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Abstract

This paper proposes a method for the composition and synthesis of lead zirconate titanate (PZT) piezoelectric ceramic for use in energy
harvesting systems. The proposed material consists of (1—x)Pb(Zr 53Tip47)03—xBiYO3 [PZT-BY (x)] (x=0, 0.01, 0.02, 0.03, 0.04, and 0.05 mol)
ceramics near the morphotropic phase boundary (MPB) region, prepared by a solid-state mixed-oxide method. The optimum sintering
temperature was found to be 1160 °C, which produced high relative density for all specimens (96% of the theoretical density). Second phases
were found to precipitate in the composition containing x>0.01 mol of BY. It is shown that the addition of BY inhibits grain growth, and exhibits
a denser and finer microstructure than those in the un-doped state. Fracture surface observation revealed predominant intergranular fracture for
x=0 and x=0.01, while a mixed mode of transgranular and intergranular fracture appeared for x>0.02. The optimal doping level was found to be
x=0.01, for which a dielectric constant (K33) of 750, a Curie temperature (7¢c) of 373 °C, a remnant polarization (P,) of 50 uC/cmz,
a piezoelectric constant (d33) of 350 pC/N, and an electro-mechanical coupling factor (k,) of 65% were obtained. In addition, the piezoelectric
voltage constant (g33), and transduction coefficient (ds3 x g33) of PZT-BY(x) ceramics have been calculated. The ceramic PZT-BY(0.01) shows
a considerably lower K35 value, but higher d33 and k. Therefore, the maximum transduction coefficient (ds3 x g33) of 18,549 x 107" m?*/N was
obtained for PZT-BY(0.01). The large (d33 x g33) indicates that the PZT-BY(0.01) ceramic is a good candidate material for energy harvesting

devices.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, energy harvesting from vibration and motion
sources has attracted much interest, particularly for micro
power sources [1,2]. To convert this mechanical energy to
electrical energy, vibration energy harvesters use one of three
methods: electrostatic induction, electromagnetic induction,
and the piezoelectric effect [3,4]. Among these transducers,
piezoelectric harvesters are preferred due to their simplicity,
easy maintenance, and durability. Depending on the given
application, high power density is required in piezoelectric
technology, for which a large electro-mechanical coupling
effect is required [5,6]. In addition, systems should be much
simpler, without external voltage sources. Lead zirconate
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titanate (PZT) has relevant piezoelectric properties, and is
usually used as an energy conversion material in piezoelectric
structures. Numerous relevant studies on piezoelectric harvest-
ers have been performed in the last decade [7-10]. Suitable
piezoelectric materials for vibration energy conversion to
electrical energy are characterized by a large magnitude of
the product of the piezoelectric voltage constant (g33) and the
piezoelectric charge constant (ds3), which is called the
transduction coefficient (ds3 x g33) [11-13]. Recently, many
studies have been conducted to find such piezoelectric
materials [11-14]. According to the definition of g3; expressed
by ds3/(gg X K%3) (where K15 is the dielectric constant and & is
dielectric permittivity of free space), a high energy density
could be obtained from piezoelectric materials with a large ds3
value and small Ki;. A higher product of d33 and gs3, i.e.,
a higher figure of merit (d33 X g33), can provide higher energy
output, and hence, the value is an essential criterion for energy
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harvesting materials [15,16]. Many investigations have been
conducted to obtain piezoelectric ceramics with a high ds;3
value and small K35 [17-19].

From considerations of ionic radii, it is probable that bismuth
(Bi) and yttria (Y) ions occupy the Pb site, and that charge
compensation will take place by the creation of Pb vacancies in the
lattice, which facilitate the movement of the domain wall so as to
improve the piezoelectric and dielectric properties [20-25]. It was
reported that the substitution of Bi in PZT increased sinterability,
retarded grain growth, and decreased grain size [22-24]. In
addition, it was also reported that a uniform grain size distribution
with decreasing grain size yielded a large P, and a small leakage
current in Y-doped PZT materials [20,21,25]. Bi and/or Y doping
in PZT would be expected to increase ds3 and K%, but decrease the
g33 value. Since BiYO; (BY) generally shows a low dielectric
constant, one can predict that pre-synthesized BY can act as a
dopant to reduce the dielectric constant in PZT. A preliminary
study indicated that pre-synthesized BY doped into PZT could
remain as a precipitate after sintering, according to X-ray diffrac-
tion analysis. This implies that BY can act as a grain growth
inhibitor and as donors in the vicinity of grains. Thus, the existence
of BY precipitate can have an influence on the grain growth and
the piezoelectric and dielectric properties, in contrast to direct
doping methods.

