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The 0.45Bi(Mg0.5Ti0.5)O3–(0.55 – x)PbTiO3–x(Bi0.5Na0.5)TiO3

(BMT–PT–xBNT) ternary solid solution ceramics were pre-
pared via a conventional solid-state reaction method; the evolu-

tion of dielectric relaxor behavior and the electrostrain features

were investigated. The XRD and dielectric measurements
showed that all studied compositions own a single pseudocubic

perovskite structure and undergo a diffuse-to-relaxor phase

transition owing to the evolution of the domain from a frozen

state to a dynamic state. The formation of the above dielectric
relaxor behavior was further confirmed by a couple of measure-

ments such as polarization loops, polarization current density

curves, as well as bipolar strain loops. A large strain value of

~0.41% at a driving field of 7 kV/mm (normalized strain d33*
of ~590 pm/V) was obtained at room temperature for the com-

position with x = 0.32, which is located near the boundary

between ergodic and nonergodic relaxor. Moreover, this elec-
tric field-induced large strain was found to own a frequency-

insensitive characteristic.

I. Introduction

PIEZOELECTRIC ceramics have been widely used in various
applications such as sensors and actuators which are

mainly dominated by lead-based materials during the past
decades due to their excellent piezoelectric properties.1–3 As
far as the application of piezoelectric actuators is concerned,
the electric field-induced strain property is one of the most
important parameters. It is known that the antiferroelectric
order can obviously enhance the strain level and a large
strain value of ~0.4%–0.5% was usually reported in antifer-
roelectric ceramics owing to the field-induced antiferroelec-
tric-to-ferroelectric phase transition.4

Aside from the lead-based materials, Bi-based perovskite-
structured solid solutions of BiMeO3–PbTiO3 have recently
attracted lots of attention due to their high Curie tempera-
ture (Tc), in which Me consists of cations with an average 3+
valence.5–10 It was argued that the high Tc value benefits
from the enhanced spontaneous polarization due to a similar
“lone-pair” 6 s2 electronic configuration of Bi3+ to Pb2+

and a strong coupling in the polarization between A-site and
B-site cations.11 Among the various Bi-based materials, Bi
(Mg0.5Ti0.5)O3–PbTiO3 (BMT–PT) was considered as one of
the most promising candidates for high-temperature applica-
tions due to its high Tc, acceptable piezoelectric performance,
and a relatively low cost.5–8 Very recently, BMT–PT-based

ternary systems have been studied owing to their specific
structures and electrical properties.12–17 More importantly, a
comparable strain value (up to ~0.4%) was also obtained
under high external electric fields in some of these ternary
systems through the substitution of some zirconates.16,17 This
large strain was initially proposed to be related to the field-
induced antiferroelectric relaxor-to-ferroelectric phase trans-
formation due to the pinched polarization versus electric field
(P-E) loops.16,17 The antiferroelectric feature was considered
to originate from BMT with an analogous structure to
PbZrO3.

18 However, no direct evidence manifested the anti-
ferroelectric order in these systems other than the P-E mea-
surements. Later on, the achievement of the giant strain in
BMT-based system was found to be accompanied by the
evolution of a relaxor behavior owing to a change in
the dynamics of the polar nanoregions (PNRs), while the
induced relaxors own a ferroelectric nature.19 Despite of the
different explanations about the formation of giant strains, it
would be noted that the achievement of a relaxor property
might play an important role in these BMT-based large
strain systems.16,17,19 The same situation has also been
observed in (Bi0.5Na0.5)TiO3 (BNT)-based systems substituted
by components like (Na0.5K0.5)NbO3 (NKN), SrTiO3, Zr

4+,
and so on.20–24 The achievement of the large strain in BNT-
based ceramics was identified as a consequence of a field-
induced phase transition between a nonpolar phase (ergodic
relaxor) and ferroelectric phase.21,22,24

It is believed that the relaxor behavior can be usually
observed in complex perovskites and the disordered distribu-
tion of different ions at one or more equivalent crystallo-
graphic sites is an essential characteristic of relaxors. This
disorder distribution induces local random fields which are
responsible for the growth of PNRs.19,25–27 The presence of
these PNRs and correlations among them should be closely
associated with the evolution of relaxor behavior. With
increasing the size of the PNRs, the relaxors could transform
into a normal ferroelectric and sometimes into an intermedi-
ate phase with a diffuse phase transition, but without
frequency dispersion between relaxor and normal ferroelec-
trics.28 It was argued that the distinction between frequency
independent diffuse phase transition and frequency-depen-
dent relaxor-like behaviors is due to the different sizes of the
PNRs.29 Interestingly, diffuse phase transition has been
reported in BMT–PT compositions and these compositions
were characterized by polar domains of ~50 nm with a fro-
zen-in polarization (static) state,5 which are much larger than
the PNRs in canonical Pb(Mg1/3Nb2/3)O3.

