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Ceramic solid solutions based on (1-x)Big5(Nag.g4Ko16)0.5TiO3-xBa(Nbg 01 Tig.99)03 or (1-x)BNKT-xBNDbT)
(where x = 0, 0.01, 0.03, 0.05 and 0.07 mol fraction) were investigated to demonstrate the improvement
of electrical properties as compared to the unmodified BNKT ceramic. The dielectric, ferroelectric,
piezoelectric and electric field-induced strain properties were investigated as a function of composition
and temperature. All ceramics presented a single phase perovskite structure. X-ray diffraction analysis
revealed a transition from co-existing rhombohedral-tetragonal phases to a single tetragonal phase for
compositions with x > 0.03. The maximum dielectric constant tended to increase with increasing BNbT
content and the dielectric spectra for all compositions exhibited a broad maximum around Ty and Tp,. The
polarization hysteresis measurement indicated a disruption in the long range ferroelectric order at the
critical composition of x = 0.03 along with a significant enhancement in the electric field-induced strains
(Smax = 0.41%) with a large normalized strain coefficient (d*33 = Smax/Emax) of 683 pm/V. The x = 0.03
composition also presented a high energy density (0.67 J/cm?) as compared with the unmodified BNKT
composition (0.25 J/cm?). These results suggest that the (1-x)BNKT-xBNbT solid solution is a promising

lead-free piezoelectric material candidate.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Although lead-based piezoelectric ceramics such as Pb(ZryTi1-y)
O3 (PZT) have excellent piezoelectric and/or electrostrictive
properties [1—3], the lead constituent in these ceramics can be
volatilized easily during processing and cause environmental
problems. Furthermore, due to the restrictions on environmental
pollution such as the waste electrical and electronic equipment
(WEEE) and restriction of hazardous substance (RoHS) acts, there
is a strong motivation for the development of lead-free piezo-
electric ceramics capable of replacing lead-based ceramics.
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Recently, many reports have concentrated on the development of
lead-free piezoelectric materials including compounds such as
bismuth sodium titanate or BipsNagsTiO3 (BNT) and their solid
solutions with BaTiOs (BT), (Bips5Ko5)TiO3 (BKT), and
Ko5Nag5NbO3 (KNN) [4,5]. Although these materials exhibit useful
electrical properties, their piezoelectric properties are generally
inferior to Pb-based materials.

The BNT ceramics are A-site complex perovskites of the form
A'A"BOs3, where Bi>* and Na* ions reside on A-site, while Ti** ion
occupies B-site of the perovskite unit cell [6]. At room temperature
(RT), BNT has a rhombohedral perovskite symmetry with a lattice
parameter of a = 3.98 A and « = 89.67° [7]. A transformation to
tetragonal symmetry occurs at temperatures around 200—340 °C,
followed by a transition to cubic symmetry above 540 °C [7,8]. This
material has been the subject of many studies due to its large P,
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(38 uC/cmz) and high T, (320 °C) [8—10]. However, BNT ceramics
possess inferior piezoelectric properties and present difficulties
with poling because of their high conductivity and high E. (73 kV/
cm) [8,11]. Hence, the piezoelectric properties of pure BNT ceramics
are significantly lower than those of the lead-based ferroelectrics,
such as PZT. Most of the recent published reports on BNT ceramics
have focused on improving the properties of BNT through the
addition of additives to replace either or both of A or B-site ions.
Moreover, there have been many reports on lead-free piezoelectric
materials based on BNT solid solutions. To achieve improved
piezoelectric properties, binary and ternary solid solutions based
on BNT have been developed and shown to possess excellent
electrical performance near the morphotropic phase boundary
(MPB) composition.

Among them, the (1-x)BNT-xBKT or BNKT system presents
relatively high piezoelectric and dielectric properties near the
rhombohedral-tetragonal region when x is between 0.16 and 0.20
(i.e. the MPB region) [12]. This MPB region showed relatively high
d33 of 157 pC/N and d3; of 46.9 pC/N [12,13]. A relatively high
electric field-induced strain of 0.19% with a corresponding
normalized strain coefficient (d*gg = Smax/Emax) of ~240 pm/V was
also observed. The dielectric and piezoelectric properties of BNKT
ceramic were also enhanced in the MPB region, similar to that
observed for Pb(Zr, Ti)O3 ceramics [1]. In order to further improve
the piezoelectric properties of the BNKT ceramic, incorporation of
various dopants and the formation of solid solutions with other
compounds such as BiFeOs [10], SrTiOs [14], Bi(Mgo5Tig5)03 [15],
Ko.sNagsNbO3 [16] and BagsSro5TiOs [17] have been extensively
carried out.

