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Abstract In this study, we designed a series of compo-
sitions deep in pseudocubic region based on ternary
(1=x0)[(1—y)(Big.sNag 5)TiO3~y(Big.5Ko.5) TiO3]-x(Ko sNa 5)
NbO; (BNKT100y—100xKNN) system for electrostrictive
applications. Results show that the KNN substitution into
BNKT100y induces a significant disruption of the ferro-
electric order, and tends to enhance the electrostrictive
properties of the ceramics. A high, purely electrostrictive
effect with large electrostrictive coefficient Q;3 of
0.025 m*/C? and good thermostability comparable with
that of traditional Pb-based electrostrictors is obtained for
BNKT100y—xKNN (y = 0.20, x = 0.16) ceramics, which
lies deep in pseudocubic region along the MPB composi-
tions of the ternary system. Temperature-dependent struc-
tural analysis suggests that the good electrostrictive
properties insensitive to temperature can be ascribed to the
stable relaxor pseudocubic phase over a wide temperature
range. Furthermore, it is found that the electrostrictive
coefficient Q35 exhibits only small degradation within 2 %
at the field amplitude of 80 kV/cm up to 10° switching
cycles. The large and purely electrostrictive effect with the
exceptionally good fatigue resistance and thermostability
makes this material a great potential to be applied to the
environmental-friendly solid-state actuators.
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Introduction

Electrostriction is the dependence of the state of strain of
dielectrics upon the even powers of the applied electric
field. In electrostriction, the sign of the field-induced de-
formation is independent of the polarity of the field and is
proportional to the square of the applied electric field
S = QP? where Q is the electrostrictive coefficient and
P is polarization [1]. Materials such as relaxor Pb(Mg,,3
Nb,/3)O3 (PMN) demonstrate large electrostrictive strain,
which is known as the best electrostrictive material and
widely used in actuator applications [2, 3]. However, lead
is toxic, hence making lead-free electrostrictive materials
highly desirable owing to the focus of the global environ-
mental problems and the increasing concern for environ-
mental safety.

In typical ferroelectrics, electrostriction is significantly
large just above the Curie temperature, where an electric
field can induce energetically unstable ferroelectric phase
[4]. By contrast, relaxor ferroelectrics can exhibit a
relatively high electrostrictive strain in a wide temperature
range due to the diffused phase transition [1]. If the phase
transition temperature is close to room temperature (RT), the
electrostrictive effect can be very large at RT [5]. Therefore,
one may adjust the composition in lead-free relaxor ferro-
electrics to achieve pseudocubic/cubic crystal structure at
RT, which might produce good lead-free electrostrictors.
Based on the above, Zhang et al. [5, 6] proposed a new
concept of using lead-free BNT-based “antiferroelectrics”
(AFE) as electrostrictors, which can provide high strain and
minimal losses at RT combined with weak temperature de-
pendence. Such a concept has also been proposed in lead-
free KNN-based [7] and SrTiOs-based materials [8].

Very recently, we disclosed that ternary (BigsNags)-
TiO3—(Bi 5K 5)Ti0O3—(Kp sNag s)NbO; (BNT-BKT-KNN)
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system near the morphotropic phase boundary (MPB) ex-
hibited a high electrostrictive response comparable with
that of traditional Pb-based electrostrictors [9], which
suggests that these lead-free electrostrictors are very
promising for practical applications by replacing Pb-based
materials. However, one drawback for the use as material
for piezoelectric devices is the huge intrinsic losses due to
the large hysteresis near the MPB. Therefore, electric-field-
induced strain is generally required to be accompanied with
low hysteresis so as to improve the sensitivity. Moreover,
practical applications demand not only outstanding elec-
trostrictive properties but also the reliability and long-term
stability during cyclic electric loading to ensure successful
industrial implementation. Besides, thermal stability of
BNT-based electrostrictors is also practically important for
highly reliable precision mechatronic systems [10]. Our
previous study found that the high-performance BNT-
BKT-KNN ceramics near the MPB exhibit quite poor
electrostrictive fatigue properties, with relatively severe
degradation in strain behavior after only a few millions of
cycles of applied field. Furthermore, the materials suffer
from large hysteresis loss, which impedes the practical
applications of the materials. Therefore, there is great need
to improve the fatigue characteristics and reduce the hys-
teresis while maintaining good temperature stability.