BNT was reported to be a typical relaxor ferroelectric of
the perovskite structure with A-site being equally shared by
two different cations (Bi3+ and Na+).30–32 The substitution
of BNT in BMT–PT can be then expected to increase the
disordered degree of BMT–PT solid solutions, inducing a dif-
fuse-to-relaxor phase transformation. The purpose of this
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study was thus to explore the effect of the BNT substitution
on the dielectric properties of diffuse-type BMT–PT binary
system and the accompanying electric field-induced electro-
strains by using a fixed BMT content of 45% and then
substituting BNT for PT. These studied compositions would
be expected to lie on the rhombohedral side of the morpho-
tropic phase boundary of BMT–PT–BNT ternary system.

II. Experimental Procedure

The conventional mixed-oxide route was adopted to prepare
the 0.45BMT–(0.55-x)PT–xBNT (abbreviated as BMT–PT–
xBNT, x = 0.27–0.34) ceramics. The high-purity (>99%)
Bi2O3, TiO2, Na2CO3, PbO, and (MgCO3)4�Mg(OH)2�5H2O
were used as raw materials. The powder mixture was ball-
milled in ethanol using Y2O3-stabilized zirconia balls for 6 h.
The calcination was performed twice in a sealed Al2O3 cruci-
ble at 850°C for 2 h. The calcined powders were crushed and
ball-milled in ethanol again for 8 h. The compacted sample
disks were sintered in air in sealed crucibles at 1060°C–
1100°C for 2 h.

The relative densities were evaluated by the Archimedes
method. A relative density of >97% can be achieved for all
the studied samples at their optimal sintering temperatures.
The crystal structure was examined by an XRD (D/Max-RB;
Rigaku, Tokyo, Japan) using CuKa radiation. The micro-
structure was observed using a scanning electron microscope
(SEM, JEOL JSM-6490LV; Tokyo, Japan). Two major sur-
faces of the pellets were covered with a thin layer of silver
paste and fired at 550°C for 30 min. The samples were poled
at a dc field of 6–7 kV/mm at room temperature for 5 min
in silicone oil. The quasi-static piezoelectric constant (d33)
was measured by using a Belincourt meter (YE2730A; Sino-
cera, Yangzhou, China). Dielectric properties were measured
as a function of temperature and frequency by an LCR
meter (Agilent E4980A; Santa Clara, CA) in the frequency
range 1 kHz–1 MHz in the temperature range 25°C–500°C.
The polarization versus electric field loops (P-E) and electric
field-induced strain (S-E) curves were measured at room tem-
perature by using a ferroelectric measuring system (Precision
multiferroelectric, Radiant Technologies Inc., Albuquerque,
NM) with an accessory laser interferometer vibrometer (AE
SP-S 120E; SIOS Mebtechnik, GmbH, Ilmenau, Germany).
All the electrical measurements were repeated for several
times by using 3–4 samples for each composition and only a
very small difference between these measurement results
could be detected, indicating that the experimental data
could be well repeated.

III. Results and Discussion

Figure 1 shows the XRD patterns of the BMT–PT–xBNT
powders by crushing the samples densified at 1080°C. The
results revealed a single perovskite structure without any
apparent secondary phases for all the studied compositions,
as can be seen in Fig. 1(a). The locally magnified (111) and
(200) peaks, which are the characteristic peaks for rhombo-
hedral and tetragonal phases, respectively, indicate no obvi-
ous peak splitting, as shown in Figs. 1(b) and (c). Moreover,
only single diffraction peaks were detected up to 80°C (peaks
are too weak to be detected as diffraction angle is higher
than 80° for our current instrument condition). Sharp and
narrow peak profiles suggest a cubic perovskite structure
with a negligible noncubic distortion for all compositions.
Similar results have also been observed in the XRD analysis
of the BMT–PT binary system with a low PT content.6 How-
ever, it should be noted that a completely cubic symmetry
would be inconsistent with all the macroscopic properties
reported in this system. Thus, it would be reasonable to
assume that the symmetry of the materials should be lower
than cubic. That is to say a pseudocubic distortion probably
exists in a very fine scale beyond the detection limit of the