The main purpose of the present study is to demonstrate the
possibility of optimum energy harvesting material with a high
figure of merit (d33 x g33) by controlling the pre-synthesized BY
contents. To this end, we investigate the effect of pre-synthesized
BY content on the crystal structure and microstructure, and analyze
the piezoelectric/dielectric properties in the PZT-BY system to
search for the optimum compositions with high ds3 and low K§3.

2. Experimental procedure

A conventional mixed oxide method was used to fabricate (1—x)
Pb(Zr( 53Tl 47)03—xBiYO5 ( abbreviated as PZT-BY(x) hereafter)
containing various amounts of BY (0<x<0.05). To eliminate the
effects associated with the direct co-doping of Bi,O; and Y,0;, a
pre-synthesis method was used for the fabrication of PZT-BY(x)
by a ball mill process. The first stage of the fabrication was the
synthesis of PZT and BY. A stoichiometric amount of analytical-
reagent (AR)-grade PbO (99.5%, Dansuk, Korea), ZrO, (99.5%,
Daichi, Japan), and TiO, (99.9%, High purity Chemicals, Japan) to
synthesize PZT; and Bi,O5 (99.9%, High purity Chemicals, Japan)
and Y,03 (99.9%, High purity Chemicals, Japan) to synthesize BY
were weighed and then ball milled in distilled water using ZrO,
media for 24 h. The dried powders were discretely sieved through
100 mesh and separately calcined at 850 °C for 2 h in alumina
crucibles. X-ray analysis at this stage indicated a single phase. The
second stage the PZT-BY(x) was fabricated by first weighing the
pre-synthesized PZT and BY powders and ball-milling them for
72 h. The dried powders were pressed into a 15-mm-diameter disk
and then subjected to cold isostatic pressing (CIP) under a pressure
of 1472 MPa. The pressed pellets were sintered at various
temperatures. To limit PbO loss from pellets, a PbO-rich atmo-
sphere was maintained by placing an equimolar mixture of PbO
and ZrO, inside a covered alumina crucible. The sintered

specimens were then ground to maintain the required aspect ratio
(diameter/thickness >15) with an average diameter of 11.7 mm and
thickness of 0.75 mm for measuring the radial vibration mode of
the piezoelectric properties. In addition to this, a cube sample with
an edge length of 10 mm was also prepared to measure the ds;
value following measuring instruction of a ds3/ds; meter JACAS;
Model ZJ-6B) at the optimum composition.

A preliminary study on the dielectric/piezoelectric properties
of the PZT-BY(x) system indicated that the 0.99Pb
(Zro 53T 47)03—0.01BiYO5; composition had excellent dielec-
tric/piezoelectric properties. Thus, specimens with the same
composition were prepared by conventional mixed-oxide
method without a pre-synthesizing process to investigate the
processing effects. A stoichiometric amount of the AR-grade
powders were simultaneously mixed and dried. The dried
powder was calcined at 850 °C for 2 h.

The specimens were characterized by X-ray diffractometer
(XRD, Rigaku D/Max-2500H, Japan) with Cu Ka radiation after
calcination and sintering. The morphologies and microstructures of
all of the powders and sintered samples were investigated using a
scanning electron microscope (SEM; Hitachi S-2400). In order to
measure the electrical properties, silver paste was coated to form
electrodes on both sides of the sample, and then subsequently fired
at 560 °C for 30 min. To investigate the proper poling conditions,
each specimen was poled in stirred silicon oil at 120 °C, by
applying a DC electric field of 4-8 kV/mm for 45 min, and
subsequent aging at 120 °C for 3 h. Preliminary study indicated
that the spontaneous polarization was not fully saturated under a
DC electric field of 4 kV/mm. The dielectric and the piezoelectric
properties of the aged samples were then measured and evaluated.
Based on these results, the optimum poling voltage chosen as
4.0 kV/mm. Considering the fact that deviations of the electric
properties could exist in the measured samples, five specimens
were prepared and tested for each batch. The piezoelectric
coefficient was determined using a ds3/d;; meter (IACAS; Model
ZJ-6B), and the electromechanical and dielectric properties were
calculated by a resonance/anti-resonance measurement method [26]
using an impedance/gain phase analyzer (HP-4194A). The tem-
perature dependence of the dielectric constant and the dissipation
factor over a range of —25 to 500 °C was measured using an
automated system at 1 kHz, in which an HP-4194A Impedance/
Gain-Phase Analyzer and a temperature-control box (—40 to
150 °C: Delta 9023 chamber, 150-500 °C: Lindberg tube furnace)
were controlled by a computer system. The temperature was
measured using a Keithley 740 thermometer with a K-type
thermocouple mounted on the samples. The behavior of the
polarization electric field was determined using a Precision LC
system (Radiant Technology Model: 610E).

