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ABSTRACT: For potassium−sodium niobate, the piezoelectric constant
(d33) was usually improved by sacrificing the Curie temperature (TC). In this
work, a material system of 0.992(K0.46Na0.54)0.965Li0.035Nb1−xSbxO3-
0.008BiScO3 has been designed and prepared with the aim of achieving
both a large d33 and a high TC at the same time. The chemical compositions
are found to be homogeneously distributed in the ceramics. The
introduction of Sc is found to be responsible for different grain sizes. The
rhombohedral-tetragonal phase coexistence zone lies in the composition
range of 0.02<x ≤ 0.06. The ceramic is thermally stable in terms of
ferroelectric properties. The change in the domain-wall activities induced by
the configuration variation of defect dipoles upon annealing is believed to be
responsible for the variation in the d33 at different temperatures. The ceramic
with x = 0.025 shows a good comprehensive performance of d33 ≈ 325 pC/
N and kp ≈ 48%, together with a high TC of ∼358 °C, demonstrating that this material system is a promising candidate for high-
temperature piezoelectric applications.
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■ INTRODUCTION

Pb(Zr,Ti)O3 (PZT) ceramics have been widely used for the
commercial products because of their excellent piezoelectric
properties and high Curie temperature (TC).

1−3 Unfortunately,
the lead element involved in PZT is harmful for the
surrounding environment, which will make PZT be prohibited
in the near future due the environmental concern. Recently,
extensive researches have been conducted for lead-free
piezoelectric materials with a perovskite structure. A few
candidate materials have been chosen for different practical
applications,4−23 for example, (K,Na)NbO3 (KNN),
Bi0.5Na0.5TiO3, and BaTiO3. Among all those materials,
considerable attention has been given to the alkali niobate
systems because of their large piezoelectric constant (d33) and
high TC.

7−9,11,12,18−23 The research on lead-free piezoceramics
is further boosted by the paper of Saito et al. published in 2004.
They reported that the textured (K,Na,Li)(Nb,Sb,Ta)O3
ceramics show excellent piezoelectric properties,7 which has
raised a broad interest on lead-free piezoceramics in the
community.
The addition of ABO3-type perovskites has been regarded as

one of the most useful methodologies to improve the
piezoelectric properties of KNN ceramics.24−31 The monoclinic
BiScO3 can be prepared under a harsh condition of both a high
pressure and a high temperature (6 GPa, 1400 K).32 It was also
found that a high piezoelectric activity can be achieved in KNN
by forming its solid solutions with other perovskites, such as

PbTiO3.
33 Recent results also show that adding BiScO3 can

effectively enhance the piezoelectric properties of the KNN-
based ceramics by forming the R-O or O-T phase
boundary,26−31 as shown in Table 1. For example, Zuo et
al.26 reported that the addition of BiScO3 induces the formation
of the R-O phase boundary in KNN, resulting in an improved
d33. KNN ceramics doped with Li+ and BiScO3 show both a
high TC of ∼402 °C and a low d33 of ∼225 pC/N.31 The
parameters for the KNN-based ceramics doped with BiScO3 are
listed in Table 1. From Table 1, it can be clearly seen that d33
and TC highly contradict with each other. And a large d33 is
normally obtained by sacrificing TC.

26−31 As a result, it is highly
desired to explore the possibility that whether a large d33 and a
high TC can both be obtained by fine tailoring the material
system and constructing a new phase boundary in the KNN-
based system.
To achieve both a large d33 and a high Tc in the KNN system,

the material system of 0.992(K0.46Na0.54)0.965Li0.035Nb1‑xSbxO3-
0.008BiScO3 (KNLNSx-BS) has been designed and prepared in
this work. The reasons for choosing the material system of
KNLNSx-BS are as follows. In this material system, adding
BiScO3 can decrease TO‑T and increase TR‑O of KNN.26 Adding
Li+ not only improves TC but also decreases TO‑T as well as the
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sintering temperature. Besides, adding Sb5+ further suppresses
the formation of the O phase.34,35 The schematic diagram for
the function of adding Li+, Sb5+, and BiScO3 is shown in
Figure.1. In this way, a new phase boundary showing the

rhombohedral-tetragonal (R-T) phase coexistence has been
developed. The ceramic with a specific composition prepared in
this work has demonstrated both a larger d33 of ∼325 pC/N
and a high TC of ∼358 °C. In addition, the evolution of the
microstructure with the doping Sb concentration is also clearly
illuminated, and the related physical mechanisms for the
enhanced electrical properties are given.