In this study, based on the MPB composition of BNT—
BKT-KNN ceramics, we designed a series of compositions
which lie deep in the pseudocubic region of ternary BNT—
BKT-KNN system, as indicated in the phase diagram of
this system depicted in our recent work (Fig. 1) [11]. By
changing the content of BKT and KNN, a high, purely
electrostrictive effect was developed in the ternary BNT-
BKT-KNN system, which can deliver an exceptionally
good fatigue resistance and provide temperature
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Fig. 1 Phase diagram of ternary BNT-BKT-KNN system reported in
our recent work [11] and the designed compositions in this study
based on the system

independence of strain, indicating great potential in envi-
ronmental-friendly solid-state actuators.

Experimental procedure

(1=x0)[(1—-y)(BigsNag 5) TiO3-y(Biy 5K 5)TiO3]-x(Ko sNag 5)-
NbOj; (abbreviate as BNKT100y—100xKNN, series 1, y = 0,
x = 0.10-0.20; series 2, y = 0.20, x = 0.10-0.20) were pre-
pared by a conventional ceramic fabrication process using
reagent-grade metal oxides or carbonate powders of Na,CO3
(99.95 %), KoCO3 (99.5 %), NbOs (99 %), TiO, (99.6 %),
and Bi,O3 (99.975 %) as raw materials. BNKT100y (y = 0,
0.20) and KNN powders were first calcined at 850 and 880 °C
for 4 h, respectively. Subsequently, the above powders were
weighted according to the formulas and then mixed and crashed
by planetary ball-milling with a rotation speed of 330r/min in a
polyethylene with ZrO, balls for 24 h using ethanol as the
medium. The resulting powders were then mixed with 10 %
polyvinyl alcohol (PVA), and pressed into pellets of 10 mm
diameter and 0.7-1.0 mm thickness by uniaxial pressing at
100 MPa. These pellets were finally sintered in air at
1150-1170 °C for 2 h in air. The crystal structures of the sin-
tered ceramics were determined by X-ray powder diffraction
analysis (XRD) (D8 Advance, Bruker Inc., Germany). For the
temperature-dependent structural analysis, a reflective XRD
apparatus (Bruker D8 Advance) equipped with a furnace
(XRK900) was used using Cu K, radiation. The surface mor-
phology of the ceramics was studied by scanning electron
microscope (SEM) (JSM-5900, Japan).

For the electrical measurements, silver paste was coated on
both sides of the sintered samples and fired at 650 °C for
10 min to form electrodes. The temperature dependences of
the dielectric properties were measured using an Agilent
4294A precision impedance analyzer (Agilent Inc., USA).
Impedance spectroscopy of the samples was performed using
a broad frequency dielectric spectrometer (Concept80,
Novocontrol Inc., Germany) in the 0.01 Hz-20 MHz fre-
quency range at various temperatures. The electric-field-in-
duced polarization (P-E), strain (S-E), large signal
piezoelectric coefficient (d3s~E), and permittivity (¢—FE) mea-
surements were carried out using an aix-ACCT TF2000FE-
HV ferroelectric test unit (aix-ACCT Inc., Germany) con-
nected with a miniature plane mirror interferometer and the
accessory laser interferometer vibrometer (SP-S 120/500;
SIOS Mebtechnik GmbH, llmenau, Germany).

Results and discussion
Figure 2 presents the XRD patterns of the sintered and then

crushed samples of BNKT100y—100xKNN (y = 0, 0.20;
x = 0.10-0.20) ceramics, which show a single perovskite
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structure without apparent trace of secondary phases. All
the peaks could be indexed based on a pseudocubic per-
ovskite structure as evident by the undetected splitting of
any of the peaks [12], confirming the designed composi-
tions are in the pseudocubic region of the ternary BNT-
BKT-KNN system.