Many previous works have reported that Nb,Os is an important
additive (dopant) for improving the properties of BaTiOs-based
ceramics [18—21]. In some cases, this dopant can also enhance the
sintering and the densification process [19,21]. Yang et al. [19] re-
ported that Zn and Nb co-doping was effective at inhibiting grain
growth, resulting in an improvement in the densification and a
decrease in the dielectric loss of BaTiO3-based ceramics. Osoro et al.
[18] studied cobalt/niobium co-doping in BaTiO3 ceramics and the
piezoelectric properties of these ceramics were found to improve.
Kim et al. [21] investigated the properties of BaTiO3 co-doped with
Nb,0Os5 and Tay0s. The correlation between the sintering tempera-
ture and dielectric properties in the Nb°>* and Ta>* doped BaTiO3
solid solutions were investigated. It was found that all doped
BaTiO3 samples investigated had a tetragonal phase in the P4mm
space group. The sample sintered 1250 °C showed smaller grain
sizes (<1.0 pm) where as large grain sizes (1.5 ~ 3 um) were
observed for the samples sintered at 1300 °C. A slight shift in T, to a
lower temperature than that for pure BaTiO3 was observed in all
samples. A doping level of Ba(Nbg o1Tig.99)O3 showed improvement
of the dielectric constant and dielectric loss (tan ¢) values at RT. The
highest value of dielectric constants at RT were >4000 and the large
change of permittivity as a function of frequency were observed for
the Ba(Nbg01Tip99)O3 composition. At temperatures above T, the
dielectric constant followed the Curie-Weiss law.

Recently, Cui et al. [22] synthesized BaTiO3; doped with Nb via a
sol-gel process. The doping shifted T, to low temperatures and a
high dielectric constant was observed for some conditions.
Furthermore, it has been proposed that Nb doping can improve
the piezoelectric properties of many Bi-based piezoelectric ce-
ramics. For example, Pham et al. [1] found that Nb doping could
induce a transformation from a ferroelectric to a non-polar
pseudocubic phase in Bigs5(Nagg2Ko1s)o.5 ceramics, resulting in
an enhanced electric field-induced strain. The Nb substitution
significantly  disrupts the ferroelectric order of the
Big.5(Nag.g2Ko.18)0.5TiO3 phase, leading to a decrease of the P, E,
and ds3 values. However, the destabilization of the ferroelectric

order was accompanied by a significant enhancement in the
electric-field-induced strain (EFIS) of ~0.47% (d 33 = 641 pm/V) at
the composition of x = 0.03 (@ 70 kV/cm). In addition, Nb-doped
(Big5Nag.4Ko1)TiO3 lead-free piezoelectric ceramics were investi-
gated by Wang et al. [4]. A giant strain of 0.34% was achieved at
2 mol% Nb-doping concentration with d’s3 of 625 pm/V. Ullah
etal. [17] also found that the addition of Nb to BNKT-BSrT ceramics
caused an improvement in the electric-field-induced strain. A
high d's3 of 634 pm/V and Spax of 0.38% were obtained with a
2 mol% Nb dopant under an applied field of 60 kV/cm. This in-
dicates that an appropriate Nb-dopant content can significantly
enhance the strain level of (Big.sNag 4Kg1)TiO3 ceramics, making it
a promising candidate for actuator applications.

It has been reported that excellent piezoelectric properties are
often observed in materials which are characterized by phase
coexistence such as rhombohedral-tetragonal mixed phases.
Furthermore, chemical modifiers are often used to disrupt the long-
range ferroelectric order and promote the ergodic relaxor state of
BNKT ceramics. The combination of a ferroelectric phase and a
relaxor phase (after compositional modifications) can help to form
an ergodic relaxor with reduced negative strains, and also result in
a large electric field-induced strain [14,16].

Therefore, in the present work, the composition
Big 5(Nap.g4Ko16)0.5TiO3 or BNKT which is at the MPB composition
(within the rhombohedral-rich phase) was selected as the base
material. BaTiO3 doped with Nb with the composition of
Ba(Nbg1Tip.99)03, BNbT (tetragonal-rich phase) [21]. was chosen as
part of the solid solution with BNKT. To our knowledge, the effects
of BNbT on the properties of BNKT ceramics have not yet been
investigated. It is expected that this new system has great potential
for excellent electrical performance as compared to the BNKT sys-
tem or other systems.