■ EXPERIMENTAL SECTION
The material system of 0.992(K0.46Na0.54)0.965Li0.035Nb1−x-
SbxO3-0.008BiScO3 with 0 ≤ x ≤ 0.08 was prepared using
the conventional solid-state method. Raw materials in this work
were Na2CO3, K2CO3, Li2CO3, Nb2O5, Bi2O3, Sc2O3, and
Sb2O3, respectively. The weighed powders were milled using
the ethanol for 24 h, and then calcined at 850 °C for 6 h. These
presintered powders were ball milled again and pressed into the
pellets with 1.0 cm in diameter and ∼1.0 mm in thickness.

These pellets with x = 0, 0.02, 0.025, 0.03, 0.035, 0.04, 0.05,
0.06, 0.07, and 0.08 were sintered at 1065, 1070, 1075, 1075,
1080, 1085, 1090, 1095, 1100, and 1105 °C for 3 h in air,
respectively. The silver paste was coated on both sides of the
sintered samples, and then sintered at 650 °C for 10 min for
electrical measurements. The samples were polarized at 30 °C
in a silicone oil bath by applying a dc field of 3.0−4.0 kV/mm
for 20 min.
X-ray diffraction with a CuKa radiation (DX-2700, Dandong,

P. R. China) has been used to characterize the phase structure
of the sintered samples. Their microstructure, element
mapping, and composition analysis were measured and
recorded by a field-emission scanning electron microscope
(FE-SEM) (JSM-7500, Japan). The temperature-dependent
dielectric properties of the sintered samples were measured
using an LCR analyzer (HP 4980, Agilent, U.S.A.) at a
temperature range between −150−200 °C and room temper-
ature∼550 °C. The dielectric properties of the polarized
samples were measured at 100 kHz, and the polarization vs
electric field (P−E) hysteresis loops of the unpolarized samples
were measured at 10 Hz using a ferroelectric tester (Radiant
Technologies, Inc. Albuquerque, NM, USA). The planar
electromechanical coupling factor (kp) was measured by a
resonance-antiresonance method with an impedance analyzer
(Impedance Analyzer, PV70A, Beijing, P. R. China), and the d33
was measured using a commercial Berlincourt-type d33 meter
(ZJ-3A, P. R. China) for the polarized samples. The thermal
stability was measured by holding the polarized samples at
different temperatures for 60 min, and all their d33 values are
then measured after the sample cools down to room
temperature.

■ RESULTS AND DISCUSSION
The room-temperature XRD patterns of the KNLNSx-BS
ceramics are shown in Figure 2a. A pure perovskite phase can

Table 1. Electrical Properties of BiScO3-Modified KNN-Based Ceramics

material system d33 (pC/N) kp Tc (°C) ref

0.98 (Na0.5K0.5)NbO3-0.02BiScO3 210 0.45 350 Zuo26

0.98K0.5Na0.5NbO3-0.02BiScO3+Mn 288 0.46 328 Li27

0.992(0.95K0.5Na0.5NbO3-0.05LiSbO3)-0.008BiScO3 305 0.54 315 Jiang28

0.985(K0.48Na0.52)(Nb0.98Sb0.02)O3-0.015BiScO3−MnCO3 265 0.51 402 Wang29

0.995(0.95K0.5Na0.5NbO3-0.05LiSbO3)-0.005BiScO3 280 0.49 ∼340 Li30

0.99(Na0.485K0.485Li0.03)NbO3-0.01BiScO3 225 0.38 402 Sun31

0.992(K0.46Na0.54)0.965Li0.035Nb1‑xSbxO3-0.008BiScO3 325 0.48 ∼358 this work

Figure 1. Schematic diagram of the effect of Li+, Sb5+, and BiScO3 on
TC, TO‑T, and TR‑O of KNN.

