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ABSTRACT

In this work a reproducible double polarization versus electric field (P-E) hysteresis loop clearly reveals a
room-temperature stable antiferroelectricity (AFE) in virgin NaNbOs; (NN) samples doped with 6 mol%
BaZrOs3 and 3 mol% CaZrOs. Inconsistent but sprout-like strain versus field (S-E) curves without any
negative strains between the first and non-first cycles yet display an incompletely reversible field
induced AFE-ferroelectric (FE) phase transition. In/ex-situ synchrotron x-ray diffraction results suggest
irrecoverable AFE states with orthorhombic and monoclinic structures before and after electric cycling,
respectively, which generate an irreversible strain contribution including both irreversible volume (22%)
and lattice (78%) strains. Frequency-dependent measurements of P/S-E curves demonstrate the rest of
remanent strains from the time effect of back-switching from field induced FE to AFE equivalently
existing in strain loops of any cycles at a fixed frequency. Compared with virgin samples, post-cycled
samples exhibit a completely reversible monoclinic AFE-monoclinic FE phase transition but a rela-
tively small poling strain. It is of particular note that the contribution of the volume strain to the poling
strain is only 20% in AFE NN-based ceramics, in which a positive longitudinal strain and a negative
transverse strain are concurrently observed, challenging a common knowledge that both strains in two
directions should be positive for traditional Pb-based AFE ceramics. The experimental results provide
new insights into the AFE phase stability of NN and an exciting possibility to take advantage of NN-based
antiferroelectric ceramics for large-displacement actuators in future.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

in the past decades [9—11].
Unfortunately, the selectable lead-free AFE material seems to be

Phase structure change in response to external electric fields has
been observed in both antiferroelectric (AFE) and ferroelectric (FE)
materials [1-5]. Particularly, AFE materials with antiparallel off-
centering ionic displacements in neighboring unit cells are of
particular interest because both a considerable expansion of the
unit cell and a rapid increase in the polarization can be observed as
an external electric field forces an AFE order to transform into a FE
order [3—5]. Extensive researches have been so far reported on
their potential applications in the field of large-displacement ac-
tuators and high power pulse capacitors [6—8]. Considering the
environmental and health concerns from lead-based materials,
lead-free FE or AFE alternatives have achieved extensive attention
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limited. Although (BigsNag5)TiO3 (BNT)-based lead-free composi-
tions were reported to exhibit giant strains and typical double-like
P-E hysteresis loops [12,13], the relevant mechanism was not
ascribed to the early-suggested field-induced AFE to FE phase
transition [13] in the end, but to the field forced ergodic relaxor to
long-range FE order later [14—16]. The property of high-
temperature relaxor phases in BNT-based ceramics is still unclear.
In addition, the rationality of the existence of AFE phase in BNT-
based compositions was also challenged by their different strain
behavior as compared with that of typical Pb-based AFE ceramics
[14]. Among alkaline niobates, NaNbO3 (NN) is a well-documented
lead-free AFE material. Its room-temperature structure is
commonly referred as the AFE P phase with an orthorhombic Pbma
symmetry [10,17—19]. However, a polar orthorhombic phase
(P2yma symmetry of Q phase) was found to coexist with the AFE P
phase owing to their comparable free energy [20—22], which tends
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to make the pure NN ceramic exhibit FE-like square P-E loops as a
result of an irreversible field-induced AFE to FE phase transition. A
lot of attempts have been focused on increasing the stabilization of
the AFE phase over the FE phase in NN-based ceramics through
suitable composition modification. A typical double P-E loop can be
observed in these modified NN-based AFE ceramics [23—27]. It is
thus reasonable to expect highly reversible strain values in these
materials. Unfortunately, the strain characteristic of these compo-
sitions in response to the stimuli of external electric fields has been
rarely investigated till now. It would be of much interest to make
clear how the field induced strain behaviors and what the relation
between the strain feature and the phase structure variation is.

In the present study, the antiferroelectricity of NN ceramics was
stabilized by co-doping 6 mol% BaZrOs (BZ) and 3 mol% CaZrOs (CZ).
The ceramic sample exhibits a particular AFE-FE phase transition
behavior as characterized by reversible P-E hysteresis loops, but
incompletely reproducible bipolar S-E curves during electric field
loading. The underlying strain mechanism was explored by
combining in/ex-situ synchrotron x-ray diffraction (XRD) with the
corresponding dielectric, ferroelectric and strain measurements.