currently employed XRD technique. On the other hand, the
(111) and (200) diffraction peaks reveal a slight shift to
higher diffraction angles with increasing the BNT content,
indicating that there is a slight lattice contraction. This is
probably due to relatively small ionic radii of Bi3+ and
Na+ compared with Pb2+ at the A-site (CN = 12,
RNa = 1.39 �A < RBi = 1.45 �A < RPb = 1.49 �A).33 The corre-
sponding lattice parameter a for samples with different BNT
contents was calculated based on a pseudocubic structure, as
shown in Fig. 1(d). It is obvious that the lattice parameter a
decreased slightly with increasing the BNT content. More-
over, the microstructure of the studied samples was examined
by SEM. A representative result for the x = 0.32 sample sin-
tered at 1080°C was given, as shown in the inset of Fig. 1(d).
The SEM examination confirms the high-density and well-
developed grains with a uniform grain size of 2–3 lm. More-
over, we did not detect any obvious changes in the grain size
and morphology with changing BNT content probably due
to a relatively narrow composition range.

The dielectric property of this system was measured as
functions of temperature and frequency, as shown in
Figs. 2(a–h). The measuring frequency ranges from 1 kHz to
1 MHz and the arrow indicates the direction of increasing
frequency. First, the temperature at the dielectric maximum
(Tm) decreased slightly with increasing the BNT content,
probably owing to the relatively low Curie temperature of
BNT compared with PT. Second, it is obvious that the stud-
ied compositions exhibited the dielectric diffuse–relaxor phase
transformation. Third, the frequency dependence of Tm

increased with increasing the BNT content, meaning that the
substitution of BNT enhanced the degree of the dielectric
relaxation. The c value, which was calculated from the modi-
fied Curie–Weiss law, was considered as the degree of relaxa-
tion ranging between 1 for a normal ferroelectric and 2 for
an ideal relaxor ferroelectric,34 and DTrelax, defined as
DTrelax = T1MHz � T1kHz,

35 was also plotted as a function of
the BNT content, as shown in Fig. 2(i). It is clear that both
c and DTrelax values increase monotonously with increasing
the BNT content. The x = 0.27 sample owns c = 1.63, but
DTrelax = 0, indicating that this composition is diffuse type
but in the absence of frequency dispersion. As known, the
disordered distribution of different ions would induce the

(a)

(b) (c) (d)

Fig. 1. (a) Room-temperature powder XRD patterns of BMT–PT–
xBNT ceramics, the locally magnified (b) (111) and (c) (200)
diffraction peaks and (d) lattice constant a as a function of the BNT
content. The inset shows the SEM picture for x = 0.32 sample.
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formation of random local fields owing to the local charge
imbalance or different ionic sizes.19,25–27,36–38 The evolution
of the dielectric relaxor behavior in this system could be
ascribed to the change in the random local field. The charac-
teristic of the diffuse-type phase transition means that the
induced random local field in the x = 0.27 sample would be
not strong enough to disrupt the long-range polar correla-
tions, such that the PNRs cannot be generated or the gener-
ated PNRs are too large in size.19,38 Similar phenomenon has
been observed in BMT–PT binary system and Randall et al.5

demonstrated that the domain structure of rhombohedral
BMT–PT ceramics consists of ~50-nm-sized polar microdo-
mains, which are much larger than the PNRs in canonical
Pb(Mg1/3Nb2/3)O3. Therefore, the structural and/or chemical
disorder might exist, but its domains are frozen and only can
be switched under a sufficiently large electric field.5,19 The
diffuse-to-relaxor phase transformation behavior with
increasing the BNT content indicates that the random local
fields gradually increased in this system and the long-range
polar correlations tended to be broken. Based on the above
analysis, a gradual increase in the dynamics of PNRs in this
system would be expected as well as a decrease in size of
PNRs with increasing the BNT content. In combination with
the analysis of the above XRD results, the microstructure of
the BMT–PT–xBNT ternary composition can be considered
to consist of PNRs with a noncubic distortion embedded into
a cubic matrix in which the symmetry remains
unchanged.39,40 The average structure could be more prop-
erly described as a pseudocubic phase.