Figure 3a, b provides micrographs of the BNKT100y—
100xKNN [(a) y = 0, x = 0.10; (b) y = 0; x = 0.20)] ce-
ramic representing the typical microstructure observed
throughout all the compositions. The microstructure ap-
pears homogeneous and almost fully dense without any
apparent second phase. By applying the Archimedes
method, all samples have a large relative density of >95 %.
The average grain size decreases monotonically as the
KNN content increases (Fig. 3c), which implies that the
role of KNN in BNT-based system is a grain growth in-
hibiter [12].

Figure 4 shows frequency dispersion of the dielectric
properties of BNKT100y—100xKNN ceramics. All indi-
cated samples show evidence of diffuse phase transition,
which is typical for relaxor ferroelectrics. Two obvious
dielectric anomalies which correspond to 7 at low tem-
perature and T, at high temperature, respectively, are
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Fig. 2 XRD patterns of the BNKT100y—xKNN (a x = 0.10-0.20,
y =0; b x =0.10-0.20, y = 0.20) ceramics

@ Springer

3.0
] () —=—y=0

Grain size (um)

. r . .
0.10 0.12 0.14 0.16 0.18 0.20
KNN content (x)

Fig. 3 The micrographs of the BNKT100y—xKNN (a y =0,
x =0.10; b y = 0; x = 0.20). ¢ Average grain size of BNKT100y—
xKNN ceramics as a function of KNN content

exhibited by these materials. In addition, the temperature
dependence of the dielectric permittivity in these materials
reflects a crossover between two dielectric relaxation pro-
cesses with increasing temperature, which involve polar
nanoregions of different phases and which have different
temperature evolutions [13]. T}, stands for the temperature
corresponding to the maximum value of ¢. It was previ-
ously ascribed to a tetragonal to cubic phase transition [14],
while recently it is believed to be linked with a relaxation
of tetragonal polar nanoregions (PNRs) emerged from
rhombohedral PNRs [15], including two events: (a) the
disappearance of the rhombohedral phase (frequency-in-
dependent anomaly in permittivity) and (b) the relaxation
process of the polar nanoregions with tetragonal symmetry
[15]. The frequency dispersive anomaly at T, can be as-
sociated with the relaxation of the polar nanoregion of the
rhombohedral phase [15]. Generally, ¢ at T, is much
smaller than that at T,,,. However, in this work, we find an
interesting phenomenon that the maximum ¢ of
BNKTO-100xKNN samples deep in pseudocubic phase
(x > 0.14) is not achieved at T, but T,. Besides, a stronger
frequency dispersion of & is clearly seen for these samples:
& at T, decreases and significantly shifts to higher tem-
peratures as the measurement frequency increases. It seems
that the relaxor behavior of the ceramics becomes stronger
as the KNN content increases. The dielectric dispersion and
diffuseness of the phase transition and the enhanced relaxor
behavior can be well illustrated by the modified Curie—
Weiss law [16] and the microdomain—macrodomain tran-
sition theory [17, 18], which has been reported in our
previous work [12].

Moreover, for BNKT20-100xKNN ceramics, a plateau of
almost constant permittivity is formed for x = 0.18 and
x = 0.20. Taking 170 °C as a reference point, a very high
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permittivity of 2469 (2385) £ 20 % (at 10 kHz) is main-
tained from room temperature up to at least 420 °C, span-
ning a range of about 400 °C. This very flat relative
permittivity is achieved by a combination of effects [6]. An
increasing amount of KNN reduces the relative permittivity
at the T to a small degree but the relative permittivity at the
T, to a large degree and leads to a smearing out of the 7.
This combination results in nearly temperature-independent
relative permittivity characteristic. This is compared to the
dependence of strain on temperature in the regime between
RT and 180 °C. As predicted through S = QP?, in con-
junction with the low dependence of relative permittivity
and electrostrictive coefficient with temperature, a very low
temperature dependence of strain with less than 8 % from
the average value is obtained. In relaxor materials, polar-
ization and relative permittivity are strong functions of
temperature leading to large temperature dependence of the
strain (S = QP?). However, this is not the case in “AFE”
electrostrictors of BNKT100y—100xKNN investigated here.
This will be further studied in Fig. 9.

