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Abstract
A new lead-potassium-free ceramic of (0.9-x)NaNbO3-0.1BaTiO3-xNaSbO3 (NN-

BT-xNS) was successfully prepared via a solid-state reaction method. The

microstructure, phase structure, dielectric, ferroelectric, and piezoelectric proper-

ties were investigated as a function of NS content. The substitution of NS for NN

was found to dramatically change the grain morphology from cube-like grains

typical for alkaline niobate-based ceramics to conventional sphere-like grains

especially for Pb-based perovskite ceramics. A normal to relaxor ferroelectric

phase transformation was accompanied by a tetragonal (T) to rhombohedral (R)

phase transition. A composition-temperature phase diagram demonstrated a verti-

cal morphotropic phase boundary between T and R phases in the composition

range of x=0.03-0.04, where optimum electrical properties of d33=252 pC/N,

kp=36%, Qm=168, eT33=e0=2063, and Tc=109°C were obtained in the x=0.035 cera-

mic sintered at 1260°C. Particularly, excellent temperature insensitivity of small-

signal piezoelectric properties suggested large application potentials in various

actuators and sensors in comparison with other typical lead-free materials.
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1 | INTRODUCTION

Lead-free piezoelectric ceramics have been extensively
investigated in the past 10 years1–10 for the purpose to
replace conventional lead-based perovskite piezoelectric
materials such as Pb(Zr,Ti)O3, Pb(Mg1/3Nb2/3)O3, and so
on. The relevant research work has become of great signifi-
cance and urgency, considering big risks that the lead pol-
lution might bring to human beings.

Typical lead-free material systems so far mainly include
(Na,K)NbO3 (NKN)-based solid solutions,1,6,7,11 modified
BaTiO3 (BT)-

8,9,12 and (Bi0.5Na0.5)TiO3 (BNT)- based solid
solutions.10,13–15 Piezoelectric and electromechanical prop-
erties of these materials have been significantly improved
in the past few years by designing compositions lying in
the proximity of two-ferroelectric phase boundaries. The

flattening of free energy profile for polarization switching
by coexisting ferroelectric phases with different crystal
symmetries provided a solid structural fundament for
enhancing piezoelectric activities.8,16 As known, for indus-
trial application of piezoelectric devices, not only the mag-
nitude of piezoelectric properties but also their reliability
such as temperature stability are equally important. BNT-
based compositions exhibited temperature-stable medium
piezoelectric properties owing to the existence of mor-
photropic phase boundary (MPB) between rhombohedral
(R) and tetragonal (T) phases,13 yet the temperature range
of the stability was strictly limited within <100°C by a
high-temperature relaxor phase.10,17 High-performance BT-
or NKN-based lead-free systems achieved significantly
enhanced piezoelectric coefficient d33 through largely sacri-
ficing their Curie temperatures (Tc). Moreover, the
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dependence of piezoelectric activities on the polymorphic
phase transition or the polymorphic phase coexistence was
believed to be responsible for high-temperature sensitivity
of electrical properties for these two lead-free material sys-
tems,12,18–22 even though high-field piezoelectric coeffi-
cients were reported to exhibit a good temperature
stability.23,24 Apart from this, the processing property of
the ceramic powder and composition is also a key issue for
mass production, such as tape casting for preparing ceramic
tapes. The processing sensitivity seemed to exist in NKN-
based lead-free compositions owing to the existence of
highly hygroscopic potassium carbonates and the high
volatility of K2O at high temperatures.25,26 Particularly,
typical cube-like grain morphology of NKN-based compo-
sitions would possibly make the sintering body less com-
pacted and the ceramic film less smooth.

A lead- and potassium-free NN-based piezoelectric cera-
mic was reported as a potential candidate to address the
above-mentioned issues. An orthorhombic (O) antiferro-
electric NN at room temperature (RT) could transform into
a T ferroelectric phase by adding LiNbO3, (Bi0.5K0.5)TiO3

and BT.27–29 A phase-boundary composition in the proxim-
ity of a vertical R-T MPB was obtained by substituting BT
and CaZrO3 (CZ) for NN, achieving temperature-insensi-
tive piezoelectric properties.30 Nevertheless, in addition to
insufficient piezoelectric properties, the cube-like grain
morphology was still maintained, as compared with NKN-
based lead-free ceramics. The poor piezoelectricity of NN-
based ceramics might be mainly related to the strong ionic
characteristics. In this work, another ABO3-type NaSbO3

(NS) was used as a modifier of the phase structure, consid-
ering that the higher electronegativity of Sb5+ would make
the NN-based perovskite more covalent. The addition of
Sb5+ was believed to play a crucial role in the enhance-
ment of piezoelectric properties of previously reported
NKN-based ceramics.1,4,19,31 The microstructure, crystal
structure, domain morphology, and various electrical prop-
erties were investigated as a function of NS content.