2. Experimental

The 0.91NN-0.06BZ-0.03CZ ceramic was fabricated using a
conventional solid-state reaction method. Raw powders of high-
purity NaxCOs3 (>99%), NbyOs (>99%), BaCO3 (>99%), CaCOs
(>99%) and ZrO, (>99%) were weighed according to the chemical
formula, and ball-milled for 8 h in ethanol with zirconia balls. The
dried powders were calcined at 850 °C for 3 h and then ball milled
again for 10 h. The powder was pressed into pellets with 10 mm in
diameter and then sintered in sealed crucibles at 1350—1375 °C for
2 h. The sample density was measured by the Archimedes method.
The major surfaces of the sintered pellets were well polished, then
coated with silver paste and finally fired at 550 °C for 30 min. The
ceramic samples were ground and polished, and then annealed at
500 °C for 4 h to remove mechanical stress. Conductive adhesives
(or silver paste) were screened on two major polished surfaces.

The crystal structure of the as-sintered (virgin) and poled (i.e.,
after electric cycling at 20 kV/mm) ceramic powders was examined
by means of synchrotron XRD at beam line TPS-09A of National
Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan).
Beam energy of 20 keV (A = 0.619926 A) was selected and the data
were recorded by position-sensitive detector MYTHEN 24K for the
Rietveld refinement. The ceramic powder was loaded into a
0.2—0.5 mm capillary for uniform absorption and faster rotation
during data collection. Dielectric properties for both poled and
unpoled samples were measured as a function of temperature and
frequency by an LCR meter (Agilent E4980A, Santa Clara, CA). The
polarization versus electric field (P-E) and strain versus electric
field (S-E) curves were measured by using a ferroelectric measuring
system (Precision multiferroelectric, Radiant Technologies Inc.,
Albuquerque, NM) with an accessory laser interferometer vibr-
ometer (AE SP-S 120E, SIOS Mebtechnik, GmbH, Ilmenau, Ger-
many). For in-situ synchrotron XRD measurement, thin gold
electrodes were sputtered onto two well-polished sides of the
ceramic disk. The measurements were carried out at Shanghai
Synchrotron Radiation Facility (SSRF) using beam line 14B1 with a
beam energy of 10keV (A = 1.2398 A). For comparison, the (200)
pseudo-cubic reflection line of the crushed sample after poling was
also recorded at SSRF. The domain morphology observation and
selected area electron diffraction (SAED) were performed on a
transmission electron microscope (TEM) (JEM-ARM200F, JEOL,
Japan) operated at 200 kV. For TEM examination, samples were first
mechanically polished to a thickness of ~20 um and then ion-milled
on a Precision Ion Polishing System (PIPS, Model 691, Gatan Inc.,

Pleasanton, CA) at 5 kV. All specimens were annealed at 80 °C for at
least one day to release the mechanical stress before the
observation.

3. Results and discussion

Fig. 1(a and b) shows the grain and domain morphology of the
0.91NN-0.06BZ-0.03CZ ceramic sintered at its optimal temperature,
respectively. The sample exhibits a dense and uniform micro-
structure with an average grain size of ~4.8 um and a high relative
density of more than 96%.

At ambient conditions, NN is commonly recognized as an AFE P
phase, but the metastable FE Q phase may coexist with P phase in a
variety of ways because of a comparable free energy profile be-
tween them. In the present study, a typical AFE domain
morphology can be observed. This can be confirmed by the occur-
rence of the 1/4 type superstructure shown in the inset of Fig. 1(b),
which is caused by the quadrupled unit cell of P phase along the
[010] direction as a result of the pairs of alternating layers with
a’bTa” and ab a” oxygen octahedral tilting [ 17]. The result indicates
that that AFE phase has been effectively stabilized by co-doping BZ
and CZ.