2. Experimental
2.1. Synthesis

Bi0.5(Nao_g41(0.16)0_5TiO3 or BNKT and Ba(Nbo_mTio.gg)Og or BNbT
powders were separately prepared by a conventional solid-state
reaction method. The analytical grade reagents of Bi,O3 (98%,
Sigma-Aldrich), Na,COs3 (99.5%, Sigma-Aldrich), TiO, (99%, Sigma-
Aldrich), KyCO3 (99%, Sigma-Aldrich), BaCOs (98.9%, Sigma-
Aldrich) and Nb,0Os5 (99.9%, Sigma-Aldrich) were used as starting
materials. The raw materials of BNKT and BNbT were stoichio-
metrically weighed, ball milled for 24 h in an ethanol solution, and
dried in an oven. Due to a large difference in calcination tempera-
tures between Big 5(Nag g4Ko.16)0.5TiO3 (900 °C) and Ba(Nbg 1Tig.99)
O3 (1300 °C) powders, the Bigs(NagsgsKo16)os5TiO3 and
Ba(Nbg 01 Tig.99)03 powders were therefore synthesized separately.
The BNKT and BNbT powders were calcined at 900 °C and 1300 °C,
respectively. The obtained powders were then weighed, mixed and
dried again to produce powder of (1-x)Bips5(Nap.gsKo16)o.5TiO3-
xBa(Nbyg 01Tig.99)03 or (1-x)BNKT-xBNbT (x = 0, 0.01, 0.03, 0.05 and
0.07 mol fraction). A few drops of 4 wt% polyvinyl alcohol (PVA)
binders were then added to the mixed powders before being uni-
axially pressed into 10 mm diameter discs. These pellets were
covered with sacrificial powders and then sintered at 1125 °C for
2 h with a heating/cooling rate of 5 °C/min.

2.2. Characterization

An X-ray diffractometer (XRD-Phillip, X-pert) was used to
identify the phases present in both powders and ceramics. Raman
spectra were obtained on polished sintered pellets with a Raman
spectrometer (T6400 ]JY, Horiba Jobin Yvon). Bulk density was
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measured in accordance with Archimedes' method. A scanning
electron microscope (SEM, JEOL JSM- 6335F) was used to study
microstructural features of the ceramics. Grain size was deter-
mined by a mean linear intercept method (ASTM E112-88). Before
being subjected to electrical characterization, all samples were
carefully polished to 1 mm thickness to obtain a parallel scratch-
free surface. Silver paste was painted onto both sides of each
sample and then fired at 700 °C for 30 min to form electrodes.
Dielectric properties as a function of temperature (25—500 °C)
were carried out using a 4192A LCR-meter connected to a high
temperature furnace with frequencies ranging from 1 to 500 kHz.
A ferroelectric system based on Radiant Precision High Voltage
Interface was used to measure the polarization-electric field (P-E)
hysteresis loops both at RT and high temperatures (25—150 °C). A
maximum electric field of 60 kV/cm and a frequency of 1 Hz were
applied to each sample. Remanent polarization (P;), maximum
polarization (Pmax), coercive field (Ec), and loop squareness (Rsq)
values were determined from the hysteresis loops. Strain-electric
field (S-E) data at RT was obtained using an optical displacement
sensor (Fotonic Sensor, MTI-2100) combined with a Radiant
ferroelectric test system. A maximum electric field of 60 kV/cm
and a frequency of 0.1 Hz were applied for each sample to measure
the butterfly curves. The maximum strain (Smax), the negative
strain (Speg denotes the difference between zero-field strain and
the lowest strain and is only visible in the bipolar cycle) were
carried out. The high field longitudinal piezoelectric constant or
the normalized strain coefficient (d*33) was determined from the
ratio of maximum strain to maximum field using an empirical
equation (1) [16,17]:

d#33 = Smax/EmaX (])

3. Results and discussion

The mixed powders of the (1-x)BNKT-xBNbT were characterized
using XRD analysis over a wide 26 range of 20—80° as shown in
Fig. 1(a). The unmodified BNKT powder exhibited a single perov-
skite structure and also exhibited rhombohedral symmetry. After
the addition of BNDT, the XRD patterns displayed a phase mixture
between BNKT and BNDT. The intensity of the BNbT peaks increased
with BNbT content. Furthermore, there were no secondary peaks
for all modified powders within the detection limits of the XRD
instrument.

The X-ray diffraction patterns obtained from each of the (1-x)
BNKT-xBNDbT ceramic samples within a 26 range of 20—80° are
shown in Fig. 1(b). All (1-x)BNKT-xBNbT ceramics exhibited a single
perovskite structure with no trace of secondary phases which
suggests that a complete solid solution was formed. The position of
all XRD peaks for the modified samples shifted slightly to lower 26
angles in comparison with the unmodified BNKT ceramic. This
observation implies a change in the d-spacing as a result in change
of lattice parameters for the BNKT phase, as seen in Fig. 2. In this
work, it is expected that Ba®* (1§ = 1.42 A) substituted onto the A-
site [K* (rf = 1.33 A), Na*(1fia = 1.18 A) and Bi>* (r§{ = 1.17 A)],
while Nb>* (1, = 0.64 A) [17] substituted onto the B-site [Ti**
(rkt = 0.74 A)] [23] to form the (1-x)BNKT-xBNbT solid solution
[24].

A detailed view of the XRD patterns at 26 ~39—41° and 45—47°
are shown in Fig. 1(c) and (d), respectively. The XRD data revealed
that the unmodified BNKT ceramic had a rhombohedral symmetry
as evidenced by the splitting of (111)g/(111)g peaks. In addition, it
was evident that the x = 0.03 composition exhibited a phase
mixture of rhombohedral and tetragonal phases due to splitting of

Intensity (a.u.)

40 50 60
26 (degree)

Intensity (a.u.)
T

20 30 40 50 60 70 80
20 (degree)

Intensity (a.u.)