3. Results and discussions

3.1. Effects of pre-synthesized BiYOj3 doping on the crystal
structure and microstructure

Fig. 1 shows the XRD patterns for the calcined BY and
PZT. A full stabilization of the cubic phase was achieved for
the BY (JCPDS no. 271047), as shown in Fig. I(a). In
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Fig. 1. XRD patterns of (a) BiYO; (b) Pb(Zr s3Tig47)O5 powder calcined at 850 °C for 2 h.
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Fig. 2. (a) XRD multi plot patterns of PZT-BY(x) (0<x<0.05) system sintered at 1160 °C for 2 h, (b) and (c) enlarged portion of XRD at selected 26 angle

[® indicates the second phase].

addition, the calcined PZT powder was also fully stabilized to
the perovskite structure (JCPDS no. 01-070-4264) without any
second and/or pyrochlore phases. The pure PZT shows the
coexistence of tetragonal and rhombohedral symmetry. Fig. 2
shows the X-ray diffraction patterns for the sintered PZT-BY
(x) samples fabricated through a pre-synthesis process. All of
them were sintered at 1160 °C for 2 h. As shown in Fig. 2(a),
two compositions (x=0, 0.01) are fully stabilized to the
perovskite structure. The enlarged XRD patterns of the
ceramics in the 26 range of 42-46° [Fig. 2(c)] indicate that
the (002) peak is suppressed and the rhombohedral phase
increases with an increasing amount of BY. It is also shown
that tetragonality decreases with increasing BY content. This
in turn means that the PZT-BY(0.01) composition shows the
MPB. Furthermore, a second peak appeared as the BY addition
was increased to more than 0.01 mol, suggesting the precipita-
tion of BY [Fig. 2(b)].

The microstructures of the sintered samples were observed
by SEM, and the fracture surface micrographs for samples
containing various amounts of BY are shown in Fig. 3(a)—(f).
It is evident that the addition of BY brings about a significant
change in grain size. BY addition seems to hinder the gain
growth. The grain size decreases with increasing BY contents.
The grain size of the pure PZT ceramics sintered at 1160 °C is
~7.4 um, whereas the average grain size abruptly decreases to
~2.5 pm with only 1 mol% of BY. The decrease in grain size
becomes more significant with increasing BY content above
2 mol%, showing a grain size of around 1 pm. This can be
interpreted as a pinning effect of the secondary phase. Since
the microstructure is directly associated with the sintered
density, the variation of densities as a function of the content
of BY are plotted in Fig. 4. As a result, the PZT-BY(0.01)
specimen sintered at 1160 °C shows a maximum value for the
sintering density of 7.95 g/cm® (99% of theoretical density),
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Fig. 3. SEM images of fracture surface of PZT-BY (x) (0<x<0.05) system sintered at 1160 °C for 2 h.
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Fig. 4. Density of PZT-BY(x) ceramics sintered at 1160 °C for 2h with
different BY contents.

which then gradually decreases to 7.78 g/cm?, as the content of
BY increases.

Though a secondary phase of BY was not detected at PZT-
BY(0.01) as shown in Fig. 2, it is clearly seen that the second
phase plays an important role in the reduction of grain size
when comparing XRD with SEM results. Considering the fact
that the detection limit for identifying a second phase in XRD
analysis is about 7 Vol%, the absence of a second phase peak
in PZT-BY(0.01) may be attributed to the quite small amount
and fine dispersion of the phase. Fig. 3 shows SEM images of
the fracture surface for pure and modified PZT-BY ceramics.
The pure PZT and PZT-BY(0.01) ceramics indicate a pre-
dominantly intergranular fracture [27], while the mixed mode
of transgranular and intergranular fracture appears for highly
BY-doped ceramics. On the other hand, the intergranular
fracture mode of PZT-BY(x) containing x>0.02 mol began
to change to a mixed mode, as shown in Fig. 3(c)—(f), whereas
the mean grain size was decreased. Therefore, the fracture
mode transition observed in the PZT-BY(x) seems to be

directly related to the content of the secondary phase. As the
BY content increases, it can be intuited that the cohesive
strength of the grain boundary can be strengthened, possibly
due to either by introducing foreign atoms into the relatively
weak boundary structure, or by the formation of semi-coherent
bonding between the grain interface and precipitates [27].