Figure 5 shows the impedance spectra of the
BNKT100y-100xKNN [(a) y = 0.20, x = 0.10-0.20;
(b) y = 0, x = 0.10-0.20] ceramics in the frequency range
of 0.01 Hz to 20 MHz over 500-650 °C. Commonly,
electrode, grain boundary, and grain components

150 300 450 150 300 450 150 300 450
Temperature (°C)

contribute to the conductivities of the polycrystalline ma-
terials and their effects on conduction can be segregated
into three parallel RC elements connected in series in an
equivalent circuit, from low frequency to high frequency
[19, 20]. However, for BNKT20-100xKNN
(x = 0.10-0.20) and BNKTO0-100xKNN (x = 0.10-0.18)
samples, only a single, essentially undistorted Debye-like
semicircle is observed at each temperature, and these
curves can be fitted to the standard semicircles with the
grain (R,C,) element, as shown in Fig. 5c. This indicates
that these compositions contain essentially one electrical
component associated with the grain effect. However, for
the BNKTO0-100xKNN (x = 0.20) ceramic, distorted De-
bye-like semicircles at variable temperatures are observed,
together with a second electrical component apparent at
low frequency range. Also, the distorted semicircle at each
temperature can be segregated into two natural electrical
components corresponding to the two fitting semicircles in
the impedance plots as found in Fig. 5d. The bigger
semicircle in the higher frequency range is ascribed to the
grain effect, while the grain boundary response contributes
to the smaller semicircle in the lower frequency range [20].

Figure 6 plots the Ing of dc conductivity of BNKT100y—
100xKNN ceramics as a function of reciprocal temperature
(1000/7) in the temperature range from 550 to 650 °C,
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Fig. 5 The impedance spectra of the BNKT100y—100xKNN a y = 0, 0.20; b x = 0.10-0.20 ceramics in the frequency range of 0.01 Hz to
20 MHz over 500-650 °C. ¢, d The fitting semicircles in the impedance plots of the KNLN6—-xBKT ceramics (y = 0; x = 0.10 and x = 0.20)
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Fig. 6 Plots the Ino of dc conductivity of BNKT100y—100xKNN ceramics as a function of reciprocal temperature (1000/7)

where the activation energy (E,) for electrical conduction
can be detected by using the following Arrhenius equation
[21],

o = aoexp(—E,/kT), (1)

where ¢ and ¢, are the dc conductivity and the pre-expo-
nent constant, respectively, E, is the activation energy, k is
Boltzmann’s constant, and T is absolute temperature. In
ABOj perovskite materials, the values of E, for A- and
B-site cations are around 4 and 12 eV, respectively [22,
23]. For oxygen vacancies, it varies from 0.5 to 2 eV,
depending on their concentration [24]. From Fig. 6, the
achieved activation energy (E,) of BNKT100y—100xKNN
system are in the range of 0.79-1.09 eV, which are closely
related to the oxygen ion/vacancy migration [24]. There-
fore, it is reasonable to suggest that oxygen vacancies
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dominate the conductivity in this temperature range from
550 to 650 °C.

Figures 7 illustrates the P—E loops and S—E curves of
BNKT100y—100xKNN (y = 0, 0.20; x = 0.10-0.20) under
an electric field of 80 kV/cm at 10 Hz. A “pinched” hys-
teresis loop with large strain of 0.20 % is observed for
BNKTO-10KNN samples. For solid-state actuator appli-
cation, the electric-field-induced strain is generally re-
quired to be accompanied with low hysteresis so as to
improve the sensitivity. Although large strain response is
obtained in BNKTO-10KNN samples, high hysteresis is
accompanied due to the switching process in field-induced
ferroelectric order from ergodic relaxor phase [25]. Similar
behaviors are commonly found in BNT-based “AFE-like”
ceramics [11, 26, 27]. In the present study, we found that
the hysteresis behavior is significantly decreased by
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Fig. 7 The P-E loops and S—E curves of BNKT100y—100xKNN (y = 0, 0.20; x = 0.10-0.20) under an electric field of 80 kV/cm at 10 Hz
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KNN system