39 40 41 45 46
260 (degree) 20 (degree)

Fig. 1. X-ray diffraction of the (1-x)BNKT-xBNbT including (a) mixed calcined powder
(b) sintered ceramics, and (c,d) corresponding detailed view of the XRD patterns.

S

7

the (111)g/(111)g peaks at 26 ~ 40° and a slight splitting of the
(200)1/(002)r peaks at 26 ~ 46° [1,24—27]. With increased amount
of BNDT (x > 0.03), the crystal structure tended to change with the
observation of the (111)g/(111)r peaks which were split the
rhombohedral peaks for the unmodified BNKT ceramics and then
merged into a single (111 )7 peak along with more apparent splitting
of the tetragonal (200)/(002 )1 peaks for the modified samples. This
clearly indicates a transformation from mixed rhombohedral/
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Fig. 2. Plots of lattice constants (a and c) and the tetragonality (c¢/a) as functions of
BNDT content for the (1-x)BNKT-XxBNbT ceramics.

tetragonal phase for the x = 0.03 compositions into a tetragonal
phase for the compositions with x > 0.03. Similar results have been
reported in BNKT-based systems such as BTS-modified BNKT [24],
CuO and NbyOs5 co-doping BNKT [26], and LMN-doped BNKT-ST
system [27]. Therefore, the phase coexistence for the present ce-
ramics occurred at x = 0.03. To confirm the appearance of the phase
transformation in more detail, the a and c-parameters and tetra-
gonality ratio (c¢/a) were determined, using the following expres-
sion [28]:

12

1 h2+k2
a2 2

d_2 - az (2)
where d is a plane spacing, a and c are lattice parameters, and h, k, [
are Miller indices. From the calculation, an increase in ¢/a value was
observed as the BNbT content increased as expected (see Fig. 2 and
Table 1).

To further confirm the phase structure of the studied samples,
Raman spectroscopy was used. The Raman spectra (from 100 to
1000 cm™') of ceramics at RT are shown in Fig. 3. According to
previous reports [29—31], it is clearly seen that the normal mode
vibrations are responsible for the Raman lines. First, a Raman-active
mode observed between 100 and 200 cm™! is related to the vi-
bration of A-site cations in the perovskite structure, which could be
due to cation distortions or clusters of octahedra [BiOg] and [NaOg]
[29]. It is interesting to note that the addition of BNbT tended to
show a slight decrease in the intensity of A-site peak of (1-x)BNKT-
XBNDT. This suggests that the BNbT additive may induce cationic
disorder in the lattices. The peak at centered ~280 cm™! is associ-
ated with the Ti-O vibrations [30]. Moreover, with increased BNbT
concentrations, the peak split into two bands at ~264 and
~321 cm~ L This correlates well with the XRD analysis which in-
dicates that the crystal structure of (1-x)BNKT-xBNbT ceramics
transformed from rhombohedral (R3c) symmetry (for x < 0.03) into
a coexistence of rhombohedral and tetragonal (P4bm) (for x = 0.03)
phases, and then finally into a tetragonal phase (for x > 0.03).
Similar observations have been reported in other BNT-based
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Fig. 3. Raman spectra of the (1-x)BNKT-xBNbT ceramics at room temperature. The
dash line was accorded to five Gaussian-Lorentzian mode fitting.

materials [2,29]. The peak range ~450—650 cm™! can be associated
with the vibration of the TiOg octahedral [30,31]. It can be seen that
the peaks shifted slightly, suggesting a distortion in the TiOg octa-
hedral and a presence of internal stresses that could possibly sta-
bilize the room temperature dielectric and ferroelectric properties
with BNbT addition [31].

The selected SEM micrographs of as-sintered surfaces and grain
size distribution of (1-x)BNKT-xBNbT ceramics (x = 0, 0.03 and
0.07) are shown in Fig. 4. From the SEM images, the samples were
dense with a well-developed microstructure and a granular
morphology. All ceramics showed a clear cubic-like shape and a
monomodal grain size distribution. Plots of the average grain size
and density values as a function of BNbT content are shown in Fig. 5.
According to the linear intercept method, the average grain size of
the unmodified BNKT was found to be 1.14 um with a wide distri-
bution when compared to some modified samples. The addition of
BNDT to the BNKT ceramic, however, slightly inhibited grain growth
behavior and showed a more narrow grain size distribution. This
can be seen from the slight drop in the grain size value from 1.14 pm
for the unmodified BNKT to around 0.60 um for the x = 0.07 sample.
It is believed that the observed grain morphology and slight
reduction in grain size with a narrow grain size distribution for the
modified sample was due to the solute drag effect of the addition of
Nb>*. Solute diffusion near the grain boundary region is usually
slower than intrinsic diffusion of the host atoms across the
boundary plane and this becomes rate-limiting for grain boundary
movement [32]. This seems to be the main mechanism governing
the observed microstructure, similar to those reported in a number
of previous works on solid solutions and doped systems, especially
for Nb-additions to BaTiO3 [ 19]. The density value of the (1-x)BNKT-
XBNDT ceramics is also presented in Table 1 and Fig. 5. It was found
that all ceramics were dense with density values in the range of
5.84—5.88 g/cm>.

