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Abstract

(Na0.5Bi0.5)TiO3-BaTiO3-SrTiO3-based lead-free piezoelectric ceramics are one of the possi-
ble replacements for Pb(Zr1−xTix)O3. Although they are considered a promising alternative
actuator material due to their large electric-field-induced strains, they have several draw-
backs, such as large strain hysteresis and the requirement of a high electric field to obtain
large electric-field-induced strains. Sintering parameters strongly influence the electrical
properties. Thus, the effect of sintering parameters, including atmosphere (air/oxygen),
temperature (1150 ◦C~1250 ◦C) and holding time (1~20 h) on the sintering behavior of
0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 electroceramics was studied. Then, the influ-
ence of sintering atmosphere on the piezoelectric, ferroelectric and dielectric properties of
0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 electroceramics sintered at 1250 ◦C for 1 h
was investigated. Sintering in oxygen improves density and restrains grain growth includ-
ing abnormal grain growth. 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 electroceramics
sintered in oxygen exhibit smaller grain size, higher density, similar inverse piezoelectric
coefficient d33* and lower strain hysteresis compared to air-sintered samples. The effect of
sintering atmosphere on grain growth is explained using the mixed control mechanism of
boundary migration.

Keywords: (Na0.5Bi0.5)TiO3; lead-free piezoelectric; sintering; grain growth; dielectric
properties; ferroelectric properties; piezoelectric properties

1. Introduction
Ferroelectric and piezoelectric materials play a critical role in various electronic de-

vices and microelectromechanical systems, because of their outstanding electromechanical
response [1–6]. Lead zirconate titanate, Pb(Zr1−xTix)O3 (PZT), has become the dominant
material for many piezoelectric applications such as transducers, sensors and actuators
because of its good properties [7,8]. This situation leads to increasing environmental con-
cerns because PZT contains more than 60 wt % lead [9]. Environmental legislation in the
European Union, the US and some parts of Asia have limited the usage of Pb because of its
toxicity [10–13]. Such legislation has encouraged the development of new lead-free materi-
als to replace PZT [9,14,15]. Due to its large electric-field-induced strains, (Na0.5Bi0.5)TiO3
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(NBT)-based materials are promising candidates to replace lead containing piezoelectric
ceramics for actuator applications [11,16–20].

Practical applications for NBT are limited by some difficulties such as high dielectric
loss, leakage current and coercive field, low electrical breakdown strength and negative
electric-field-induced strains [13,16,20–28]. To enhance the electrical properties, NBT-based
solid solutions, e.g., (Na0.5Bi0.5)TiO3-NaNbO3 [29,30], (Na0.5Bi0.5)TiO3-BaTiO3 [13,23,31],
(Na0.5Bi0.5)TiO3-(K0.5Bi0.5)TiO3 [32,33], and (Na0.5Bi0.5)TiO3-SrTiO3 [34,35] have been stud-
ied. Compositions close to a morphotropic phase boundary (MPB) have lower coercive
field and improved piezoelectric properties [14,23,31].

NBT shows relaxor behavior [36]. Relaxor materials can be divided into two types,
non-ergodic and ergodic [16,37]. Under a strong enough electric field, a non-ergodic relaxor
can permanently transform into a ferroelectric state while an ergodic relaxor undergoes a
reversible transformation into a ferroelectric state. Above the ferroelectric–relaxor transition
temperature (TFR), the ferroelectric state in non-ergodic relaxors is disturbed and transforms
back to the relaxor state [38,39]. Pure NBT also has a depolarization temperature (Td)
at ~185 ◦C [27,30,40,41]. At this temperature, the ferroelectric and direct piezoelectric
properties are degraded [42,43]. A transition from the long-range ferroelectric to the relaxor
phase was reported at temperatures around Td [44].