Figures 3(a)–(h) depicts the room-temperature P-E loops
for all compositions as well as the corresponding current
density loops (J-E), which provide a more detailed picture of
the switching processes. The corresponding change tendency
of the maximum polarization (Pmax), remanent polarization
(Pr), and coercive field (Ec) was also summarized in Fig. 3(i).
It is obvious that as x > 0.31, slim and unsaturated P-E
loops were obtained with a relatively low Pr value. The cor-
responding Ec remained in a low value and did not change
much. At the same time, no obvious current peaks could be
observed but only a broad and flat current platform was
obtained. All these features are typical for ergodic relaxors.
In contrast, saturated and square P-E loops were observed

for samples with 0.28 ≤ x ≤ 0.29. Simultaneously, a single
sharp polarization current peak, which was ascribed to the
domain switching, could be observed at E = Ec. This is typi-
cal for materials with a long-range ferroelectric ordering. In
particular, slightly pinched P-E loops were observed for com-
positions with 0.30 ≤ x ≤ 0.31 and an additional current
peak was observed. This indicates that the long-range polar
correlations was disturbed compared with the
0.28 ≤ x ≤ 0.29 samples. However, it is noted that the Pr and
Pmax did not change much in the composition range of
0.28 ≤ x ≤ 0.31, although a monotonous decrease in the Ec

value was observed with increasing the BNT content. This
demonstrated that, in spite of the disruption of the polar cor-
relations, the long-range polar correlations could be still
obtained under the application of a strong enough external
field (e.g. 7 kV/mm in this study), and most of the induced
long-range polar correlations could be maintained after
removal of the electric field. By comparison, a comparable
Pmax value could be obtained as x > 0.31, yet it could not be
maintained after the external field was released, resulting in a
lower Pr value. This is also typical feature for ergodic

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2. (a–h) Temperature and frequency dependence of dielectric constant for BMT–PT–xBNT ceramics and (i) the corresponding change in c
and DTrelax as a function of the BNT content.

(b)(a) (c)

(e)(d) (f)

(h)(g) (i)

Fig. 3. (a–h) P-E hysteresis loops and associated J-E curves of
BMT–PT–xBNT ceramics measured at a frequency of 1 Hz and (i)
the corresponding change in Pmax, Pr, and Ec as a function of the
BNT content.
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relaxors. All these differences could be ascribed to the varia-
tion in the dynamics of PNRs as discussed above. With an
increase in the BNT content, the dynamics of PNRs
increases, which would tend to destroy the long-range polar
correlations. This should also be responsible for the decrease
in the Ec value. As x = 0.27, a rounded P-E loop was
obtained with a significant decrease in both Pmax and Pr. As
discussed above, this composition possessed a diffuse-type
phase transition around Tm and the domains in this composi-
tion are frozen, such that the current field strength is not
strong enough to induce a full poling state for this sample.

The electrostrain property measured at a frequency of
1 Hz as a function of bipolar electric field at room tempera-
ture for BMT–PT–xBNT ceramics is shown in Fig. 4(a),
which would be an effective method to verify the composi-
tion modulated dielectric relaxor as discussed above. As can
be seen, sprout-shaped strain hysteresis loops were obtained
for samples with x ≥ 0.32 with the absence of the negative
strain [Sneg, denoted by the difference between the minimum
strain and the strain at zero electric field during bipolar
cycles, see the inset of Fig. 4(a)]. This is a typical perfor-
mance for ergodic relaxor materials.21–24 For samples with
x < 0.32, the sprout-shaped strain hysteresis loops changed
into butterfly-shaped ones. Meantime, a gradual increase in
the negative strain was observed. According to the above
analysis on the dielectric and P-E measurements, it could be
basically determined that fresh samples with 0.28 ≤ x ≤ 0.29
would exist in a nonergodic relaxor state at room tempera-
ture because the field-induced nonergodic-to-ferroelectric
phase transition is known to be irreversible. Therefore, the
fresh samples with 0.30 ≤ x ≤ 0.31 would exist in a transi-
tional state with the coexistence of ergodic and nonergodic
phases and such a phase coexistence would be responsible
for the presence of the two separated current peaks (see
Fig. 3).41 The positive strain [Spos, denoted by the difference