The temperature dependence of the dielectric constant () and
dielectric loss (tan 6) for the (1-x)BNKT-xBNbT ceramics measured

Table 1

Physical, phase, microstructure and dielectric properties of (1-x)BNKT-xBNbT ceramics.
X Density (g/cm?) c/a Grain size (um) Ty (°C) Tm (°C) errr (1 kHz) ermax (1 kHz) AT, (K) Y 0y (K)
0 5.88 1.000 1.14 164 301 966 4930 5.7 1.56 411
0.01 5.86 1.000 1.08 140 305 1245 5050 7.3 1.91 409
0.03 5.86 1.011 0.89 125 306 1815 5350 7.7 1.95 404
0.05 5.84 1.014 0.67 129 306 1579 5460 8.0 1.96 404
0.07 5.84 1.016 0.60 127 307 1568 5470 7.8 1.96 403
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Fig. 4. Selected SEM micrographs and grain size distribution of the (1-x)BNKT-xBNbT ceramics where x = 0, 0.03 and 0.07 (bar = 1 pm).
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Fig. 5. Plots of grain size and density values as functions of BNbT content.

at various frequencies from 1 kHz to 500 kHz are shown in Fig. 6. A
summary of the dielectric properties are also presented in Table 1.
All samples showed broad peaks with a frequency dispersion of &,
and tan 6 near T ~ Ty, This behavior agrees well with the dielectric

behavior of other BNT-based and BNKT-based ceramics [33—36].
Two dielectric anomalies were observed in the dielectric curves of
the (1-x)BNKT-xBNbT ceramics. The first dielectric anomaly below
200 °C is often designated as the depolarization temperature (Ty),
where the ferroelectricity significantly decreases. The second
anomaly (~300 °C) at which the dielectric constant reaches its
maximum value is called T, [37]. Normally, there are many
methods to determine Ty value (as can be found in the literature)
[38]. In this work, however, the shoulder of the dielectric peak,
corresponding to the inflection point in the dielectric loss curve,
was used to determine the T4 value. The dielectric constant at T,
(ermax) tended to increase with BNDbT content (inset of Fig. 7).
Furthermore, the dielectric curves of all ceramics exhibited broad
transition peaks around Ty and T, which showed the characteris-
tics of a diffuse phase transition [37,39]. This could be attributed to
the compositional fluctuations occurring on the A and/or B sites
[37]. The unmodified BNKT ceramic exhibited a T; peak at ~164 °C.
Ty tended to shift to a lower temperature with increasing BNbT
content (Fig. 7).

To evaluate the evolution of relaxor behavior in the (1-x)BNKT-
XBNDbT ceramics, several empirical laws were employed. The
simplest one is the temperature span (ATy) of dielectric peaks
between the lowest and highest frequencies, as the following
equation [40,41]:
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Fig. 6. Temperature dependence of dielectric constant (e,) and dielectric loss (tan ¢) of the (1-x)BNKT-xBNbT ceramics, measurement at various frequencies where x = 0—0.07.

ATy, = Ty (@500 kHz) - T, (@1 kHz) 3)

where Ty, is the temperature of the maximum dielectric constant.
The value of AT;;; was 5.7 K for unmodified BNKT ceramic, and it
increased to ~7.8—8.0 K for the x = 0.05—0.07 compositions.

Normally, for relaxor ferroelectric materials, the dielectric
behavior with a diffuse phase transition has been well described by
the modified Curie-Weiss law, which is given by Refs. [42,43].

emax _; (T=Tn)"
ér Zéi

(4)

where T is the absolute temperature, T, is the temperature of the
maximum dielectric constant, e is dielectric constant, e is the
maximum dielectric constant at T;;,. The parameter 7y gives the in-
formation on the character of the phase transition. The value of vy is
the expression of the degree of dielectric relaxation in the relaxor
ferroelectric material. For y = 1, a normal ferroelectric [44] corre-
sponding to the Curie-Weiss law is obtained, while y = 2 corre-
sponds to relaxor behavior [45]. Many relaxor ferroelectric
materials can be fitted by Eq. (4) with y = 2 at temperatures above
Tm. The values of v for the (1-x)BNKT-xBNbT ceramics at 10 kHz
were obtained from the slope of In (emgx/er - 1) vs In (T - Tpp)

according to Eq. (4) and the unmodified sample had y = 1.56 while
the vy values were around 1.91-1.96 for modified samples, as listed
in Table 1. This indicates that the relaxor behavior is stronger for the
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Fig. 7. A plot of Ty value as a function of BNbT content (inset: T, value as a function of
BNDT content).
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compositions with a higher BNbT concentration. Furthermore, the
parameter ¢, can be used to measure the degree of diffuseness of
the phase transition in mixed relaxor-normal ferroelectric mate-
rials [45]. However, the ¢, value decreased with increasing the
amount of BNbT. This may be due to the compositional change and
grain characteristic (microstructure modification) as proposed in
previous work [37].