increasing the KNN concentration. Samples of
BNKT100y—100xKNN with high KNN concentration
(x > 0.16) exhibit very slim P-E and S—E profiles and also
maintain relative large strain level of 0.10-0.14 %. This
strain level is comparable with other lead-containing
electrostrictors [6, 8, 28]. So these materials have great
potential in the fabrication of high-performance lead-free
electrostrictors. The very slim P—FE loops and S—E curves
with small hysteresis are related to the pseudocubic phase
of the materials, as clearly illustrated in Fig. 8.

Figure 9a shows the plots of S and P* derived from the P—
E loops and S—E curves of Fig. 6, for BNKT100y—100xKNN
system. The slope of this curve corresponds to the elec-
trostriction coefficient Q33 [8]. Clearly, the S—P? curves for
the BNKT100y—100xKNN system with low KNN content
(x = 0.10-0.14) are slightly deviated from liner relations,

which suggests the contribution of electrostriction strain
should be predominant while not pure. There apparently still
are contributions from ferroelectric switching present and also
including the contributions by other types of electrome-
chanical coupling, such as local volume changes due to field-
induced relaxor-ferroelectric switching and the piezoelectric
effect of the ferroelectric phase [6]. While for
BNKT20-100xKNN samples with high KNN concentration
(x = 0.16-0.20) nearly purely electrostrictive behavior oc-
curred owing to rare contributions of electrostriction strain
from ferroelectric switching. This result is consistent with the
slimmer P—E profiles which induced the profile of S versus P
that can be fitted well to a straight line. Figure 9b gives the
comparisons of S—P* curves between the BNKTO-100xKNN
and BNKT20-100xKNN (x = 0.14, x = 0.18) samples with
the same KNN content (x). It can be found that

@ Springer



5334

J Mater Sci (2015) 50:5328-5336

BNKT20-100xKNN samples have larger stain values than
that of BNKTO-100xKNN samples with the same KNN
content (x), suggesting that the BKT substitution (y) into
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Fig. 9 a The plots of S and P? derived from the P—E loops and S—
E curves under an electric field of 80 kV/cm at 10 Hz, for
BNKT100y—100xKNN system, b the comparisons of S—P* curves
between the BNKTO-100xKNN and BNKT20-100xKNN samples
with the same KNN content (x), ¢ the variation of electrostrictive
coefficient Q33 as a function x, for BNKT100y—100xKNN samples

Fig. 10 a P-E/I-E loops, S-E,
and b S—P? curves of

BNKTO-100xKNN can effectively enhance the electrostric-
tive properties of the ceramics. The results can be seen more
clearly in Fig. 9c, the variation of electrostrictive coefficient
Q53 of BNKT100y-100xKNN system as a function x. For
BNKT100y—100xKNN samples with y = 0.20 and x = 0.16,
the Qs is calculated to be of 0.025 m*/C?, and this value is
comparable to the reported PMN-based electrostrictive ma-
terials [29] and the promising BNT-based lead-free elec-
trostrictors [30, 31]. In the present work, although two series
of compositions were both designed based on the MPB
compositions of ternary BNT-BKT-KNN system, as de-
picted in Fig. 8. The achieved Q33 of the two series of
compositions are quite different. BNKT20-100xKNN system
fabricated based on the MPB(I) composition
(BNKT20-1KNN) exhibits much higher Qs; values com-
pared with that of BNKT0-100xKNN samples based on the
MPB(I) composition (BNKTO0-7KNN). We believed that the
drastically enhanced Qs; of the BNKT20-100xKNN should
be ascribed to the large strain response of its initial compo-
sition (BNKT20-1KNN), which possesses a giant value of
0.45 % [27]. By contrast, the strain of the initial composition
(BNKTO-7KNN) for fabricating BNKTO-100xKNN system
is only 0.22 %, and it decreases down to 0.06 % as the KNN
content reaches x = 0.20. As a result, this system displays a
much lower Qs3.