At temperatures around Td, NBT undergoes an electric-field-induced transition be-
tween the relaxor and ferroelectric phases which is accompanied by a large strain. This
transition is reversible upon removal of the electric field, with low or zero remanent strain,
which is the cause of the large electric-field-induced strains [16,20,27]. Such large electric-
field-induced strains (e.g., 0.45% under an electric field of 8 kV/mm) can also exist at
room temperature when TFR or Td is shifted to room temperature by chemical modifica-
tion [17,18,45]. The cause of these large strains has been suggested to be an antiferroelectric-
ferroelectric phase transition [17], 90◦-domain switching in the tetragonal phase [46] or
a reversible phase transition of an ergodic relaxor to a ferroelectric phase [16]. A large
number of NBT-based solid solutions with giant electric-field-induced strains at room
temperature have been developed such as (Na0.5Bi0.5)TiO3-NaNbO3 [30], (Na0.5Bi0.5)TiO3-
SrTiO3 [34,47], (Na0.5Bi0.5)TiO3-KNbO3 [30] and (Na0.5Bi0.5)TiO3-BaZrO3 [48]. Neverthe-
less, there are three essential drawbacks in these systems [49]. First, a large electric field of
more than 6 kV/mm is often needed to induce the relaxor to ferroelectric phase transition
and achieve large strain [49–52]. Secondly, the strain usually occurs with large hysteresis
(η = ∆S/Smax , where ∆S is the difference in strain at ½ Emax as the electric field increases
and decreases) [11]. The large electric field limits their practical application as actuators
while the large hysteresis decreases actuation precision and generates more heat [11,16].
Lastly, the change in achievable electrostrain with temperature limits the working tempera-
ture range for actuators [49].

SrTiO3 is a paraelectric material with a room temperature undistorted cubic perovskite
structure [53]. Enhancement of the piezoelectric properties of NBT-based materials with
addition of SrTiO3 has been reported [34,47,54,55]. For example, Hiruma et al. observed
a strain of 0.29% and d33* of 488 pm/V in 0.72(Na0.5Bi0.5)TiO3-0.28SrTiO3 [34]. Wang
et al. reported that SrTiO3 addition to 0.8(Na0.5Bi0.5)TiO3-0.2(Bi0.5K0.5)TiO3 results in the
disruption of ferroelectric order, resulting in a non-polar phase at zero electric field and a
reversible electric-field-induced phase transition [54]. Addition of SrTiO3 is also effective
in reducing the electric field required to generate high strains in NBT and NBT-based
materials [56,57]. Wang et al. reported that large electric-field-induced strains at moderate
electric fields of 4 kV/mm occur with the addition of SrTiO3 to (Na0.5Bi0.5)TiO3-BaTiO3

ceramics [58,59].
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Oxide ceramics are generally sintered in ambient air atmosphere. However, sintering
atmosphere can significantly affect densification behavior at the final stage of sintering [60–63].
For full densification, trapping of insoluble gas inside pores and trapping of pores within
grains should be prevented [60–62,64]. If the gas inside the pores is soluble in the ceramic,
then the pores can shrink until they disappear and full densification can be achieved [60,61].
For example, porosity in lanthanum-doped PZT could be reduced by sintering in oxy-
gen [65]. Limited work has been carried out on the effect of sintering atmosphere on the
sintering behavior and properties of NBT-based ceramics [66–70]. 0.93(Na0.5Bi0.5)TiO3-
0.07BaTiO3 ceramics sintered in oxygen had smaller mean grain size, larger remanent
polarization Pr, lower coercivity Ec, higher relative permittivity ε’ and larger bipolar
electric-field-induced strain than ceramics sintered in nitrogen [66]. The changes in behav-
ior were attributed to a higher concentration of oxygen vacancies in the sample sintered
in nitrogen. Sintering in oxygen caused an increase in the relative amount of tetragonal
phase for 0.94(Na0.5Bi0.5)TiO3–0.06BaTiO3 and 0.89(Na0.5Bi0.5)TiO3–0.06BaTiO3-0.05BiFeO3

compared to sintering in nitrogen [67]. Sintering in oxygen also reduced mean grain size
for both compositions, increased Pr for 0.94(Na0.5Bi0.5)TiO3–0.06BaTiO3 and reduced Ec

for 0.89(Na0.5Bi0.5)TiO3–0.06BaTiO3-0.05BiFeO3. NBT was found to be chemically unstable
when sintered in nitrogen, decomposing into Na2Ti6O13 and an unknown phase [68]. Sin-
tering 0.85(Na0.5Bi0.5)TiO3–0.15Ag(Nb0.5Ta0.5)O3 in oxygen improved electrical breakdown
strength and energy storage performance [69]. Sintering in oxygen improved density
and reduced mean grain size of 0.66(Bi0.5Na0.5)TiO3-0.06BaTiO3-0.28(BixSr1–3x/2▯ x/2)TiO3

samples compared to sintering in air [70]. Samples sintered in oxygen had slimmer po-
larization hysteresis loops. 0.66(Bi0.5Na0.5)TiO3-0.06BaTiO3-0.28(Bi0.05Sr0.925▯ 0.025)TiO3

samples sintered in oxygen had slimmer strain hysteresis loops with reduced electric-field-
induced strain.