The stabilized antiferroelectricity in the 0.91NN-0.06BZ-0.03CZ
sample can be also demonstrated by looking at its dielectric and
ferroelectric behavior, as shown in Fig. 1(c and d). Only a dielectric
anomaly around 200 °C denoting the phase transition between the
AFE P phase and the paraelectric cubic phase can be observed for
both virgin and poled samples. Both of them look almost the same,
apart from a bit smaller dielectric maximum for the poled sample,
indicating that the electric field induced AFE to FE phase transition
is reversible basically but incompletely, as shown in Fig. 1(c). In the
case of irreversible AFE-FE phase transition [19], a significant in-
crease of dielectric maximum can be clearly observed in NN-based
ceramics after poling. Moreover, the dielectric maximum of the
virgin sample in this study was found to be even smaller than that
of typical NN-based ferroelectrics and even pure NN ceramics [19],
possibly due to the vanishing of the FE Q phase in the 0.91NN-
0.06BZ-0.03CZ sample. Fig. 1(d) compares bipolar P-E loops of the
first and second cycles and the corresponding polarization current
density (J) as a function of electric field. The well-reproducible
double P-E hysteresis loops with high saturate polarization and
four current density peaks (P3, P2, P/1 and P’z) can be observed in
both first and second cycles. These results indicate that a FE order
can be established under a high external electric field. However, the
field-induced FE order is metastable, and cannot be maintained
after removal of electric field. Because of this, the electric field
induced AFE to FE phase transition also proves to be reversible to
some extent in BZ and CZ doped NN ceramics.

Fig. 2(a and b) shows the first and second-cycle bipolar S-E
curves at 10 Hz of the 0.91NN-0.06BZ-0.03CZ sample, respectively,
which can provide the electric field induced longitudinal strain (Sp),
transverse strain (St), and the resulting volume strain (Sy) in the
corresponding cycle. It is found that in the first cycle, the electric
field induced Si; is very large with a value of as high as ~0.45%.
However, such a high strain value cannot be sustained and only a
relatively low Sp, value of ~0.327% in the second cycle can be
observed. Similarly, both the absolute values of St and Sy show a
decrease of different degrees in the second cycle. In addition, it is
worthy of note that the sample exhibits asymmetric S-E curves
with a large strain gap on the left side of S-E curves in the first cycle.
The different thing is that a typical butterfly-like S-E curve can be
observed after poling in the case of NN-based AFE ceramics with an
irreversible phase transition [19]. By comparison, only sprout-like
S-E curves with no detectable negative strains can be observed in
Fig. 2(b). Interestingly, the value of strain gap (Sg2) in the second
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Fig. 1. The grain (a) and domain (b) morphology of the 0.91NN-0.06BZ-0.03CZ ceramic sample, (c) the dielectric permittivity as a function of temperature and frequency for both
unpoled and poled samples, and (d) bipolar P-E loops and corresponding J-E curves as a function of the applied electric field at 10 Hz during the first and second cycles. The inset in

(b) shows the corresponding SAED pattern.

electric field cycle is much less than the value (Sg1) in the first cycle,
and the difference between Sg1 and Sg> (Sg1-Sg2) is just equal to the
difference between S;; and Siy (Si1-Si2), as shown in Fig. 2(c),
meaning that the same strain magnitude as Sg; can be involved in
the Sgq value. In addition, the Sgy can be repeated in each electric
cycle after poling, as shown in Fig. 3. As a result, it is clear that the
strain gap Sgi on the left side of the first-cycle loop should be
composed of two independent parts. The one is related to the field
induced irreversible change between the initial and poled AFE
states (Sp1-Si2, Or Sg1-Sg2). The other part (Sg2) probably results from
the time hysteresis effect of the back switching from field induced
FE phase to the AFE phase, instead of the texturing effect of poled
AFE phases [28]. This is also responsible for the observed remanent
polarization (P;) in Fig. 1(d). This judgement can be supported by
frequency-dependent strain and polarization measurements, in
which both the strain gap Sg, (or remanent strain S;) and the Py
value gradually disappear with decreasing the measuring fre-
quency (see Fig. 4). The textured AFE states might produce an
irreversible strain but should not generate a P; value. If one care-
fully looks at Fig. 1(d), P; is not zero but completely repeatable
(AP; = 0) during different electric cycles including the first cycle,
further indicating that field induced AFE-FE phase transition is
reversible only in the sense of the polarization. By comparison, the
remanent strain (S;) is not zero but totally different (AS;=0) be-
tween the first cycle and non-first cycles. As a result, a small
repeatable S; during the second cycle and even after the second
cycle should be also attributed to the time hysteresis effect of FE
back to AFE phases. An irreversible change existing during the first
cycle results in a big S; as observed in Fig. 2(a), but does not
contribute to the P; value.