2 | EXPERIMENTAL PROCEDURE

The (0.9-x)NN-0.1BT-xNS (NN-BT-xNS) ceramics were
prepared by a solid-state reaction method using analytical-
grade metal oxides and carbonates as raw materials. The
powders were mixed thoroughly in ethanol using zirconia
balls for 12 hour according to their compositional formula.
The powder mixture was ball-milled again for 24 hour after
calcination at 1000°C for 5 hour, and then pressed into
disk samples with a diameter of 10 mm under 100 MPa
using polyvinyl alcohol (PVA) as a binder. The disk sam-
ples were sintered at 1220-1300°C for 2 hour in air after
burning out the binder at 550°C for 4 hour. Silver

electrodes were fired on both sides of the samples at
550°C for 30 minutes. The samples were poled under a dc
field of 4 kV/mm for 30 minutes at RT in a stirred silicone
oil bath.

The microstructure of the sintered samples was observed
using a field emission scanning electron microscope (FE-
SEM; SU8020, JEOL, Tokyo, Japan). Before the SEM
observation, some samples were carefully polished and
then thermally etched at 1000°C for 30 minutes. The crys-
tal structure at RT was analyzed by a powder X-ray
diffractometer (XRD, D/MAX-RB, Rigaku, Tokyo, Japan)
using a Cu Ka radiation (k=1.5406 �A). Dielectric proper-
ties as a function of temperature and frequency were mea-
sured by an LCR meter (Agilent E4980A, Santa Clara,
CA). The quasi-static piezoelectric constant d33 was mea-
sured by a Belincourt meter (YE2730A, Sinocera, Yangz-
hou, China). The planar electromechanical coupling factor
kp and mechanical quality factor Qm were determined by a
resonance-antiresonance method with an impedance ana-
lyzer (PV70A, Beijing Band ERA Co., Ltd. China). The
polarization versus electric field (P-E) and strain versus
electric field (S-E) loops were measured using a ferroelec-
tric test system (Precision multiferroelectric; Radiant Tech-
nologies Inc, Albuquerque, New Mexico) connected with
an accessory laser interferometer vibrometer (AE SP-S
120E, SIOS Mebtechnils, GmbH, llmenau, Germany). The
temperature-dependent d33 and kp were measured at RT
after poled samples were annealed at each different temper-
ature during heating. The domain morphology observation
was performed on a field emission transmission electron
microscope (FE-TEM, JEM-2100F, JEOL, Japan) operated
at 200 kV. For TEM examination, samples were first
mechanically polished to a thickness of ~20 lm and then
ion-milled on a Precision Ion Polishing System (PIPS,
Model 691, Gatan Inc., Pleasanton, CA, USA) at 5 kV. All
specimens were annealed at 80°C for at least 1 day to
release the mechanical stress before the observation.

3 | RESULTS AND DISCUSSION

3.1 | Evolution of microstructure and phase
structure

Figure 1 shows the grain morphology of NN-BT-xNS
ceramics sintered at their optimum temperatures. All sam-
ples exhibited dense microstructure with a relative density
of over 96%. Moreover, the grain size did not change obvi-
ously with changing the NS content (average grain size is
~2.5 lm), as estimated by a linear intersection method on
polished surfaces (Figure 1E-H). It is worthy of note that
the substitution of NS for NN significantly changed the
grain morphology from cube-like grains for x≤0.02 to
sphere-like grains for x≥0.035. The former is one of the
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typical features for alkaline niobate ceramics such as NKN-
based lead-free ceramics, but the latter is a common mor-
phology for nearly all Pb-based perovskite piezoelectric
ceramics. The difference in grain morphology might have
an effect on the compact density of the sintered samples
and the tape casting process of the ceramic films.32–34 The
irregularity of polyhedral particles tends to hinder particle
mobility and their ability to attain dense packing configura-
tions,32 further influencing the following densification pro-
cess in combination with lower contact areas of two
particles.33 As Qin et al. reported,34 slurries with particle
morphologies of lower Hausdroff dimensionality have a
higher viscosity for a given solid fraction. Compared with
spherical particles, irregular polyhedral particles were

predicted to have a relatively small Hausdroff dimensional-
ity value,34 leading to unexpectedly increased slurry viscos-
ity. Moreover, the elemental distribution of the sintered
ceramics was analyzed using the x=0.035 composition as
an example, as shown in Figure 2. It can be seen that all
elements were homogeneously distributed in the ceramic,
suggesting that a homogenous solid solution of NN-BT-NS
was formed.