between the maximum strain and the strain at zero electric
field during bipolar cycles, also see the inset of Fig. 4(a)] and
Sneg as a function of the BNT content was summarized in
Fig. 4(b) where different phase zones were roughly indicated.
At the same time, the change tendency of the corresponding
quasi-static d33 was also listed in Fig. 4(b). On the one hand,
it is apparent that the achievement of the large electric field-
induced strain was accompanied by a drastic decrease in the
Sneg value and similar phenomena have also been observed
in other Bi-containing perovskite-structured ferroelec-
trics.16,17,19,21–24 Moreover, it is apparent that the absolute
value of Sneg first increased for 0.27 < x < 0.29 and reached
the maximum at x = 0.29. It is proposed that the increase in
Sneg should originate from the transformation of frozen
domains into the nonergodic phase with an increased contri-
bution to Sneg and a complete nonergodic state was obtained
at x = 0.29 (for the fresh sample). Thus, the sample with
x = 0.28 would have a coexistence of short-range polar
ordering state (nonergodic state) and frozen-in domain state.
The following decrease in Sneg with a further increase in the
BNT content (0.29 < x < 0.32) should originate from the
decrease in the nonergodic phase and finally the transforma-
tion of the nonergodic phase into the ergodic phase. On the
other hand, the quasi-static d33 decreased with increasing the
BNT content, and near-zero d33 values were detected for
samples with x > 0.31, which could also confirm the ergodic-
ity in samples with high BNT contents.

Figure 5 shows the unipolar strain loops of BMT–PT–
xBNT ceramics measured at room temperature and all the
strain data were obtained from nonfirst cycles. A large strain
of 0.41% and corresponding d33* (d33* = Smax/Emax, see the
upper inset of Fig. 5) of 590 pm/V were obtained for the
sample with x = 0.32 at an applied electric field of 7 kV/mm.
A decrease in the strain value was observed at both sides of
the x = 0.32 sample. In addition, it is clear that samples with
x ≤ 0.29 exhibit an almost linear strain response with small
hysteresis, which is typical for ferroelectric materials, indicat-
ing a large amount of intrinsic contributions to the strain
response. The intrinsic contribution is mainly referred to the
(converse) piezoelectric effect, i.e., the variation in the lattice
distortion, which is proportional to the applied electric field.
For samples with higher BNT contents (x > 0.30), the strain

(a)

(b)

Fig. 4. (a) Bipolar S-E loops for BMT–PT–xBNT ceramics
measured at room temperature at a frequency of 1 Hz and (b) the
variation in Spos and Sneg with the BNT content as well as the quasi-
static d33 values.

Fig. 5. Unipolar S-E loops for BMT–PT–xBNT ceramics measured
at room temperature at a frequency of 1 Hz. The upper inset shows
the variation in d33* with the BNT content, and the lower inset
schematically indicates the different contributions to the unipolar
strain curve of the x = 0.32 sample.
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curves show an S-shape curve with a pronounced hysteresis,
indicating a different origin of the electric field-induced
strain. Considering the fact that comparable Pmax values
were acquired for these samples, it could be proposed that
the free energy of the field-induced long-range ferroelectric
order in these compositions appears competitive with that of
the ergodic phase at zero electric field so that the long-range
polar correlations can be easily induced by an external elec-
tric field. This field-induced reversible ergodic relaxor–ferro-
electric phase transition was considered to be responsible for
the observed field-induced giant strain.21,22,24 However, the
electrostriction effect as well as the piezoelectric effect could
not be completely excluded in this system. Both effects have
a contribution to the achievement of the large strain value.
As can be seen from the lower inset of Fig. 5, a relatively
small but linear strain was observed under low electric fields
(~2 kV/mm), which may correspond to a low field piezoelec-
tric effect as well as the electrostriction effect, making a con-
tribution of about ~3.2% of the total strain values. After
this, the strain curve shows an S-shape change with a pro-
nounced hysteresis until ~6 kV/mm. This period was ascribed
to the effect of the reversible ergodic relaxor–ferroelectric
phase transition, which made a dominant contribution to the
final strain (~81%). At the end, the sample should be in a
complete long-range ferroelectric state. The remaining
~15.8% strains might be due to the further switching of fer-
roelectric domains as the electric field increased. Neverthe-
less, it should be noted that the obtained strain curves were
not closed. An apparent remanent strain (Sr) as observed in
Fig. 5 would make one be confused with whether the
achieved giant strain can be applied or not. Actually, all the
strain loops were recorded from nonfirst cycles and could be
well repeated in each independent testing process. The
appearance of Sr in this work could be ascribed to the hys-
teresis effect of the ergodic PNRs’ back switching as the
applied electric field comes back to zero, although this pro-
cess is definitely reversible. So, the observed Sr was not a sta-
ble one in these ergodic compositions and would disappear
after removal of the electric field. It was called as the Sobs.
This is different from that observed in the first cycle of mate-
rials in a nonergodic state or normal ferroelectric state (the
observed Sr was a stable one and would not disappear after
removal of the electric field). Here, the appearance of the
apparent remanent strains (Sobs) in currently studied compo-
sitions would have no influence on the calculation of the
normalized strain d33*.