3.2. Effects of pre-synthesized BiYOj3 doping on the
piezoelectric and dielectric properties

The piezoelectric and dielectric properties of PZT-BY(x)
specimens are shown in Fig. 5(a)—(c). The composition
containing 0.01 mol of BY [PZT-BY(0.01)] showed the
maximum ds3 and k, values of 350 pC/N and 65%, respec-
tively, which then decreased as the content of BY increased
above 0.02 mol. On the other hand, the behavior of K§3 is
inconsistent with the results of piezoelectric properties. K33 of
PZT-BY(0.01) showed the minimum value of 750. The ds;
and k, values of pure PZT [PZT-BY(0)] are the lowest at
70 pC/N and 15%, respectively. The values of d33 and k, tend
to increase, possibly due to the ease of dipole movement as a
consequence of the decrease in the coercive field (E.) and
internal stress with grain coarsening. However, excessive grain
coarsening might result in decreasing the overall number of
domains. In addition, as can be noticed in the XRD analysis in
Fig. 2, phase transition from a tetragonal rich to a rhombohe-
dral rich region appears to occur as the BY content increases,
and an MPB forms at 0.01 mol of BY content. As a
consequence, the numbers of effective polarization directions
were believed to be the maximum at 0.01 mol of BY content
[MPB]. With a further increase in the BY content above
0.01 mol, the grain size sharply decreases to ~1 pm, and
rhombohedral phase gradually increased with a second phase,
accompanying the decrease in d33 and k,. On the other hand,
the variation of K3 differs from those of the piezoelectric
properties, as shown in Fig. 5(c). K33 sharply decreases at
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Fig. 5. Variation of piezoelectric and dielectric properties as a function of BY: (a) ds3; (b) k,; and (c) K.

PZT-BY(0.01) as the grain size decreases from ~7.4 pm to
2.5 um, while it increases slightly with a decreasing grain size
of ~1 um and depends relatively less on the BY content. The
increase of K33 can be interpreted as an effect of the grain size.
Okazaki and Nagata [28,29] reported that K33 at room
temperature increases with increasing grain size. They
explained this behavior using a space-charge distribution
model. According to their model, as the grain size decreases,
the grain boundary phase, which is directly related to the
volume of space charge regions, increases in size, and finally
lowers the dielectric constant of the small-grained PZT.
Therefore, K§3 decreases with the PZT-BY(0.01) composition.
A further increase in the BY content decreases the grain size
to ~1 um while slightly increasing the dielectric constants.
Similarly, Arlt [30] reported that there is a transition region of
the domain structure when the grains are small. As the grain
size increases over critical values, the structure is changed to a
complex banded domain structure, accompanying the relaxa-
tion of the internal stress caused by the tetragonal phase, which
then increases Ki3. Therefore, a decrease in grain size would
be expected to increase the internal stress. This in turn suggests
that the dielectric constant increases with decreasing grain size
for BY-doped regions.

Fig. 6 shows the temperature dependence of K35 for the PZT—
BY(x) system. Each specimen examined was sintered at 1160 °C.
K;l::; was almost constant up to 300 °C, and then increased
gradually to a maximum value K33 (ma) at Tc. Thereafter, Ki
(max) decreases with further increases in temperature. This dielectric
anomaly indicates a phase transition from ferroelectric to
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Fig. 6. The temperature dependence of relative dielectric constant for PZT-BY
(x) system sintered at 1160 °C for 2 h.