Figure 2. XRD patterns of the KNLNSx-BS ceramics in the 2θ range of (a) 20−60°, (b) 21−23°, and (c) 43−47°.
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be observed in all the ceramics except the sample with x = 0,
indicating that doping Sb into the ceramics can result in the
formation of stable solutions. Panels b and c in Figure 2 show
the expanded XRD patterns of the KNLNSx-BS ceramics,
measured at 2θ = 21−23° and 43−47°. By considering the
XRD data and the temperature-dependent dielectric constant
(εr) (see Figures 3 and 4), the evolution in the phase diagram

of the KNLNSx-BS ceramics with x is analyzed, which is
explained below: The O-T phase coexists at a specific
temperature for the ceramics with x ≤ 0.02,36 and the TO‑T
of the ceramics with x = 0 and 0.02 is ∼71 °C and ∼52 °C (see
Figure 3), respectively. In Figure 3, the dielectric constant (εr)
of the ceramics with x > 0.02 gradually increases as the
measurement temperatures drop from 150 °C to room
temperature, indicating the existence of the phase boundary
to some extent. It has been reported that doping Sb ions can
simultaneously shift the R-O and O-T phase boundaries close
to room temperature.34 In addition, adding BiScO3 can further
shift the R-O and O-T to room temperature quickly.26 In
contrast, one can see from panels b and c in Figure 2,that the
ceramics with x ≥ 0.07 have a different phase structure. It has
been reported that excessive Sb gives rise to an R phase above
room temperature,34 and thus the R phase is observed in these
ceramics with x ≥ 0.06. Finally, the R-T phase boundary of the
ceramics has been defined in the x range of 0.02−0.06. It is of
great interest to note that the XRD peaks shift to higher angles
with increasing the Sb content, indicating a slight shrinkage of
the lattice because of the substitution of Nb5+ (RNb ≈ 0.64 Å)
by Sb5+ (RSb ≈ 0.61 Å).34,37

The effects of the Sb content on the phase transition of the
KNLNSx-BS ceramics was systematically studied using the
temperature dependence of εr in the temperature range of
−150 to 550 °C. Figure 3 shows the curves of εr versus
temperature in the KNLNSx-BS ceramics, characterized at 100
kHz and in the temperature range of 30 to 550 ◦C. There are
two dielectric peaks for the ceramics with x ≤ 0.02, which are
attributed to the orthorhombic-tetragonal phase transition
temperature (TO‑T) and the tetragonal-cubic phase transition
temperature (TC), as shown in Figure 3. So, the dielectric
results are consistent with the XRD analysis (see Figure 2),
confirming the involvement of the O-T phase boundary.
However, the phase transition from an orthorhombic to a
tetragonal phase gradually disappears above room temperature
as the Sb doping level increases (x > 0.02), and there is only
one peak left, which corresponds to the cubic-tetragonal phase
transition at TC. To clearly show the phase evolution with the
Sb doping level, the temperature-dependent εr of the KNLNSx-
BS ceramics in a temperature range of −150 to 200 °C is
shown in Figure 4a. TR‑O and TO‑T gradually move to room
temperature as the Sb doping level increases,34 and eventually
they overlap with each other at room temperature, implying
that the R-T phase boundary forms in the composition range of
x = 0.025 and 0.05. Finally, an R phase appears in the ceramic
with x = 0.07, which could be clearly seen by inspecting both
the XRD pattern and the temperature -dependent εr. According
to the temperature-dependent εr in Figures 3 and 4a, the phase
diagram has been established, as shown in Figure 4b. Tc
decreases almost linearly as the Sb content increases. TR‑O
and TO‑T converge at room temperature for 0.02 < x ≤ 0.06.
The TR‑O of the ceramics with x ≥ 0.06 shifts to above room
temperature. As a result, the ceramics with the composition of
0.02 < x ≤ 0.06 are expected to show the R-T phase boundary
lying around room temperature.
Figure 5a−d show the FE-SEM surface micrographs of the

sintered samples with x = 0, 0.025, 0.05, and 0.07. One can see
that the grain size is very sensitive to the Sb content in the
KNLNSx-BS ceramics. Also, different grain growth modes have
been observed for the ceramics with different Sb contents, as
shown in Figures 5a−d. Adding a small amount of Sb (x <
0.05) can promote the grain growth to some extent, while the
grain size drops dramatically for x ≥ 0.05 because of the
involvement of excessive Sb.34 In addition, the ceramics with x
= 0 and 0.025 show a bimodal distribution of grain size together
with a much larger grain size. The grain size decreases as the Sb
doping level increases (x ≥ 0.05). The ceramics with x = 0 and
0.025 show a much denser microstructure than those with x ≥

Figure 3. Temperature dependence of the dielectric constant of the
KNLNSx-BS ceramics. The inset shows the expanded εr−-T curves in
the temperature range of 30−550 °C.