In the present work, the effect of sintering atmosphere (air/oxygen) on densifi-
cation, grain growth behavior, dielectric, ferroelectric and piezoelectric properties of
0.685 (Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 was investigated. Addition of SrTiO3 to
the base NBT-BaTiO3 composition disrupts long-range ferroelectric order, causing a de-
crease in Td and TFR to room temperature [28,34,47,58,71]. This composition is in the region
of the phase diagram where the room temperature phase changes from a ferroelectric
phase to a relaxor phase and behavior shifts from incipient ferroelectric towards electrostric-
tive [58,59]. This particular composition was chosen as it was expected to have good inverse
piezoelectric properties (large high-field inverse piezoelectric constant d33*, low or zero
remanent strain, low coercive field Ec and low strain hysteresis η) at relatively low electric
field [58,59,72].

2. Materials and Methods
0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 ceramic powder was prepared via solid-

state synthesis. Na2CO3 (Acros Organics, Geel, Belgium, 99.5%), BaCO3 (Alfa Aesar, Ward
Hill, MA, USA, 99.8%), SrCO3 (Aldrich, St. Louis, MO, USA, 99.9%), TiO2 (Alfa Aesar,
99.8%) and Bi2O3 (Alfa Aesar, 99.9%) were used as starting powders. The starting powders
were dried at 250 ◦C for 5 h before weighing to remove any adsorbed moisture. Stoichio-
metric amounts of the starting powders were mixed by planetary ball mill (PULVERISETTE
7, Fritsch GmbH, Idar-Oberstein, Germany) in high purity ethanol (Daejung Chemicals,
Siheung, Republic of Korea, 99.9%) in ZrO2-lined grinding jars with ZrO2 balls of 5 mm
diameter as grinding media. The starting powders were milled at 500 rpm for 36 cycles
with 5 min operating and 1 min rest for cooling in each cycle. Total milling time was 3 h.
After milling, ethanol in the slurry was evaporated using a hot plate/magnetic stirrer.
The slurry was put in an oven at 70 ◦C for 24 h to remove any remaining ethanol. Before
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and after calcination, the dried powder was crushed in an agate mortar and pestle and
sieved through a 180 µm mesh sieve to remove any agglomerates. Calcination is performed
at 850 ◦C for 3 h. Phase formation was checked by X-ray diffraction (XRD, X’Pert PRO,
PANalytical, Almelo, The Netherlands). Pellets were made by hand-pressing powder in a
10 mm diameter die, followed by cold isostatic pressing at 40 MPa for 5 min. Samples were
sintered in a mini Super Kanthal tube furnace (Adam, Linn High Therm GmbH, Eschen-
felden, Germany) at temperatures between 1150 ◦C and 1250 ◦C and times between 1 h and
20 h with cooling and heating rates of 5 ◦C/min under flowing oxygen and air atmospheres
with 30 sscm flow rate. Samples were buried in packing powder of the same composition
in single alumina crucibles with lids to reduce alkali/bismuth volatilization. Density of the
sintered pellets was measured via the Archimedes method in deionized water.

To observe the microstructure, samples were sectioned with a low-speed diamond
wheel saw (RB 205 Metsaw-LS, R&B Co., Ltd., Daejeon, Republic of Korea). Samples were
ground to a #4000 finish with SiC paper and then polished to a 1 µm finish using diamond
suspension. Polished samples were thermally etched for 1 h at a temperature 100 ◦C
below the sintering temperature and Pt coated. Microstructural analysis was performed
by scanning electron microscopy (SEM, Hitachi S-4700, Tokyo, Japan). Measurements of
grain size (equivalent 2D spherical radius) were made from the micrographs using ImageJ
(version 1.50). For the measurements of mean grain size and grain size distribution, at least
400 grains were measured for each sample. Electron probe microanalysis (EPMA, JEOL
JXA-8530F PLUS, Tokyo, Japan) was carried out on cross-sections of samples sintered at
1250 ◦C for 1 h. Samples were ground and polished as before but without thermal etching.
Wavelength-dispersive spectroscopy analysis was carried out on carbon-coated samples
using NaAlSi2O6, Bi4Ge3O12, BaTiO3 and SrTiO3 as standards and with an accelerating
voltage of 15 kV.

