. The driving force for an antiparallel shift
of Pb?* ions was decreased, due to the replacement of the
Z*t jon by Zn?t /Nb3* ions, which interrupted the trans-
lational symmetry. Then, the ferroelectric phase appeared
when the amount of PZN was more than 6 mol%. Moreover,
the hysteresis loop of ceramics at 0.08 < x < 0.50 showed
normal-like ferroelectric behavior with the square loop. The
remanent polarization (P,) and coercive field (E;) value of
ceramics at 0.08 < x < 0.50 did not change significantly.
However, the highest P, value of this system was found in
the composition, x = 0.20, where P, = 26.90 pC/cm? and
E. = 15.52 kV/cm. The ferroelectric properties, together
with the basis of XRD and dielectric measurements, led to
the conclusion that the MPB of the (1 — x)PZ—xPZN system
exists at x = 0.20. Interestingly, the MPB of the (1 — x)PZ~
xPZN system shows higher remanent polarization and co-
ercive field when compared to that of the PZT system [34,
35]. It is well known that the MPB and grain size effect are
important parameters that strongly influence electrical prop-
erties of lead-based piezoelectric ceramics. However, this
study showed that the MPB in the PZ-PZN system is more
influcntial to clectrical propertics than the grain size cffect.
For the composition, x = 0.50, the value of P, decreased to
19.65 uC/cm?, due to the coexistence of a pyrochlore phase,
as observed by the XRD technique.

4 Conclusion

The solid solubility limit of the (I — x)PbZrOsz-
xPb(Zn13Nby/3)03 system, which was prepared via the
columbite method, was about x = 0.40. Relaxor ferroelec-
tric PZN was found to strongly influence crystal structure,
and electrical and thermal properties of PZ ceramics. The
XRD results indicate that the crystal structure of solid solu-
tion (1 — x)PZ-xPZN, where x = 0.00-0.50, successively
transforms from orthorhombic to rhombohedral symmetry,
with increased PZN concentration. The AFE—FE phase
transition shifts to lower temperatures with higher compo-
sitions of x. The temperature range width of the FE phase
increases with the amount of PZN increase. The dielectric
properties of PZ-PZN exhibited significant improvement
with PZN loading. The MPB of the (1 — x)PZ-xPZN sys-
tem exists close to the composition, x = 0.20.
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The solid solution of a (1-x)PbZrO3 — xPb(Y,3Nb,, )03 (PZ — PYN) system, with X =
0.00 - 0.08, was synthesized by the wolframite precursor method. The effects of PYN
content on crystal structure, and electrical and thermal properties of PbZrO; ceramic
were investigated. The crystal structure of sintered ceramics was characterized by X-ray
diffraction. The pure perovskite phase was obtained for all compositions. The transition
temperatures of the AFE to PE phase become lower with PYN increase. The dielectric
properties of PZ were improved by the addition of PYN.

Keywords Antiferroelectric; Wolframite precursor method; Lead Zirconate; Lead Yt-
trium Niobate

1. Introduction

Antiferroelectric materials are used extensively for many different electronic devices, such
as high charge storage capacitors and large strain actuators, due to the behaviour of electric
field-induced antiferroelectric to ferroelectric phase transformation [1, 2]. Lead zirconate
(PbZrOs, PZ) is a prototype of antiferroelectric ceramics. The structure of PZ changes from
the orthorhombic antiferroelectric (AFE) phase to cubic paraelectric (PE) phase at 236°C,
and a ferroelectric (FE) intermediate phase exists over a very narrow temperature range
(233-236°C) [3]. Stability of the ferroelectric phase can be altered by substitutions such
as Ba®* ions or Sr?* ions at the A-site [4-6], and Ti** at the B-site [2] of the perovskite
structure (ABOj3). Recently, many solid solutions of PZ and lead complex perovskite,
with disordering on the B-site of the perovskite structure, have been studied such as PZ-
Pb(C01/3Nb2/3)03 [8], PZ-Pb(Ni1/3Nb2/3)O3 [9] and PZ-Pb(Zn1/3Nb2/3)O3 [10]. HOWCVCI‘,
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Effect of Pb(Y,,Nb;,)03 on PbZrO; [397]/9

very few studies have focused on the structure-property relationship between PZ and B-site
ordering in a lead complex perovskite system.