On the other hand, it can be seen from Fig. 2(a and b) that the St
value in the 0.91NN-0.06BZ-0.03CZ AFE ceramic is negative in both
the first and second cycles, which is different from typical lead-
based AFE ceramics with reversible AFE-FE phase transition
[29,30]. It is a common phenomenon in lead-based AFEs that the
lattice parameter ct in the AFE tetragonal phase is smaller than the
aR value in the field induced rhombohedral FE phase. In the
meantime, the c axis of domains in AFE phase is preferentially
oriented perpendicular to the electric field direction after the
electric field loading [5,31]. Both of them tend to cause the
observed expansion along the transverse direction. However, this
kind of relationship usually observed in lead-based AFE composi-
tions seems to not exist in the lead-free AFE 0.91NN-0.06BZ-0.03CZ
sample possibly because of different phase structures and different
electric-field induced phase transition behavior.

Fig. 5(a and b) depicts the observed, calculated, and difference
profiles of as-sintered and poled 0.91NN-0.06BZ-0.03CZ ceramic
powders by means of the Rietveld refinement of the synchrotron
XRD data using the GSAS software. It can be seen that the overall fit
between the observed and calculated profiles for virgin ceramic
powders is very good based on an orthorhombic Pbma symmetry.
However, this mode cannot be suitable for the poled ceramic
powder. Other possible structural models such as orthorhombic
Pmnm and P2224, and monoclinic P2; have been also tried in cur-
rent work. However, the poor fit suggests that the former two
orthorhombic symmetries are still not suitable for describing the
structure of the poled ceramic powder. By comparison, the XRD
pattern of the poled powder can be well fitted by using the P2,
symmetry. Table 1 gives a set of refinement structural parameters
including lattice parameters and unit cell volume, and reliability
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Fig. 4. Bipolar P-E and S-E curves measured at different frequencies after the first
electric cycle for the 0.91NN-0.06BZ-0.03CZ ceramic sample.

the goodness-of-fit indicator. Fig. 6 depicts the schematic crystal-
lographic structures of Pbma and P2; symmetries, In the P2;
symmetry, the Nb cation displacements are antiparallel to the di-
rection perpendicular to the pseudo-cubic b axis [32]. However,
compared with the orthorhombic Pbma symmetry, P2; symmetry
belongs to a typical monoclinic structure, in which pairs of alter-
nating layers with two kinds of octahedral tilts labeled as ab*c™
and a'b'¢” exist, instead of the ab*a™ and ab"a” octahedral tilts in
Pbma symmetry [33]. As a result, the antiparallel cation displace-
ment in P2; symmetry is along the [uOw]| (u#w) direction in the
(010) plane, which can be considered as a slight deviation from the
[101] polarization vectors in Pbma symmetry. The Rietveld refine-
ment results in Table 1 indicate that the unit cell volume of the AFE
orthorhombic phase is slightly smaller than that of the AFE
monoclinic phase. The volume strain (~0.079%) calculated from
their subcells difference between the initial and poled AFE states
(primitive pseudo-cubic cell=V/8) in Table 1 was found to
approximate to the difference between Sy; and Sy, in Fig. 2(c),
which contributes to an irreversible linear strain of ~0.025% (%(SV]—
Sy2)) in a total value of ~0.125% (Sp1-S12), indicating that there must
be other irreversible strain contributions.

For better understanding the structural origin of irreversible
strains during the field-induced phase transition, in/ex-situ high-
resolution synchrotron XRD measurement was carried out under
different external field loading conditions. Fig. 7 (a, b) shows the
evolution of (200) and (220) pseudo-cubic reflections under
different electric field conditions from a virgin state. To simplify the
data analysis, both AFE orthorhombic and monoclinic phases were
described as a pseudo-cubic primitive unit cell with a:\/Zapc,
c= \/2cpc, and b=4by.. It can be seen from Fig. 7(a) that a typical



356 R. Zuo et al. / Acta Materialia 161 (2018) 352—359

IHtensity (a.u.)

E
{

S

P | re o

ah18.1 18.2
| 20 (deg.)

1] M e m

40 26 (deg.) 50 60]

Intensity (a.u.)