For dielectric property measurements, both surfaces of the samples were polished to a
#4000 SiC finish and cleaned using acetone. Samples were dried in an oven at 70 ◦C for 1 h
prior to applying silver paste electrodes (16032 PELCO, Ted Pella, Redding, CA, USA) on
both surfaces. Samples were loaded in a heating/cooling stage (TS1500, Linkam, Tadworth,
UK). Measurements were carried out from 30 ◦C to 700 ◦C in flowing air. Impedance was
measured using an impedance analyzer (HP4284A, Agilent, Santa Clara, CA, USA) from
106 Hz to 101.4 Hz (=25.1 Hz) at 0.1 intervals in logarithmic frequencies with heating and
cooling rates of 1 ◦C/min.

Polarization and bipolar strain vs. electric field hysteresis loops of samples sintered
at 1250 ◦C for 1 h in air and oxygen were investigated in a commercial apparatus (aixPES,
aixACCT Systems GmbH, Aachen, Germany) at 1 Hz under electric fields up to 5 kV/mm.
Both surfaces of samples were polished to a #4000 finish with SiC paper. Silver paste
electrodes (DS-PF-7472, Daejoo, Siheung, Republic of Korea) were applied on both surfaces
and fired at 600 ◦C for 1 h, with heating and cooling rates of 5 ◦C/min. Samples were not
poled before measurement.

3. Results
An XRD pattern of the calcined 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 powder

is shown in Figure 1. The calcined powder has the perovskite structure without any
impurity phase and the XRD pattern could be indexed with COD pattern #96-210-3298
for (Na0.5Bi0.5)TiO3 (cubic, space group Pm3m). XRD patterns of 0.685(Na0.5Bi0.5)TiO3-
0.065BaTiO3-0.25SrTiO3 samples sintered at 1250 ◦C in air and oxygen are shown in Figure 2.
The samples sintered in air and oxygen both have the perovskite structure without any
impurity phase and both XRD patterns could be indexed with COD pattern #96-210-3298 for
(Na0.5Bi0.5)TiO3 (cubic, space group Pm3m).
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Figure 1. XRD pattern of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 powder calcined at 850 ◦C
for 3 h.

Figure 2. XRD patterns of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered at 1250 ◦C
for 1 h in (a) air and (b) oxygen.

The densification behavior of samples sintered in air and oxygen at temperatures
between 1150~1250 ◦C for 1–20 h is shown in Figure 3. The theoretical density of
0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 was calculated to be 5.728 g/cm3 based on
unit cell parameters estimated from the XRD pattern of a sintered pellet [72]. Oxygen
sintering significantly improves the densification of samples, especially in samples sintered
at 1150 ◦C and 1200 ◦C. The highest density (99.3% theoretical density) was observed after
sintering at 1250 ◦C for 1 h in oxygen atmosphere. Increasing the sintering temperature
causes an increase in density for samples sintered in both air and oxygen. The effect is
more pronounced for samples sintered in air, as the samples sintered in oxygen already
have densities above 95% theoretical density even at the lower sintering temperatures. The
increase in density with sintering temperature in both air and oxygen can be explained by
the faster atomic diffusion through the crystal lattice at higher temperatures. The relative
density of samples sintered in both air and oxygen at 1150 ◦C and 1200 ◦C increases with
time and reaches the highest value between 5~10 h, then starts to decrease with further
sintering. For samples sintered in both air and oxygen at 1250 ◦C, maximum density is
reached by 1 h sintering, after which point density decreases.
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Figure 3. Density values of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in air
and oxygen.

SEM micrographs of samples sintered in air and oxygen at temperatures between
1150 and 1250 ◦C for 1 h are given in Figure 4. There are numerous residual closed pores in
the sample sintered at 1150 ◦C in air [Figure 4a] which indicate incomplete densification.
As sintering temperature increases porosity decreases but is still present even at 1250 ◦C
[Figure 4b,c]. In contrast, the samples sintered in oxygen exhibit smaller grain size and
fewer and smaller pores than the corresponding samples sintered in air [Figure 4d–f]. SEM
micrographs of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in air and
oxygen at 1250 ◦C for 20 h are shown in Figure 5. The sample sintered in oxygen has
smaller grains than the sample sintered in air. Neither of the samples appears to show
pore/boundary separation. Samples sintered in both air and oxygen show abnormal grain
growth. The abnormal grains are cuboid in shape with faceted grain boundaries.

Figure 4. SEM micrographs of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered for 1 h
in: (a) air at 1150 ◦C; (b) air at 1200 ◦C; (c) air at 1250 ◦C; (d) oxygen at 1150 ◦C; (e) oxygen at 1200 ◦C;
(f) oxygen at 1250 ◦C.
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Figure 5. SEM micrographs of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in
(a,b) air and (c,d) oxygen at 1250 ◦C for 20 h.