Figure 4. (a) Temperature (−150 to 200 °C) dependence of the dielectric constant and (b) the phase diagram of the KNLNSx-BS ceramics.
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0.05. That is because that the smaller grains may fill up the gaps
among the large ones for the ceramics with x = 0 and 0.025,
while this process does not occur for the ceramics with x = 0.05
and 0.07, which gives rise to a poorer microstructure with some
gaps. To show this point clearer, the relative density of the
ceramics as a function of x is shown in Figure 6. One can see

that the relative density remains almost unchanged for the
ceramics with x < 0.04, and it drops gradually as x further
increases. In the present work, the distribution of each chemical

element in the ceramic with x = 0.025 is characterized by the
element mapping of the cross section of the sample using the
energy-dispersive X-ray (EDX) analysis, and the results are
shown in Figure 7. One can see that all the elements are
homogeneously distributed in the ceramic. The Li element
could not be detected using FE-SEM EDX technique because
of its light weight.
To further appreciate the composition in large and small

grains regions of the ceramic with x = 0.025, we have used the
energy dispersion spectrum analysis (EDS) to reveal the atomic
percentages of the elements within different regions. The
results are shown in panels a and c in Figure 8 for smaller grains
and panels b and d for larger grains. Panels e and f in Figure 8
show the atomic percentages of the elements, which is derived
from panels c and d in Figure 8, respectively. Only a very small
difference in the composition among the smaller and larger
grain regions is observed, further indicating that the chemical
compositions are homogeneously distributed in the ceramics.
In addition, the Na/K ratio remains almost the same in these
two different regions. In the following, the mechanism for the
decrease in grain size of the ceramics with increasing the Sb
content (x > 0.05) is given. Images a and b in Figure 9 show the
composition analysis of a single grain and a large region
containing many grains and grain boundaries in the ceramic
with x = 0.05. It is observed that the Sc element is absent from
the single grain, whereas it can be detected in the whole region
of the ceramic. It has been reported that the grain growth is
inhibited and the grain size decreases if Sc aggregates at the
grain boundary.38,39 Comparing Figure 8 with Figure 9, we
conclude that the grain growth of the KNLNSx-BS ceramics
could be prohibited by the Sc ions located at grain boundaries
and promoted by the Sc ions located in the grains.
Figure 10a shows the P-E hysteresis loops of the KNLNSx-BS

ceramics as a function of the Sb content, measured at 10 Hz
and room temperature. A typical P−E loop is observed for all
the ceramics, and the shape of P−E hysteresis loops varies with
the Sb content. Figure 10(b) plots the variations of the remnant
polarization (Pr) and the coercive field (EC) with x. Pr slightly
increases from 21.3 to 28.5 μC/cm2 as x increases from 0 to
0.025, and then gradually drops as x increases further. EC vs x
shows a similar trend with Pr. EC also rises first and then drops
with increasing x, reaching the maximum value of ∼21.0 kV/cm
at x = 0.025. As a result, an enhanced ferroelectric behavior
could be achieved in the R-T phase boundary region.
Figure 11a plots the P−E hysteresis loops of the KNLNSx-BS

ceramic with x = 0.025 measured at various temperatures of

Figure 5. SEM micrographs of the KNLNSx-BS ceramics: (a) x = 0,
(b) x = 0.025, (c) x = 0.05, and (d) x = 0.07.

Figure 6. Relative density of the KNLNSx-BS ceramics as a function of
x.

Figure 7. Elemental mapping of KNLNSx-BS ceramics with x = 0.025.
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30−180 °C. A typical P−E loop is observed for the ceramics
regardless of the measurement temperatures. The P−E loops

show very weak temperature dependence, confirming a good
temperature stability of the ferroelectric properties. We show

Figure 8. Surface morphologies of the ceramic with x = 0.025; (a) the region with small grains, (b) the region with large grains. (c, d) EDS spectra
corresponding to the regions marked as 2−1 and 2−2 in a and b, respectively. (e, f) Atomic percentages of the elements obtained from c and d.

Figure 9. Surface morphologies, EDS spectra, and atomic percentages of the elements of (a) a single grain and (b) the region of the ceramic with x =
0.05 containing many grains.
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Figure 10. (a) P−E loops and (b) the profiles showing Pr and Ec vs the Sb content of the KNLNSx-BS ceramics.