Intensity (a.u.)

B 1 A 100N 000 Y MO O M A .--_1'

40

< 30 50 (] |
26 (deg) ° Opserved
A Calculated
18.05 18.10 18.15 18.20 .
26 (deg) —— difference -
|, Bragg-position
yll 'I 1l _III I 1 IIII_ !II 1 [ T I III_I I 1M IIlIIIIIIIIIIII_II I mmm

10 15

20
20 (deg.)

25 30

Fig. 5. Rietveld structural refinement patterns of (a) unpoled (as-sintered) and (b) poled 0.91NN-0.06BZ-0.03CZ ceramic powders. The inset shows the fitting results of the (200)

pseudo-cubic reflection lines and the view of Rietveld fits at the high Bragg-angle range.

Table 1

Refined structural parameters of the as-sintered (unpoled) and poled 0.91NN-0.06BZ-0.03CZ ceramic powders.
samples Space group Lattice parameters V (A%) Rup (%) R (%) %2
Unpoled Pbma a=5.5578(3) A, b=15.6279(6) (A), c = 5.5071(4) (A), 0. = 90°, p=90°, v = 90° 47833 9.28 6.73 3.25
Poled P2, a=5.5601(6) A, b=15.6265(2) (A), c = 5.5098(4) (A), o =90°, p=90.31°, y = 90° 47871 10.28 7.72 347

AFE orthorhombic phase was identified in the virgin sample, as
characterized by the (002),(200),/(020), doublet and (20 —2),/
(202),/(220), triplet. With increasing the electric field amplitude,
the AFE orthorhombic domain orientation occurs until E =10 kV/
mm, beyond which the (002),/(200), peak shows an obvious
splitting, accompanied by the (202), peak splitting. The observed
peak splitting should be attributed to the transition of the cation
displacement from antiparallel to parallel modes and the transition
of the polar axis from [101] direction to [uOw] direction. As a result,
the AFE orthorhombic phase tends to transform into the FE order
with a monoclinic phase at 20 kV/mm starting from 10 kV/mm.
After removal of electric field, it can be found that both ¢ and a axis
show an obvious shrinkage due to the shift of (002)y, and (200)y,
peaks to higher-angle side, as shown in Fig. 7(c). At the same time,
an obvious splitting of (002);, and (200);,, peaks can be always
observed. This indicates that the field-induced metastable FE
monoclinic phase transforms into an AFE monoclinic phase (poled-
1) instead of switching back to its initial AFE orthorhombic phase as
external fields are totally released. Simultaneously, both a and ¢
axes exhibit a gradual shrinkage as a result of the constriction effect

of the unit cell in the ac plane. For the second cycle shown in
Fig. 7(b), an obvious AFE monoclinic to FE monoclinic phase tran-
sition occurs as E>10kV/mm, below which only the domain
orientation of the AFE monoclinic phase can be observed. During
the phase transition, both (002);, and (200),, peaks shift to the
lower-angle side and accompany an abrupt change of (002),, and
(200)r, peak intensities. After the applied field is removed, an AFE
monoclinic phase can be totally recovered if one compares the XRD
data for poled-1 and poled-2 states in Fig. 7(d), indicating that the
field induced AFE monoclinic-FE monoclinic phase transition is
completely reversible after the first cycle. Compared with the
freely-oriented powder sample (the crushed sample after poling),
no any obvious domain preferential orientation along the field di-
rection can be observed in the AFE monoclinic phase of the ceramic
disk after the first or second electric cycle, as shown in Fig. 8. This
further supports the above interpretation concerning the origin of
Sgo observed in Figs. 2 and 3.

The profiles of the (200) pseudo-cubic reflection under different
electric field conditions were fitted by means of the pseudo-Voigt
function (see Fig. 7(c and d)), from which the lattice strain (Sjat)
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Fig. 6. Schematic crystal structures for (a) AFE orthorhombic Pbma and (b) AFE monoclinic P2; phases (Only oxygen atoms are denoted by black solid dots).
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can be semiquantitatively estimated, as shown in Fig. 9. The lattice
strains during the first cycle (Sjatt-1) and the second cycle (Sjat-2) are
found to be as high as ~0.166% and ~0.077%, respectively, which
contribute to an irreversible lattice strain (Sjatt-ir = Siatt-1-Slatt-2) of
~0.089% between the first and second cycle, according to the