Figure 3A shows XRD patterns of NN-BT-xNS ceram-
ics at RT. All diffraction peaks could be well indexed to a
single perovskite structure, indicating the formation of sin-
gle solid solutions in the investigated composition range.
This should be related to the similar radius and charge
valence of Nb5+ (0.64 �A, CN=6) and Sb5+ (0.61 �A,

(A) (B) (C)

(E) (F) (G) (H)

(D)

FIGURE 1 SEM micrographs on fractured surfaces of NN-BT-xNS ceramics with (A) x=0, (B) x=0.02, (C) x=0.035, and (D) x=0.055, and
on polished and thermally etched surfaces of NN-BT-xNS ceramics with (E) x=0, (F) x=0.02, (G) x=0.035, and (H) x=0.055

(A) (B) (C)

(D) (E) (F)

FIGURE 2 Element mapping on the polished cross-section of the x=0.035 sample [Color figure can be viewed at wileyonlinelibrary.com]
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CN=6). The (200) diffraction peaks were fitted by a
pseudo-Voigt profile function using the program of MDI
Jade, as shown in Figure 3B. The doublet (002)T/(200)T

diffraction peak suggested a T symmetry for the 0.9NN-
0.1BT ceramic (x=0). The splitting of (002)T and (200)T
lines remained up to x=0.03. A single (200) peak appeared
as x>0.04, indicating an R symmetry. In the composition
range of 0.03≤x≤0.04, T and R phases were found to coex-
ist, meaning the formation of an MPB between R and T
phases. The lattice parameters were calculated as a function
of NS content, as shown in Figure 3C. The unit cell vol-
ume slightly decreased with increasing the NS content,
probably because the radius of Sb5+ is a bit smaller than
that of Nb5+. Moreover, the tetragonality (c/a) declined
with increasing x mainly owing to a drastic decrease in the
lattice constant cT.

3.2 | Dielectric relaxation behavior

Figure 4A-D shows the temperature dependence of the
dielectric constant (er) and loss tangent (tand) measured at
various frequencies for NN-BT-xNS ceramics. The temper-
ature at the dielectric maxima (Tm) rapidly decreased with
increasing x. Moreover, the dielectric peak became more
and more diffuse and more frequency dependent, indicating
a normal to relaxor ferroelectric phase transition with
increasing x. This can be more clearly seen from the fol-
lowing measurement of ferroelectric properties. As
reported, the 0.9NN-0.1BT ceramic (x=0) should be located
close to the O-T polymorphic phase boundary, indicating
that there should be an O-T polymorphic phase transition
near RT.29,30 In order to clearly identify this dielectric
anomaly, the dielectric constant at 1 kHz was measured

FIGURE 3 (A) Room-temperature XRD patterns and (B) the
locally scanned (200) diffraction lines of NN-BT-xNS ceramics as
indicated; (C) the lattice parameters of NN-BT-xNS ceramics as a
function of NS content x [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 4 Dielectric constant and
loss tangent at various frequencies as a
function of temperature for unpoled NN-
BT-xNS samples with (A) x=0, (B) x=0.02,
(C) x=0.035, and (D) x=0.055; the inverse
of the dielectric constant value versus
temperature (1/er vs. T) curves at 1 kHz
recorded during heating and cooling for
samples with (E) x=0, (F) x=0.02, (G)
x=0.03, and (H) x=0.035 [Color figure can
be viewed at wileyonlinelibrary.com]
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during heating and cooling, as shown in Figure 4E-H. An
obvious thermal hysteresis around the O-T phase transition
temperature (TO-T) was observed for the x≤0.02 samples.
The TO-T value could be estimated by using the intersection
point of two tangent lines for the 1/er-T curves during heat-
ing.35 It can be seen that TO-T was gradually shifted below
RT with increasing the NS content x. It seems that the sub-
stitution of NS for NN played a role in stabilizing the T
phase in a certain composition range, although the tetrago-
nality tended to decline.