Figure 11. (a) Temperature -dependent P−E loops and (b) Ps, Pr, and Ec of the ceramic with x = 0.025.

Figure 12. (a) d33, kp, (b) dielectric properties, (c) εr, Pr vs x, and (d) εrPr vs x of the KNLNSx-BS ceramics.
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the variation in ferroelectric properties with temperatures in a
clearer manner, Ps, Pr, and Ec, obtained from Figure 11a, in
Figure 11b. One can see that Ps and Pr increase slightly, while
Ec decreases a little as temperature rises.
Figure 12a plots the room-temperature piezoelectric constant

(d33) and planar electromechanical coupling factor (kp) of the
KNLNSx-BS ceramics as a function of the Sb content. We can
see that piezoelectric properties of the KNLNSx-BS ceramics
demonstrate strong composition dependence. The piezoelectric
properties can be enhanced by doping a small amount of Sb
into KNLN-BS, and then be suppressed as the Sb content
further increases. For the pure KNLN-BS ceramic, it shows a
piezoelectric behavior of d33 ≈ 152 pC/N and kp ≈ 38.0%. For
x = 0.025, both d33 and kp reach the maximum values of 325
pC/N and 48%, respectively. As a result, the piezoelectric
properties peak in the R-T phase boundary zone. In this work,
the d33 is much larger than those obtained from other KNN-
based ceramics containing BiScO3,

26−30 as indicated in Table 1.
In addition, the d33 of this work is also superior to those KNN-
based40−42 and PZT1 ceramics, as shown in Table 2 and Figure
13. Although its d33 is inferior to some of those KNN-based

ceramics with O-T and R-T phase boundaries43−47 or PZT-
based ceramics, a much higher TC (∼358 °C) has been
obtained in the current work, which is comparable to PZT2
(∼360 °C) and is even higher than PZT3, PZT4, and
PZT5A,1,2 as shown in Figure 13. It is well-known that it is
difficult to mediate the conflict between d33 and TC in
KNN.26−31,37−42 In other words, the enhancement in d33 is
normally obtained by sacrificing its TC, and vice versa. In this
work, an enhanced comprehensive performance of both a large
d33 (∼325 pC/N) and a high TC (∼358 °C) is achieved in such
a material system with x = 0.025, which even compete with that
of PZT2. Therefore, we have successfully realized the objective

of obtaining a large d33 and a high TC, widening the application
temperature range of lead-free piezoelectric devices. Figure
12(b) plots the dielectric properties (εr, εm, and tan δ) of the
KNLNSx-BS ceramics as a function of the Sb content, measured
at 100 kHz and room temperature. In this work, εm stands for
the maximum value of dielectric constant in Figure 3. The εr
increases as x increases and then drops for x > 0.07. tan δ of the
ceramics remains almost unchanged for x < 0.04 and then
gradually increases as the Sb content rises because of the
formation of pores (see Figure 5), which is in agreement with
the change in the relative density (Figure 6). In addition, εm
exhibits a different trend, in which the maximum value is
reached at x = 0.025, showing the involvement of a similar
MPB.13,48 The underlying physical mechanisms for the
enhanced piezoelectric properties are discussed as follows:
The involvement of two thermodynamically equivalent phases
(R and T) results in the formation of highly oriented domains
during the poling process,49,50 and therefore the formation of
the R-T phase coexistence must largely contribute to the
enhanced piezoelectric properties of the ceramic with x = 0.025
in this work. The frequency dependence of εr and Pr of the
KNLNSx-BS ceramics were measured, and the results are
shown in Figure 12c. It was found that a similar trend is
observed for all the curves, which is independent of
measurement frequencies. To show the combination effect of
Pr and εr measured at different frequencies, we plotted the εrPr
of KNLNSx-BS ceramics as a function of x in Figure 12d,
according to the results in Figure 12c. It can be clearly seen that
all the εrPr vs x curves show the similar trend. In addition, we
can see that a larger εrPr is observed in the vicinity of the R-T
phase boundary region. Here, we argue that the enhanced εrPr
is also partly responsible for the large d33 observed in this
work.35,46 As a result, the optimal dielectric and piezoelectric
properties are achieved in the ceramic with x = 0.025, and the
key parameters obtained are as follows: d33 ≈ 325 pC/N, kp≈
0.48, εr ≈ 1257, and tan δ ≈ 0.031.
It is important to study the thermal stability of a piezoelectric