The polarization-electric field (P-E) hysteresis data for (1-x)
BNKT-xBNbT ceramics are shown in Fig. 8. The compositional
dependence of P, and E, values are plotted in Fig. 9. To verify the
quantification of changes in the hysteresis data, the loop squareness
(Rsq) was calculated from equation (5):

Rsq = (Pr/Ps) + (P1.1£c/Pr) (5)

where P, is remanent polarization, Ps is saturated polarization and
E. is coercive field [46]. The remanent polarization (P;), coercive
field (E;) and loop squareness (Rsq) are also listed in Table 2. All
samples exhibited ferroelectric behavior at RT. The unmodified
BNKT ceramic displayed a typical ferroelectric P-E loop with a
maximum coercive field (E; = 42.4 kV/cm), remanent polarization
(P, = 29.3 pC/cm?), and loop squareness (Rsq = 1.25). The obtained
trends in ferroelectric properties are in good agreement with
similar compositions as reported by Zheng et al. [47]. In the present
work, current versus applied electric field plots (I-E loops) were
also carried out (Fig. 8). Normally, a sharp polarization current peak
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Fig. 9. Plots of P, and E. values as a function of BNbT content.

(denoted as point 1 in I-E loop) can be ascribed to domain
switching. However, the BNbT additive significantly influenced the
shape and properties of the P-E loop. Specifically, the addition of
BNbT produced a slight degradation in ferroelectric behavior, as can
be noted by the change of P; and E. values, where the minimum
values of P, and E. were found at the x = 0.05 and x = 0.03 ceramics,
respectively. In addition, clear evidence of pinched P-E loops could
also be observed for the x = 0.03 ceramic. The appearance of the
pinched P-E loops is concurrent with two current peaks (denoted as
1 and 2) in the I-E data [48]. The decreasing Pr and E. values indicate

x=0 L0.4 401x =0.01 0.4
<= 20- I = 201 —_
S 02 E 0.2 2
O 0 0.0 EQ 0] 0.0 E
3 3.
~7 ~ Py
R -20 0.2 & 201 -0.2
-401 r-0.4 -40- -0.4
60 -30 0 30 60 60 -30 0 30 60
E (kV/em) E (kV/cm)
401y =0.03 L0.4 401 x = 0.05 L0.4
< 20 L0.2 ~g 20- 0.2 ~
5 is E
Q 0 (0.0 £Q 04 0.0 £
-’ o — ~
A, -20 0.2 " a,-20- --0.2
-40- r-0.4 -40- --0.4
60 -30 0 30 60 60 -30 0 30 60
E (kV/em) E (kV/em)
401 x = 0.07 L0.4
<20 (0.2 ~
8 <
Qo L0.0 §
a.-20 r-0.2
40 L_0.4

-60 -30 0 30 60
E(kV/cm)

Fig. 8. Polarization-electric field (P-E) hysteresis loops and current-electric field (I-E) loops for the (1-x)BNKT-xBNDbT ceramics, where x = 0—0.07.
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Table 2
Ferroelectric and piezoelectric properties of (1-x)BNKT-xBNbT ceramics.
X Py (;J,C/sz) Ec (kV/cm) qu I (_]/cm3) 7" (%) Smax (%) Sneg (%) d‘33 (pm/V) Q33 (m4/C2)
0 293 424 1.25 0.25 23 0.12 0.07 200 0.007
0.01 303 383 1.14 0.60 51 0.19 0.09 317 0.015
0.03 235 16.7 0.74 0.67 75 0.41 0.19 683 0.030
0.05 209 20.0 0.77 0.58 70 0.23 0.06 383 0.022
0.07 232 226 0.87 0.51 62 0.18 0.06 300 0.016

@ Ferroelectric data obtained at high temperature of 150 °C and a frequency of 1 Hz.

that the ferroelectric (FE) state was weakened and the ergodic
relaxor (ER) phases appeared in the modified samples under zero
electric field. The slightly pinched loops observed for the x = 0.03
ceramic suggests that the long range ferroelectric order (dominant
in the unmodified BNKT ceramic) was disrupted by the addition of
BNbT along with a transition from a ferroelectric (FE) to ergodic
relaxor (ER) state. This ergodic relaxor state can be transformed
reversibly into ferroelectric state by an external electric field, and
does not maintain the long-range FE behavior when the E-field is
removed [49,50].