Lead yttrium niobate [Pb(Y2Nby12)03; PYN] is a complex perovskite compound
with Y?>+ and Nb>* ordered on the B-site of the perovskite structure (ABO3) [7]. At room
temperature, PYN has a pseudo-monoclinic antiferroelectric phase. A sharp phase transition
from the paraelectric to an antiferroelectric phase occurs at around 342°C [7]. Regarding
dopants, the PYN type is interesting, due to its improved PZT ferroelectric and piezoelectric
properties from the addition of PYN [11].

PZ and PYN are antiferroelectric, with sharp maximum permittivity at T, ~ 230°C
and 342°C, respectively. Therefore, the Curie temperature in the PZ-PYN system can be
engineered over a wide range of temperatures by controlling the amount of PYN in the
system. Moreover, obtaining excellent properties, with a complementary characteristic, can
be expected from PZ-PYN ceramics. This work studied the combination of antiferroelectric
PbZrO; and B-site ordering in a complex perovskite Pb(Y,,Nb,,2)03 system. The solid
solution of a (1-x)PbZrO3 — xPb(Y2Nb;2)03 (PZ - PYN) system, with x = 0.00 — 0.08,
was synthesized by the wolframite precursor method. The effects of PYN content on the
crystal structure, phase transition, and dielectric and ferroelectric properties of PbZrOs
ceramic were investigated as a function of x.

2. Experiment

The (/-x)PbZrO3 — xPb(Y2Nby;,)O53 ceramics, where x = 0.00, 0.02, 0.04, 0.06 and 0.08,
were prepared by a wolframite method. Firstly, a wolframite (YNbO4) precursor was pre-
pared using reagent-grade Y>03 and Nb,Os (99.5% purity) in stoichiometric proportions.
The oxied powders were mixed and ball milled with ethanol for 18 h. The mixed powder was
calcined at 1,100°C for 4 h with a heating/cooling rate of 5°C/min to obtain the YNbO,4 pre-
cursor. Single-phase formation of the precursor was confirmed by X-ray diffraction (XRD).
The YNbO, precursor was mixed with PbO (99% purity), and ZrO, (99% purity) in various
proportions for making different compositions. Each mixture was calcined at 900°C for
4 h with a heating/cooling rate of 10°C/min to obtain the desired composition of (1—x)PZ —
xPYN. An excess of 2 mol% PbO was added to all the compositions to compensate for the
lead loss during calcinations. After grinding and sieving, the calcined powders were mixed
with 5 wt% polyvinyl alcohol binder and uniaxially pressed into pellets. The pellets were
sintered in PbO-rich atmosphere at 1,300°C for 2 h. The crystal structure and phase tran-
sition of ceramics were characterized using the X-ray diffractometer (XRD; Bruker-AXS
D8, CuKo radiation). The differential scanning calorimeter (DSC 2920, TA Instrument)
was employed to investigate the phase transition of samples between room temperature and
400°C at a heating rate of 10°C/min. For the measurement of electrical properties, each
composition sample was polished on both surfaces to ensure that they were flat and parallel.
After that, the samples were electroded with silver paste (C1000, Heraeus). An LCR meter
(HP4284A, Hewlett-Packard, Palo Alto, CA) was used to measure the dielectric proper-
ties, and the temperature varied between 30-300°C with a heating rate of 2°C/min. The
polarization—electric field (P—E) hysteresis loops were obtained using a standardized fer-
roglectric tester system (RT-66A, Radiant Technologies, Albuquerque, NM) at a frequency
of 4 Hz.The peak field was maintained at 35 kV/cm during measurement.