equation  Sp_q = dioomzow i ~dooonsn o 100% (first cycle) and

d(002)0jvirgin

_ d(OOZ)m\ZOkV/mm *d(UUZ)m\poled O, H
Slatt—2 =  pres— x 100% (second cycle). This part of

irreversible strains ((Sjatt-1-Siatt-2)) plus irreversible volume strain

B 1st cycle

0.20 I 2nd cycle

0.15

Strallcin (%)
=

0.05

0.00 LS8 S5 S

latt

d latt-ir

Fig. 9. The variation of Sja, Sv/3, Sq and Sja.ir between the first and second cycles
obtained from the corresponding XRD data in Fig. 7 and bipolar S-E curves in Fig. 2.

contribution ((Sy1-Sv2)/3 =0.025%) just approximates to the
observed strain difference (Sp1-Sip) in Fig. 2. In other words, the
strain gap difference between first and second cycles (Sg1-Sg2)
should be mainly attributed to irreversible lattice strains and vol-
ume strains during the field induced AFE-FE phase transition.
Compared with the volume strain, the irreversible lattice strain
(~78%) during the phase transition is dominant. In addition to the
lattice strain and volume strain, the rest of contributions to the
poling strain during the first cycle or the second cycle should be
from the domain switching (Sq) as characterized by the variation of
diffraction peak intensities in Fig. 7. According to the calculated
lattice strains and measured volume strains, we can roughly esti-
mate Sq values during the first and second cycle, respectively, as
shown in Fig. 9. It can be found that the ceramic exhibits high Sq
values in both first (~0.198%) and second (~0.186%) cycles. It seems
that Sq shows little dependence on electric field cycling and thus
the strain contribution of domain switching should be reversible,
although the initial phase structure shows an irreversible change
after poling. By comparison, both lattice and volume strains show
an obvious decrease after the first cycle. In addition, the contribu-
tion of the volume strain to the poling strain either during the first
cycle or during the second cycle is small (~20%). This phenomenon
is much different from that observed in typical lead-based perov-
skite AFE ceramics, in which the volume strain contribution can
reach up to ~80%. Therefore, further modification of the NN-based
antiferroelectric ceramic would be definitely necessary in order to
fully utilize application potentials although its antiferroelectricity
has been generally stabilized.

4. Conclusions

A stabilized antiferroelectricity was found out in the lead-free
0.91NN-0.06BZ-0.03CZ ceramic, which exhibits a particular field-
induced AFE-FE phase transition as characterized by a reversible
P-E loop but an irreproducible bipolar S-E curve. In/ex-situ syn-
chrotron XRD results indicate that the studied composition owns
an AFE orthorhombic phase structure at its virgin state, and can
transform into a metastable FE order with a monoclinic symmetry
under a strong external electric field. After removal of the electric
field, an AFE order with a monoclinic symmetry rather than the
initial AFE orthorhombic phase can be observed. A reversible AFE
monoclinic to FE monoclinic phase transition occurs repeatedly
only after the first electric cycle. Incomplete reversibility of the
initial AFE orthorhombic to AFE monoclinic phase transition makes
the S-E curve of the first cycle severely asymmetric with a large
strain gap because of an irreversible process between the initial and
poled AFE states. Frequency-dependent P/S-E curves strongly
support the fact that a little P, and a small S; (or the strain gap on
the left) from non-first cycles should be due to the time effect of
back-switching from the field induced FE monoclinic to the AFE
monoclinic phase, instead of the texturing effect of poled AFE
states, in combination with the XRD result of samples with different
states. Irreversible changes between the first and second cycles,
which are responsible for the decrease of poling strain after the first
cycle, are dominated by both an irreversible lattice strain (78%) and
an irreversible volume strain (22%). Compared with traditional Pb-
based AFE materials, a relatively small volume strain contribution
of only 20% in NN-based AFE ceramics deserves a particular note, in
which a positive longitudinal strain and a negative transverse strain
are unexpectedly observed, challenging a common knowledge in
traditional Pb-based AFE materials. The experimental results
demonstrate an exciting possibility to utilize NN-based antiferro-
electric ceramics for large-displacement actuators in future by
further modifying the AFE phase structure.
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