Since the stability of the FE phase depends not only on
composition but also on temperature, the temperature-dependent
ferroelectric properties were investigated. Fig. 10 shows tempera-
ture dependent polarization-electric field (P-E) hysteresis data for
(1-x)BNKT-XxBNbT ceramics. The effect of temperature on the P-E
hysteresis data was measured under a maximum electric field of
60 kV/cm and a frequency of 1 Hz. The unmodified sample
exhibited well-saturated P-E hysteresis loops at RT. With increasing
the temperature up to 125—150 °C, a slimmer loop was observed.
For x = 0.03 sample, a slight pinching in the loops was observed at
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Fig. 10. Temperature dependence on polarization-electric field (P-E) hysteresis loops of
the (1-x)BNKT-xBNbT ceramics measured under an electric field of 60 kV/cm and a
frequency of 1 Hz; where “*” indicates trend of temperature at which a sample start to
show a clear pinched loop.

RT. With further increasing the temperature to 75 °C, the P, and E,
values dramatically decreased and the hysteresis loops started to
deform and began to show constricted loops, followed by a pinched
shape at temperatures around 75 °C (as indicated by “*"). This type
of behavior in the temperature dependent hysteresis loops has also
been observed in other BNT-based materials [50—52]. Thus, both
chemical modification and temperature change can disrupt the FE
long-range order leading to a decrease in the polarization states.

Plots of energy storage density (W) as a function of temperature
of (1-x)BNKT-xBNbT ceramics are also shown in Fig. 11. The W value
was calculated from the P-E hysteresis loops in order to evaluate
the practicability of these ceramics for energy storage systems.
The energy storage density was calculated using the following
formula (6):

W = [EdP (6)

where E is the applied electric field and Pis polarization [27,53—55].
The W values at 150 °C are also listed in Table 2. The unmodified
BNKT ceramic had an energy density of 0.09 J/cm® at RT (Fig. 11).
The energy density increased with increasing temperature, and
reached ~0.25 J/cm? at 150 °C. The addition of BNbT into BNKT was
found to improve the energy density value. The x = 0.03 sample
showed the highest energy density of 0.67 J/cm? (at 150 °C), which
was higher than its value measured at RT (0.28 J/cm?) by 139% and
also higher than the value for the unmodified ceramic (measured at
150 °C) by ~ 168%. Furthermore, the obtained value also indicates a
very large enhanced value as compared to the unmodified BNKT
ceramic (measured at RT) by 644%. This value is comparable to the
previously reported of BNKT-based bulk ceramics studied by Malik
et al. [56] which showed an energy density value of ~0.65 Jjcm>
(measured at 75 °C). It has been observed that the high W
composition often lies at the boundary between the ER and FE
states. Normally, W also depends on the shape of P-E hysteresis
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Fig. 11. Energy storage density (W) as a function of temperature of the (1-x)BNKT-
XBNDbT ceramics (Inset: energy storage efficiency (n) as a function of composition at
different temperatures).
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loop, ie. the P-E hysteresis loop can transform from a square
ferroelectric loop to a slim loop at temperatures approaching Tj.
This can yield a high energy density. Furthermore, Zhao et al. [55]
reported that the energy storage in ceramics with “slanted” and
“slender” P-E loops intrinsically possess a higher energy storage
density than that of “square” loops, which is also in good agreement
with our findings. In the present work, W increased with increasing
temperature and the maximum W was observed near Ty [27].
Again, similar behavior has been observed in previous reports
[27,56].

For practical applications, energy storage efficiency (n) is
often considered. The n value was calculated via the following
formula (7):

w
=— %100 (7)
7 W+ Wloss

where W, is the energy loss density [56,57]. It can also be
observed that the 5 value was affected by BNbT content and tem-
perature (inset of Fig. 11). In this work, the maximum 7 value of 75%
and energy density of 0.67 Jjcm> (at 150 °C) were observed for the
x = 0.03 sample. The obtained results indicate that this material is
considered as favorable for high temperature energy storage
capacitor applications [56].

Fig. 12(a—e) illustrates the bipolar field-induced strain curves at
RT of (1-x)BNKT-xBNbT ceramics for the compositions
x = 0.00—0.07. Values of maximum strain (Spax) and the normal-
ized strain coefficient (d#33 = Smax/Emax) as a function of BNbT
content are displayed in Fig. 13. The negative strain (Speg), Smax, and
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Fig. 12. Bipolar strain-electric field (S-E) loops of the (1-x)BNKT-xBNbT ceramics,
where (a) x = 0, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05, and (e) x = 0.07.
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Fig. 13. Plots of the maximum strain (Sp.x) and the normalized strain coefficient
(d'33 = Smax/Emax) a5 a function of BNbT content.