paraelectric phase at Tc. The T of pure PZT is ~360 °C. Upon
adding 0.01 mol of BY, T shifted towards a higher temperature
(Tc ~373 °C). Further shift is not found in 7, but peak broadening
occurred, as shown in Fig. 6. It is evident that the value of K%
(max) sharply decreases as the content of BY increases to 0.02 mol,
and the dielectric peak broadened rather than sharpening around
Tc, which is one of the characteristics of disordered perovskite
structure with diffuse phase transition. This broadening is believed
to be due to the compositional fluctuation [31] leading to a
microscopic heterogeneity in composition, and thus, to a distribu-
tion of different local 7¢, caused by the appearance of a second
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phase [BY]. It is well known that cubic phase addition to
PZT reduces T¢, but in the PZT system with BY added, 7¢
increased. This result can be explained in terms of internal stress,
which retards the ferroelectric and paraelectric transition. The
internal stress increases with a decrease of grain size. Internal stress
in ferroelectric grains can be accumulated by the pinning effect of
the secondary phase, and the increase in the internal stress can be
effectively reduced by the formation of a twin-like 90° domain,
which increases the stability of the ferroelectric state [32,33].
Therefore, the transition temperature can be suppressed by BY
doping.

Further evidence for the BY doping and grain size effect are
obtained by examining the polarization—electric field (P—F) curve
at room temperature. The variation of the hysteresis loops of P, and
E. for pure and BY-doped PZT samples sintered at 1160 °C is
shown in Fig. 7(a) and (b). The values of P, and E. are determined
from the measured loops. In the data of hysteresis loops, P, for the
PZT-BY(0.01) specimen has the highest value of 50 pC/cm®.
Therefore, the increase of the piezoelectric properties is closely
related to the increase of P, whereas E. sharply increases and has a
similar values as the BY content increases above 0.02 mol and the
grain size decreases around ~1 pm. Therefore, these results are in
agreement with a previous analysis of the piezoelectric/dielectric
properties as a clamping effect caused by internal stress below a
critical grain size with a second phase.

To investigate the effects of the BY doping method on the
microstructure and electrical properties, the SEM morphology
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of the pre-synthesized and conventionally mixed PZT-BY
(0.01) samples sintered at the same temperature is shown in
Fig. 8(a) and (b). The conventionally mixed sample has a
larger average grain size of ~4.9 um with irregular grain shape
compared with that of ~2.5 um in the pre-synthesized sample.
In addition, the electrical properties of PZT-BY(0.01) samples
sintered at the same temperature have been listed in Table 1.
The piezoelectric properties of the pre-synthesized PZT-BY
(0.01) specimen show higher values than those of the PZT-BY
(0.01) specimen fabricated by the conventional mixed-oxide
method. The observed increase of the piezoelectric properties
can be interpreted as the effects of the higher density and the
decrease of grain size caused by the pinning effect of pre-
synthesized BY.

Similarly, Haertling and Zimmer [34] reported that the
piezoelectric properties increased with decreasing porosity of
the PZT ceramics. Therefore, it can be concluded that the pre-
synthesis process increases the sintering density and decreases
the porosity, which in turn accompanies the increase of the
piezoelectric properties. Since the dielectric properties are
directly associated with grain size, the conventional mixed
sample has a larger average grain size and shows a higher
value than that of the pre-synthesized sample. From considera-
tions of the ionic radii, it is highly probable that Bi and Y ions
occupy the Pb sites and form Pb vacancies in the case of
the conventional mixed sample, accompanying the donor
doping effect, hence favoring an increase of the piezoelectric
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Fig. 7. (a) Room temperature P-E hysteresis of PZT-BY(x) ternary ceramics sintered at 1160 °C and (b) P, and E. measured from their corresponding
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Fig. 8. SEM images of fracture surface of PZT-BY(0.01) prepared by (a) mixed oxide process and (b) pre-synthesized process.
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Table 1
The comparative parameters of PZT-BY(0.01) obtained with mixed oxide
route and pre-synthesized process sintered at 1160 °C for 2 h.

Table 2
Calculated values of g33 and (d33 X g33) at different moles of BY addition in
PZT fabricated by pre-synthesis process.