material because it may strongly affect the temperature range
during practical applications.51 It is well-known that d33 of a
polarized piezoelectric ceramics drops gradually as the
temperature increases (≤TC) because of the thermal instability
of the polarization.52 To evaluate the thermal stability of the
KNLNSx-BS ceramics developed in this work, the d33 of the
polarized samples was characterized at different annealing
temperatures (Ta), as plotted in Figure 14. Clearly, one see that
the thermal stability of the KNLNSx-BS ceramics is strongly
affected by the Sb content, that is, the thermal stability
gradually degrades as the Sb level increases. For x = 0, d33
shows a plateau below TC. However, d33 decreases almost
linearly with temperatures for the ceramics with x > 0.05. One
can also see that the d33 of the ceramics with x = 0.025−0.035

Table 2. Electrical Properties of KNN-Based Ceramics

material system d33 (pC/N) kp Tc (°C) phase boundary ref

(K0.5‑x/2Na0.5‑x/2Lix)NbO3 [x = 0.065] 250 0.44 450 O-T Hollenstein40

(Na0.5K0.5)1‑x(LiSb)xNb1‑xO3 260 0.50 390 O-T Zang41

(K0.45Na0.55)0.98Li0.02(Nb0.77Ta0.18Sb0.05)O3 413 0.50 ∼225 O-T Gao43

(Na0.5K0.5)0.975Li0.025Nb0.76Sb0.06Ta0.18O3 352 0.47 ∼210 O-T Du44

(Na0.52K0.40)(Nb0.84Sb0.08)O3−LiTaO3−BaZrO3 365 0.45 −180 R-T Zuo45

(1-x)K0.5Na0.5Nb1‑xSbxO3-xBi0.5Na0.5TiO3 380 0.35 267 R-T Liang46

0.96(K0.5Na0.5)0.95Li0.05Nb0.93Sb0.07O3-0.04BaZrO3 425 0.50 197 R-T Wu47

0.992(K0.46Na0.54)0.965Li0.035Nb1‑xSbxO3-0.008BiScO3 325 0.48 ∼358 R-T this work

Figure 13. Schematic diagram summarizing d33 and Tc of high-
performance KNN and PZT-based ceramics.
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levels off below 150 °C, and then slightly drops with further
increasing Ta (150−240 °C). The profile becomes stable again
up to 320 °C, and the dramatic decrease occurs when the Ta is
near TC. Note that there is no phase transition at ∼150 °C in
the ceramics studied in this work. So, the reduction in d33
(>150 °C) is not caused by a phase transition.52 It was reported
that the defect dipoles may be responsible for the reduction of
d33 upon annealing.53 Since the piezoelectric properties of a
ferroelectric material are strongly affected by the movement of
the domain wall,54,55 the defect dipoles prohibiting the
movement of the domain wall may result in a stable d33 at a
low annealing temperature (≤150 °C). As the annealing
temperature increases (150−240 °C), the defect dipoles are
decoupled, giving rise to the rearrangement of the domain
structure and form a lower-energy configuration with a lower
net polarization. This phenomenon may lead to the drop in d33
in this temperature regime (150−240 °C). The defect dipoles
were totally decoupled and randomized when temperature
increases up to 250 °C. So, d33 becomes stable again with a
further increase in temperature up to Tc. As a result, the change
in the domain-wall activities, induced by the change in the
configuration of defect dipoles, results in the variation in the d33
with different annealing temperatures.55,56

■ CONCLUSION
Lead-free 0.992(K0.46Na0.54)0.965Li0.035Nb1−xSbxO3-0.008BiScO3
piezoelectric ceramics have been prepared using the conven-
tional solid-state method. The rhombohedral-tetragonal phase
boundary was found to significantly enhance the piezo-
electricity of the ceramics. A high TC is also achieved by fine-
tuning the composition of the material system. In this work, an
optimal electrical behavior of d33 ≈ 325 pC/N, kp ≈ 48%, and
TC ≈ 358 °C has been obtained in the ceramic with x = 0.025.
The variation in the domain-wall activities, which is induced by
the change in the configuration of defect dipoles upon
annealing, results in a large change in the piezoelectric constant
with increasing temperatures. It is expected that this material
system is a promising candidate for the piezoelectric
applications.
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