This class of materials is not only attractive for room
temperature electrostrictive properties, but is predicted to
have low temperature dependence in electrostrictive strain
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also. Figure 10 exemplarily displays the (a) P-E/I-E loops,
S-E, and (b) S—P curves of BNKT20-16KNN at different
temperatures. There was no domain switching current peak
in BNKT20-16KNN sample, suggesting no domain
switching takes place as confirmed by nearly zero piezo-
electric constant dz3 after poling [32]. The maximum po-
larization P, observed in P—E loops and the strain reflected
S—FE curves are nearly constant in the temperature range
between RT and 180 °C for the case of 10 Hz driving
frequency. Consequently, the electrostrictive properties of
BNKT20-16KNN samples show little temperature depen-
dence, and the almost flat, temperature-independent char-
acteristic of the BNKT20-16KNN samples is even
comparable with traditional PMN [2], since the Q33 dete-
rioration value for this sample is only ~7 % between RT
and 180 °C (Fig. 10c). Furthermore, temperature-depen-
dent structural analysis of this sample as given in Fig. 10d
reveals that the excellent temperature stability of elec-
trostrictive properties should be induced by the stable re-
laxor pseudocubic phase over a wide temperature range.
The XRD patterns with measured temperature provide no
phase transitions in the temperatures range of 25-200 °C.
Besides minor fluctuations in intensity and a shift in the
reflex due to thermal expansion, there is no obvious change
of (200) diffraction peak. That is, sample maintains a re-
laxor pseudocubic phase in the temperature range of
25-200 °C. The electrostrictive behavior of the
BNKT20-16KNN is of great importance for temperature-
independent actuator devices.

Suitable materials for actuator applications should not
only show excellent electrostrictive properties and good
temperature stability but also reliability under long-term
electric cycling. For BNT-based materials, however, the
fatigue behavior did not get much attention so far, even
though it is a crucial aspect for industrial implementation.
Figure 11a shows the fatigue behavior of BNKT20-20KNN
ceramics for 10° cycles, and the Qs levels at different fa-
tigue cycles are also summarized in this figure. It can be
observed that the BNKT20-16KNN material exhibits no
fatigue behavior. Even after switching cycles over 10°,
samples still maintain purely electrostrictive effect with a
high electrostrictive coefficient (Q3z3) of 0.024 m*/C2. It can
thus be concluded that electrostrictive properties in the
BNKT20-16KNN system are extremely stable during the
application of the external electric field. To understand the
behavior of the electrostrictive strain during electrical cy-
cling more in detail, bipolar hysteresis loops of permittivity
&, loss tand, polarization P, piezoelectric coefficient d;3, and
strain S (bipolar and unipolar strain) were recorded in the
unfatigued state and after distinct cycling steps. Figure 11b—
g gives the evolution of ¢—F, tand-E, P-E, d§3—E, and S—
E hysteresis loops of BNKT20-16KNN ceramics. Similarly,
all the above electrical parameters were found to be
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Fig. 11 a The fatigue behavior of BNKT20-16KNN ceramics at
10 Hz for 10° cycles, insets show the Q33 levels and S—P? curves at
different fatigue cycles. b—g The evolution of ¢~F, tand—E, P-E, d§3—
E, and S-E hysteresis loops at 10 Hz of BNKT20-16KNN ceramics
with fatigue cycles

independent of the number of electric-field cycles for at least
up to 10° cycles. The exceptionally good fatigue resistance
up to 10° unipolar cycles renders this material promising for
actuator applications.

Conclusions

In summary, based on the MPB composition of BNT-
BKT-KNN ceramics, we designed a series of compositions
which lie deep in the pseudocubic region of ternary BNT—
BKT-KNN system. By changing the content of BKT and
KNN, a high, purely electrostrictive effect was developed
in BNKT20-20KNN samples, which shows an elec-
trostrictive coefficient Q33 of 0.025 m*/C> comparable with
that of traditional Pb-based electrostrictors. Furthermore,
this material can deliver an exceptionally good fatigue
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resistance and provide temperature independence of strain,
indicating great potential in environmental-friendly solid-
state actuators.
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