d'33 values are summarized in Table 2. The value for Sheg Was
calculated as the difference between the zero-field strain and the
maximum negative strain, which can be closely related to domain
switching during bipolar cycling. The unmodified BNKT ceramic
exhibited a classic butterfly shaped loop with a clearly defined
negative strain. This behavior is a common characteristic of normal
ferroelectric (FE) materials [56,58]. In this case, this sample had
values Smax = 0.12%, d'33 = 200 pm/V and Syeg = - 0.07%. The Spax
and Syeg values clearly increased with increasing BNbT content, and
Smax reached the maximum value of 0.41% with d'33 = 683 pm/V
and Speg = - 0.19 for the x = 0.03 ceramic. The obtained d*33 value is
~242% higher than that of the unmodified sample. However, a
further increase of BNbT content (x > 0.03) resulted in a decrease of
Smax and d 33 values (see Table 2). The large Smax, d’s3and Sneg values
for x = 0.03 are likely due to the electric field-induced reversible
phase transition between the FE and ER states [59]. The applied
electric field drives the phase transition from the ER state to the FE
state because of the competitive free energy between these two
phases [37,60]. This often results in an increase of the strain and
significantly improves the piezoelectric properties. Similar results
were reported by Zhang et al. [60], who studied the Big5Nag 5TiO3-
BaTi03-KosNagsNbO3 (BNT-BT-KNN) system. They found that BNT-
BT system delivered a large strain response of 0.45% (at 8 kV) when
a small amount of BNT was replaced by KNN. This giant strain was
attributed to a combination of field-induced phase transition and
ferroelectric domain reorientation. In the present work, it should be
noted that the improvement of strain response for the x = 0.03
ceramic can be correlated with XRD data which indicates the
coexistence of rhombohedral and tetragonal phases. Moreover, the
large improvement in the strain response for the x = 0.03 ceramic
may also be due to the decrease in the depolarization temperature
(Tq4) which correlates with the pinching of the P-E hysteresis loop.
This indicates a transition from a FE state to an ER state near Ty [2].
Dong et al. [5] observed similar behavior in the (1-
x)(0.8Bip.5Nag 5Ti03-0.2Big5Ko5TiO3)- xNaNbOs; system. In their
work, a large Smax/Emax value of 810 pm/V was observed at a tem-
perature of 30 °C, which was proposed to be due to the shift of Ty
down to below room temperature. In general, the transition from
the ferroelectric state to the relaxor state is characterized by a shift
from pinched P-E loops to sprout-shaped S-E loops, depending
upon the composition. In the appropriate range of composition, the
free energy difference between the two phases is small enough and
the application of a moderate electric field is sufficient to switch the
relaxor state to the ferroelectric state resulting in a large strain [5].
Pham et al. [1] also studied Nb-substituted Biy>(Nagg2Ko.18)1/2TiO3
lead-free ceramics and found that the addition of 3 mol% Nb into
Biy2(Nag 82Ko18)1/2TiO3 shifted Ty value to a lower temperature (99
°C) and resulted a high strain value. Furthermore, several reports
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for the chemically-modified BNT-based and BNKT-based ceramics
have also noted that the phase transition (between the FE and ER
states) seems to be the key to maximum electric-field-induced
strain values [27,37,49,61].

To have a further understanding for the electrostriction coeffi-
cient (Qs33), the relationship between Qs3, S and P was investigated.
Normally, the strain has a parabolic relationship to the polarization,
as can be expressed in equation (8) [62,63].

S3 = Q33P3 (8)

where Q33 is the electrostriction coefficient, S3 is the strain and P3 is
the polarization in the direction of the poling axis. Based on the
calculated Q33 of (1-x)BNKT-xBNbT ceramics as shown in Table 2, it
was found that the maximum Q33 value of 0.030 m?*/C? was
observed for the x = 0.03 sample. It can be seen that the obtained
Q33 value is relatively high as compared to those of well-know
electrostrictive materials such as BNT-BT-KNN (0.021 m*/C?) [63],
BNKT-KNN (0.023 m*/C?) [64], and BNKT-BZ (0.025 m*/C?) [65].

Based on the obtained results, the compositions near the tran-
sition from rhombohedral symmetry to the coexistence of rhom-
bohedral and tetragonal phases (x = 0.03) are host to a significant
enhancement in piezoelectric properties and energy density. This
significant electrical enhancement at the composition of x = 0.03
can be related to both a composition-induced structural phase
transition and a field-induced ergodic relaxor (ER to FE) phase
transition. Grain size is another factor which has been proposed to
affect many properties of electroceramics [3]. Further work is
required to understand this effect in more detail. However, other
factors such as density, phases, and defects (in the samples) should
be carefully controlled by designing a proper experiment.

4. Conclusions

Lead-free piezoelectric ceramics of (1-x)BNKT-xBNbT were
successfully synthesized via the solid-state reaction technique. A
single phase perovskite structure was achieved for all composi-
tions, suggesting that a solid solution between BNKT and BNbT was
obtained. The composition x = 0.03 was characterized by the
coexistence of rhombohedral and tetragonal phases. The maximum
dielectric constant peak tended to increase (4900 to 5500) with
increasing BNDT content. The x = 0.03 ceramic exhibited large Spax,
d'33 values and W values. Based on these results, compositions near
the transition from rhombohedral symmetry to the coexistence of
rhombohedral and tetragonal phases are host to a significant
enhancement in the dielectric, ferroelectric and piezoelectric
properties. This ceramic system can be considered as one of the
promising candidate materials for lead-free piezoelectric
applications.
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