Figures 6(a) and (b) show the frequency-dependent unipo-
lar strain loops, the maximum strains, and the normalized

strain d33* against frequency of BMT–PT–0.32BNT ceramic
at 7 kV/mm. The maximum d33* values against frequency
for some other ferroelectric ceramics42 were also plotted in
Fig. 6(b) for comparison. The frequency-dependent P-E hys-
teresis loops as well as the corresponding change in Pmax, Pr,
and Ec with frequency are shown in Figs. 6(c) and (d). It is
obvious that the x = 0.32 sample exhibited a frequency-
insensitive giant strain behavior. Its value ranges only
between 0.40% and 0.42% within the studied frequency
range 0.1–10 Hz. The x = 0.32 sample in this study shows
comparable d33* values with the reported materials like
LKNNT-AS and soft PZT and more insensitive strains
against frequency than the Li-doped NKN ceramic. It is
believed that the extrinsic contribution usually plays a very
important role in the frequency-dependent piezoelectric prop-
erty.43,44 The extrinsic contribution to strains mainly comes
from the domain switching, during which the ferroelectric
materials change their spontaneously polarized states along
the applied electric field direction. When the measuring fre-
quency increases, the domain wall motion lags and then its
contribution to the strain level also drops. The experimental
results demonstrated that the domain wall motion in the
x = 0.32 sample is more flexible than that in Li-doped NKN,
and is similar to that in soft PZT. As discussed above, this
composition is an ergodic relaxor at room temperature,
where the PNRs exist in a dynamic state with small size and
meanwhile the thickness of domain walls (the regions where
polarization is not well-defined) is comparable with the size
of nanodomains.27 Thus, upon the application of electric
field, both the PNRs and domain walls would exhibit a fast
response to the applied field and a full poling state could be
obtained in the measuring frequency range, as proved by the
almost unchanged values of Pmax and Pr [see Figs. 6(c) and
(d)]. Nevertheless, it should be noted that there actually
exists a very small decrease in Pmax as well as a slight
increase in Ec with increasing frequency. This might be
ascribed to the little contribution of domain wall movement
similar to that observed in PZT 5H.45 For the same reason,
a slight decrease in the strain value with increasing frequency
was still observed in Figs. 6(a) and (b). Moreover, it can be
seen from Fig. 6(a) that the apparent Sobs values increased
with increasing frequency, further confirming that the
observed Sobs should be attributed to the hysteresis effect of
the PNRs.

IV. Conclusions

BMT–PT–xBNT ternary solid solution ceramics were manu-
factured by a solid-state reaction method. Their structure,
dielectric behavior, and electric field-induced strain character-
istics were specially investigated. A transformation from a
diffuse-type-to-relaxor phase was observed owing to the
change in domains from a frozen state to a dynamic sate.
The bipolar P-E and S-E loops and J-E curves indicate that
the electric field-induced strain was significantly enhanced by
changing the BNT content, producing a peak value of
~0.41% at a driving field of 7 kV/mm (d33* of ~590 pm/V)
at x = 0.32. This giant strain was mainly ascribed to the
effect of the electric field-induced reversible ergodic relaxor–
ferroelectric phase transition while the electrostriction and
piezoelectric effect also made some contributions. Interest-
ingly, this electric field-induced large strain showed a fre-
quency insensitivity, which was ascribed to a fast response of
both the PNRs and domain walls to the external electric
field.
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Fig. 6. (a) Unipolar S-E loops for the x = 0.32 sample at 7 kV/mm
as a function of frequency, (b) the maximum strain against
frequency of the x = 0.32 sample, and a comparison of its d33* value
against frequency with that of other ferroelectric ceramics, (c)
frequency-dependent P-E loops, and (d) the corresponding change in
Pmax, Pr, and Ec as a function of frequency for the x = 0.32 sample.
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