3.3 | Polarization switching and
electrostrains

Figure 5A indicates P-E hysteresis loops of NN-BT-xNS
ceramics. Square well-saturated P-E loops were observed for
the x≤0.02 samples, indicating a normal ferroelectric behav-
ior. With increasing the NS content, P-E loops became slim-
mer and slimmer, as indicated by a monotonous decrease in
the maximum polarization Pmax, remanent polarization Pr,
and coercive field Ec. The values of Pr and Ec were 17 lC/
cm2 and 1 kV/mm, respectively, for the x=0.035 composi-
tion. The Pr value of the x=0.055 sample was nearly zero.
This process well corresponded to the formation of dielectric
relaxation behavior as mentioned above, meaning a gradual
decrease in the domain size. Owing to large random fields
from the compositional disorder, the long-range ordered fer-
roelectric macrodomains would be disrupted into polar
nanoregions, which were considered as typical features of a
relaxor ferroelectric.36,37 These changes were also reflected
by bipolar S-E curves as shown in Figure 5B. A gradual
change was found from a typical butterfly-shaped S-E curve
to a sprout-shaped one. The negative strain Sneg drastically
dropped with increasing the NS content x, indicating that the
amount of irreversible non-180o domain switching
decreased. As x=0.055, the Sneg value became nearly zero,
demonstrating the formation of a pure ergodic relaxor state at
RT. At the same time, the positive strain Spos reached the
maximum value because of an electric field-induced reversi-
ble phase transition from an ergodic relaxor state to a long-
range ferroelectric ordering state.37

3.4 | Phase diagram

According to the analysis of crystal structures and the mea-
surement of dielectric and ferroelectric properties, a compo-
sition-temperature phase diagram of the NN-BT-xNS
ternary system was plotted, as shown in Figure 6. Above
Tm should be the cubic paraelectric phase (CPE) for normal
ferroelectrics or a pseudo-cubic ergodic relaxor phase
(PCER) for relaxor ferroelectrics. Below Tm, the phase dia-
gram was segmented into several main phase zones such as
O ferroelectric phase (OFE), T ferroelectric phase (TFE), T
and R mixed ferroelectric phases (TFE+RFE), and R ferro-
electric phase (RFE). It can be seen that the high-tempera-
ture T phase was stabilized due to the addition of NS, so
that low-temperature O phase did not participate into the
formation of R and T phase boundary. The kind of phase
boundary should differ from that observed in conventional
NKN-based ceramics. The latter generally evolved from the
high-temperature or low-temperature polymorphic phase
transition.1,4,6,7 Therefore, the R-T phase boundary

FIGURE 5 (A) P-E hysteresis loops
and (B) bipolar S-E curves at 10 Hz for
different NN-BT-xNS ceramics as indicated
[Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 Temperature-composition phase diagram of NN-BT-
xNS ceramics according to the measurements of dielectric constant,
polarization, and strains [Color figure can be viewed at
wileyonlinelibrary.com]
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observed in this work should be an MPB as found in PZT
or PMN-PT systems. The same type of phase boundary
was found in NN-BT-CZ ternary system where it proved to
be compositionally driven and temperature insensitive.30

3.5 | Piezoelectric properties and domain
morphology

Figure 7 shows RT d33, kp, Qm, and eT33=e0 of poled NN-
BT-xNS ceramics. It can be found that the electrical prop-
erties exhibited obviously compositional dependence. The
values of d33 and kp firstly started to increase with x, and
then reached their maximum values (d33=252 pC/N and
kp=36%) approximately at x=0.035, and finally dropped
down with further increasing x. The enhancement of piezo-
electric and electromechanical properties near x=0.035
should be ascribed to the role of the MPB, which would
make the polarization switching easier under a poling field
by reducing the energy barrier. Both values nearly disap-
peared with the addition of more NS, mainly owing to the
weakening of ferroelectricity. By contrast, the eT33=e0 value
increased monotonously because of the enhancement of the
relaxation characteristics and the lowering of Tm values.
An important feature of NN-based piezoelectric ceramics
for resonators/filters applications is the relatively high
Qm.

38 The 0.9NN-0.1BT binary ceramics displayed a large
Qm value of ~196, which decreased monotonously with
increasing the NS content. A large Qm of ~168 was
obtained in the MPB composition of x=0.035. Similar to

the change in Ec, the decrease in Qm should be attributed
to the ease of the domain wall motion accompanied by the
enhancement of the dielectric relaxation behavior.