3. Results and Discussion

Figure 1 shows XRD patterns of ceramics in the (1 — x)PZ-xPYN system, 0.00 < x <
0.08, with each exhibiting a phase-pure perovskite phase within the detection limit of the
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Figure 1. XRD patterns of sintered ceramics for various compositions of (1 — x)PbZrO; —
be(Y,,szm)O3, where x = 0.00-0.08.

equipment. No pyrochlore phase was observed in the patterns. The 1/4 (h k 1) superlattice
reflection peaks, identified with “*”, arose from anti-parallel displacement of Pb?* cations
and were clearly seen in all compositions. Moreover, the XRD data showed splitting of the
(240) peak at around 43° throughout the whole composition range. These results indicated
that the crystal structure of ceramics at the compositions, 0.00 < x < 0.08, is an orthorhombic
symmetry. It is interesting to note that an increase of between 0.00 and 0.08 mol% in the
mole fraction of Pb(Y2Nb,2)O; did not display any evidence of a change in symmetry.

The calculated lattice parameters and unit cell volume of each composition are pre-
sented in Fig. 2. The swing of those values, as a function of composition, was found
throughout the composition range. These phenomena could be explained by the different
substitution modes of Y>* at cation sites. The ionic radii of Pb%* in 12 coordinates and Zr*+
in 6 coordinates were 1.46 A and 0.72 A, respectively. The ionic radii of Nb>* in 6 coordi-
nates were 0.64 A, which was smaller than those of Zr*+ ions, hence, the (1 — x)PZ-xPYN
solid solution, Nb>* ions, can be expected to mainly substitute for Zr*+ ions. Whereas, the
ionic radii of Y3+ in 12 and 6 coordinates were 1.234 A and 0.900 A, respectively [12], and
located in the intermediate part of the Pb?+ and Zr**. Therefore, Y3+ can occupy either the
Pb2* or Zr** site in the PbZrOj; perovskite structure. Consequently, the lattice parameters
and unit cell volume of the specimens are swung. A similar phenomenon has also been
found in other solid solution systems [13, 14].

The temperature dependence of relative permittivity, while (1 — x)PZ —xPYN ceramics
were heated at differently applied frequencies of from 1 kHz, 10 kHz and 100 kHz, are
shown in Fig. 3. Regarding the composition, x = 0.00, the temperature dependence of
relative permittivity showed discontinuity at phase transition. The relative permittivity of
pure PZ increased slowly until the temperature approached 235°C. At 240°C it greatly
increased, and passed through a maximum of around 243°C at 2,850. When the relative
permittivity of pure PZ rose above the phase transition temperature, it obeyed the Curie-
Weiss law; 1/e, = (T — Ty)/C, where &, is the relative permittivity, Ty the Curie-Weiss
temperature and C the Curie constant. In this study, the Curie constant C was ~1.7875 x
10° K and Curie-Weiss temperature Ty ~ 177°C. All compositions of PZ-PYN ceramic
underwent only one temperature dependent phase transition of relative permittivity, and
no further anomaly corresponding to another transient phase was observed. The phase
transition occurred from transit of the orthorhombic antiferroelectric (AFE) phase into
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Figure 2. Lattice parameters and unit cell volume of sintered ceramics for various compositions of
(1—x)PbZrO3 —be(Yl/szl/z)O:;, where x = 0.00-0.08.

the cubic paraelectric (PE) phase, and later ferroelectric data description supported this
assumption.

As PYN concentration increased, features of the first order phase transition became
increasingly less distinct, whereas the diffuse phase transition (DPT) behaviour, with broad
maximum and dispersion, became increasingly more self-evident. The AFE to PE phase
transition temperature (Tc) of PZ-PYN ceramics and the maximum relative permittivity
(ermax) are plotted in Fig. 4. It was found that the substitution of PYN lowers the AFE
to PE phase transition temperature. This phenomenon was similar to that in other solid
solution systems [8, 9]. The AFE to PE transition decreased nearly linearly at the rate of
6.22°C/mol% of PYN, when compared with its value for pure PZ. Furthermore, It can be
seen that the &, max for all the compositions is higher than its value of PZ. Therefore, it
could be said that PYN substitution improves the dielectric properties of pure PZ ceramic.