Properties Mixed route Pre-synthesis BY (mole) 833 x 1073(Vm/N) (ds3 X g33) x 1071 (m*/N)
Density (%) 97 99 0.00 7 478
ds3 (pCIN) 278 350 0.01 53 18549
ky (%) 56 65 0.02 40 12399
K5 820 750 0.03 33 8692
0.04 29 6882
0.05 26 5376
60
—m—g, - 18000
50 —m—
T e~ Table 3
P Longitudinal and transverse piezoelectric coefficients and their corresponding
_E or 4 12000 E figure of merits.
> D
T30 F S 4 9000 % Longitudinal mode Transverse mode
oy .\.\' .
o 20 | '\ 4 6000 >°<; ds3 (pC/N) 350 d31 (pC/N) —181
" I 233 X 107 (Vm/N) 53 231 x 10-3 (Vm/N) —27.39
wl 1 3000 (d33 % g33) x 1077 (m*N) 18549 (d31 x g31) x 10—15 (m2/N) —4957
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Fig. 9. Variations of the g33 and (ds3 X g33) values of PZT-BY(x) ceramics
fabricated by pre-synthesis process.

properties compared to pure PZT. Pre-synthesized BY may
precipitate at the grain boundary as a secondary phase and
compensate for the vacancies in the vicinity of PZT grains,
where defects can accumulate. Therefore, pre-synthesized BY
seems to play an important role in the pinning and doping
effect, simultaneously. In view of these facts, one can conclude
that pre-synthesized BY enhances the piezoelectric properties
and reduces the grain size, and is more favorable than the
conventional mixed-oxide method.

Variations of the g33 and (ds3 x g33) values are illustrated in
Fig. 9. The calculated data of g33 and (d33 X g33) for PZT-BY
(x) has been shown in the Table 2. A maximum gz3 of
53.0x 107 Vm/N and (ds; x g33) of 18,549 x 107" m*/N
were obtained for PZT-BY(0.01) fabricated by pre-
synthesized process. This value is comparable to the highest
value reported so far for polycrystalline ceramics [8,11,12,17].
The increase in the g33 and (ds3 x g33) values was related to
the decreased K33, while a high ds; value was maintained at
x=0.01. On the other hand, the gs3 and (ds3 X g33) values
decreased for x>0.02 mol, because of the decrease in the ds;
value and increasing behaviors of the K§3. These results were
in agreement with the previous analysis of the piezoelectric
properties (Fig. 5). In order to identify figure of merit in a
transverse vibration mode, the g3; and (d3; X g3;) values are
also obtained and summarized for PZT-BY(0.01) as shown in
Table 3.Typical values for energy harvesting piezoelectric
materials are shown in Table 4 obtained from selected
references. Most of the recent work reported a high transduc-
tion coefficient in the various relaxor materials doped PZT
system. The doped relaxor materials generally enhanced the

piezoelectric coefficients, while it abruptly lowered 7. [35].
Thus, low T, limits the application fields of these materials. On
the other hand, BY-doped PZT showed a transduction coeffi-
cient without lowering 7, (~373 °C). In view of these facts,
one can consider that the PZT-BY system may be suitable
composition that does not have a lower T.. The PZT-BY(0.01)
composition could be very useful for specific applications in
piezoelectric, ultrasonic, and energy harvesting devices.

4. Conclusion

A new-ternary solid solution of PZT-BY (x) (0<x<0.05) was
systematically investigated. Second phases were found to
precipitate in the composition containing x>0.01 mol of BY.
A denser and finer microstructure was observed for BY-doped
PZT compared to undoped PZT. The optimal doping level was
found to be x=0.01, which yielded a K§3 of 750, T of 373 °C,
P, of 50 uC/cmz, ds3 of 350 pC/N, and k;, of 65%.The present
study has revealed that a high d33 and k, with a low K35 value
could be achieved by the pre-synthesis fabrication process.
With the observed enhanced electromechanical parameters,
a maximum g3 of 53.0 x 107 VN and (d33 x g33) of
18,549 x 107" m*’/N were obtained with PZT-BY(0.01).
The attained piezoelectric characteristics with a high level of
g33 and high figure of merit offer ample opportunity for using
this ceramic as a base in energy harvesting devices.
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Table 4
Properties of some PZT-based energy harvesting materials.

Composition g33 X 1073 (Vm/N) dsz x gg3(10_IS m?/N) T. (°C) Ref. no.
Pb(Zrl_xTiX)O3—Pb(Ni1/3Nb2/3)03 333 15853 11
(1—x)Pb(Zrg 47 Tip.53)03—xPb[(Nig 6Zng 4)1/3Nb2/3]03 31 19572 17
(065+y)Pb(Zr047T1053)—(035—y)Pb [(Nil_XZnX)1/3Nb2/3]O3 36 20056 18
Pb, _,La,(NiSb)o 5[ (Zro.52-Ti0.48), 241090503 39.3 16200 19
099Pb(ZI'053T1047)O3—001B1YO3 53 18549 373 present
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