Figure 8 shows the bright-field domain morphology of
the x=0.035 and x=0.055 samples. A typical core-shell
structure can be observed within one grain (Figure 8A), in
which lamellar domains were in the center and nan-
odomains with faint contrasts were in the outer shell. These
two kinds of domain morphologies should come from T
and R phases, respectively. The R-phase compositions
exhibited an obvious dielectric relaxation feature, particu-
larly for the x=0.055 composition with a typical ergodic
relaxor state at RT. The nanodomain morphology (or polar
nanoregions) of the R phase could be further confirmed by
the dirty-like contrast in the x=0.055 sample, as shown in
Figure 8B. The coexistence of R and T phases within one
grain as well as the existence of nanodomains would be
responsible for enhanced piezoelectric responses for the
MPB composition (x=0.035). The lower domain wall
energy of nanodomains would further facilitate the domain
switching in response to the external electric field.

FIGURE 7 (A) Quasi-static piezoelectric coefficient d33 and
planar electromechanical coupling factor kp, and (B) dielectric
constant eT33=e0 and mechanical quality factor Qm of poled NN-BT-
xNS ceramics as a function of NS content x [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 8 Bright-field domain morphology of NN-BT-xNS
ceramics with (A) x=0.035 and (B) x=0.055
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3.6 | Temperature dependence of
piezoelectric properties

For practical applications, the reliability of piezoelectric
devices should be very important. This requires piezoelectric
materials to not only have high electrical properties but also
an excellent stability such as temperature insensitivity.
Figure 9 shows a comparison of temperature-dependent d33,
T/d33,RT and kp,T/kp,RT values for several representative lead-
free ceramics with advanced piezoelectric properties.14,20,39–41

It can be seen that the d33 and kp values for the x=0.035
composition in current work showed little variation when
the annealing temperature (Ta) was lower than Tm, and
dropped rapidly when Ta was close to Tm because of gradual
disappearance of the ferroelectricity above Tm. Excellent
piezoelectric properties of d33=252 pC/N and kp=36% could
keep stable till 100°C during annealing. The excellent tem-
perature stability of piezoelectric properties in the x=0.035
composition should be ascribed to the temperature stability
of the phase structure owing to the MPB in nature.30 Com-
pared with CZ-substituted NN-BT lead-free materials,30 the

NS-substituted NN-BT (x=0.035) exhibited relatively large
piezoelectric properties but slightly low Tc, which should
mainly be ascribed to higher electronegativity of Sb5+.1,19 It
is worthy of note that the relative variation of d33 and kp of
the x=0.035 ceramic in the investigated temperature range
was much smaller than that of other lead-free phase-bound-
ary compositions. Modified BT- and NKN-based ceramics
exhibited temperature-sensitive piezoelectric properties par-
ticularly for phase-boundary compositions owing to the
occurrence of the polymorphic phase transition with chang-
ing temperature, although their optimized d33 could be even
higher than 500 pC/N. Although an R-T MPB was achieved
in BNT-based lead-free ceramics,5,10,14,15 which is responsi-
ble for the good temperature stability of piezoelectric proper-
ties, yet they still exhibited obvious drawbacks such as the
low depolarization temperature (Td~70-100°C), the high Ec

value (~3-4 kV/mm), and the poor piezoelectric response
(~160-220 pC/N). Although excellent thermal stability was
found in some nonperovskite ceramics with ultrahigh
Tc,

42,43 yet perovskite ceramics exhibited an obvious advan-
tage in d33 values. A vertical MPB should be basically
responsible for the thermally stable piezoelectric and elec-
tromechanical properties of the x=0.035 composition in an
acceptable temperature range, demonstrating good applica-
tion potentials in future piezoelectric devices.

4 | CONCLUSIONS

A ternary lead-free piezoelectric ceramic based on NN-BT-
NS solid solutions was investigated in terms of its
microstructure, crystal structure, domain morphology, ferro-
electric, and piezoelectric properties. The substitution of
NS for NN induced an obvious change in grain morphol-
ogy from cube-like to sphere-like ones and also an evolu-
tion from normal to relaxor ferroelectric phases. Optimum
dielectric, piezoelectric, and electromechanical properties of
d33=252 pC/N, kp=36%, Qm=168, eT33=e0=2063, and
Tc=109°C were obtained in the composition of x=0.035,
which was located within a vertical MPB between R and T
ferroelectric phases. Compared with other representative
lead-free material systems, insufficiency in piezoelectric
activities of NN-based lead-free systems was well offset by
excellent temperature stability of small-signal piezoelectric
properties, showing good application potentials in actuator
and sensor devices.
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