The differential scanning calorimetry (DSC) technique was used as a secondary tool
to study and confirm the phase transition of the PZ-PYN system. The phase transition
temperature in PZ-PYN ceramics is confirmed by DSC measurement. Fig. 5 presents DSC
analysis results of PZ-PYN ceramics for the composition, 0.0 < x < 0.08, where only one
endothermic peak for all compositions-of PZ-PYN ceramics was observed. This transition
of energy attributed to the AFE — PE phase transition, which had peaks that shifted to
lower temperatures with higher compositions of x. Table 1 gives the AFE to PE transition
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Figure 3. Temperature dependence of dielectric properties of (I — x)PbZrO; — xPb(Y,Nby/2)04
ceramics.

temperatures and the values of AH, AS and AS/T, for all compositions. Moreover, the
endothermic peaks become gradually broader, while, the areas under the endothermic
peaks (AH) decrease with increasing PYN concentration. These results indicate that phase
transition diverges progressively from the first order type. Burggraaf et al [15] reported that
the change in entropy (AS) and AS/T; related to fluctuation in conjunction with a small
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Figure 4. AFE to FE phase transition temperature and &, s as a function of composition x
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Figure 5. Typical differential scanning calorimetry (DSC) curves for (I — x)PbZrO; — xPb
(Y12Nb;,;)0; ceramics with x = 0.00-0.08.

spontaneous lattice deformation and polarization. They also reported that large values of
the AS/T; ratio give sharp phase transition, whereas the lower values lead to diffusing phase
transition. From Table 1, it was found that the values of AS/T; gradually reduce, which
indicated diffuse phase transition behaviour of increased PZ—PYN with increasing PYN.

The ferroelectric measurement was used to clarify the dielectric behaviour of the AFE
phase in the PZ—PYN system. Measurements of the P-E hysteresis loop for all compositions
were carried out at 35 kV/cm of electric field strength. At room temperature, all composition
ceramics had a linear field dependence of polarization in the field range of 0-35 kV/cm,
because the electric fields were inadequate for switching antiferroelectric domains. It is
well known that the electric field required for inducing the AFE to FE phase transition in
PZ ceramics at room temperature is higher than the breakdown strength of the ceramics
[2]. This clearly shows that these ceramics have AFE behaviour at room temperature, and
FE data support the assumption that the AFE phase exists in all compositions at room
temperature in dielectric results.

The P-E hysteresis loops of the 0.96PZ-0.04PYN ceramic were measured in a series
of temperatures in order to confirm the AFE to PE phase transition in PZ-PIN ceramics.

Table 1
Thermal properties of (1 — x)PbZrO; — xPb(Y ,,Nb,2)O3 ceramics

Composition Tc AH AS x 103 AS/T, x 105
€y °C) deg™ Jg 'K Jg'’K™)
x=0.00 231.0 4.0 7.9 15.6
x=0.02 227.0 2.3 4.7 9.4
x=0.04 221.0 2.2 4.4 8.9
x=0.06 212.0 1.9 3.9 8.0

x=0.08 199.5 0.9 2.0 4.2
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Figure 6. Polarization-electric field hysteresis loops of 0.96PbZrO; — 0.04Pb(Y,Nb;12)O; ceramic
at 4 Hz while heating at various temperatures.

Figure 6 shows the changes in the P-E loop with increasing temperature for the 0.96PZ-
0.04PYN ceramic. The P-E hysteresis loop was recorded after the temperature was stabi-
lized for at least 5 min. As expected, very small polarizations can be induced by the electric
field applied in the ceramic at room temperature and up to 195°C. When the temperature
increased to 200°C, the P-E loop was a double-loop type, which is characteristic of AFE.
Such double-loop behaviour remained at temperatures of up to 220°C. These results con-
firmed that the phase below the temperature of maximum relative permittivity (Tc ~ 224°C)
is antiferroelectric. A linear curve was observed when above Tc, which implied that the
ceramic is in the PE phase.

4. Conclusion

Ceramic solid solutions, based on (I — x)PbZrO; — xPb(Y,,Nb2)03, 0.0 < x < 0.08,
were prepared via a wolframite precursor method. The PZ-PYN solid solutions exhibited a
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single phase perovskite structure for all compositions. Antiferroelectric PYN was found to
strongly influence crystal structure, and electrical and thermal properties of PZ ceramics.
The AFE to PE phase transition shifted to lower temperatures with higher compositions of
x. The dielectric properties of PZ were also improved by the addition of PYN.
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