The mean grain size (2D equivalent spherical radius) of the samples sintered between
1150 ◦C~1250 ◦C in air or oxygen atmosphere for times up to 20 h is shown in Figure 6.
With increased sintering time, the mean grain size increases for all samples irrespective of
sintering atmosphere. For the samples sintered in air, increasing the sintering temperature
from 1150 to 1200 ◦C causes a decrease in mean grain size, with a further increase in
sintering temperature to 1250 ◦C not having much effect. For samples sintered in oxygen,
increasing the sintering temperature from 1150 to 1200 ◦C causes an increase in mean grain
size for sintering times up to 10 h. Further increasing the sintering temperature to 1250 ◦C
initially has little effect, but mean grain size increases further after sintering for more than
5 h. Sample which are sintered at 1150 ◦C in air atmosphere have the largest mean grain
sizes among all samples. In contrast to this behavior, samples sintered in oxygen at 1150 ◦C
have the lowest mean grain sizes among all the samples. In general, sintering in oxygen
inhibits grain growth in the ceramics.

Figure 6. Mean grain size of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in air or
oxygen at temperatures between 1150~1250 ◦C for 1~20 h.
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Sintering trajectory diagrams of the samples sintered between 1150 ◦C~1250 ◦C in
air or oxygen atmosphere for times up to 20 h are shown in Figure S1. It is seen more
clearly in these diagrams that the samples sintered in oxygen at 1150 ◦C and 1200 ◦C show
less variation in density for samples sintered at a particular temperature and time than
the corresponding samples sintered in air, i.e., the error bars representing the standard
deviation of density are narrower for the samples sintered in oxygen. For samples sintered
at 1250 ◦C, variation in density does not change much between samples sintered in air
and in oxygen. The sintering trajectory of the samples sintered in oxygen shifts to higher
densities and smaller mean grain sizes compared to samples sintered in air, particularly for
samples sintered at 1150 ◦C and 1200 ◦C, which is beneficial for avoiding abnormal grain
growth and pore entrapment inside grains [64,73].

The grain size distributions for samples sintered in air at temperatures between 1150 ◦C
and 1250 ◦C and times up to 20 h are given in Figure 7. At all sintering temperatures, the
grain size distributions become broader with increasing sintering time, which is a sign of
abnormal grain growth. Abnormal grains are defined as grains of size greater than three
times the mean grain size [74]. Somewhat counterintuitively, the grain size distributions
at times between 1~10 h become slightly narrower as sintering temperature increases,
mirroring the change in mean grain size (Figure 6).

Figure 7. Grain size distributions of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered
in air at temperatures between 1150~1250 ◦C for 1~20 h.

The grain size distributions for samples sintered in oxygen at temperatures between
1150 ◦C and 1250 ◦C and times up to 20 h are given in Figure 8. Narrower grain size
distributions are observed in samples sintered in oxygen than in samples sintered in air. In
contrast to the grain size distributions of samples sintered at 1150 ◦C in air, unimodal grain
size distributions continue to exist in samples sintered at 1150 ◦C in oxygen up to 20 h. In
samples sintered in oxygen, abnormal grain growth was successfully inhibited at 1150 ◦C
for up to 20 h, compared with samples sintered in air, where abnormal grains appeared
after sintering at 1150 ◦C for only 3 h. The grain size distributions of samples sintered
in oxygen broaden more rapidly at 1200 ◦C and 1250 ◦C, resulting in abnormal grains of
increased number and size after sintering for 10 h. In general, the grain size distributions
of samples sintered in oxygen broaden with increasing sintering temperature and time
relatively slowly compared to the samples sintered in air.
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Figure 8. Grain size distributions of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered
in oxygen at temperatures between 1150~1250 ◦C for 1~20 h.

The EPMA analysis results of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples
sintered at 1250 ◦C for 1 h in air or oxygen are shown in Table 1. Results are presented
as the mean and standard deviation of the mol % of each constituent oxide. Ten points
were measured for the sample sintered in air and thirteen points for the sample sintered
in oxygen. The sample sintered in air is slightly Na-deficient and Bi-excess. The small
Na-deficiency and Bi-excess may occur due to Na evaporation [75] during sintering and
to maintain charge balance [76], respectively. The sample sintered in oxygen is both Na-
and Bi-excess. The Na2O/Bi2O3 ratio was found to be 0.962 and 1.012 for samples sintered
in air and oxygen, respectively. The results indicate that the evaporation of Na is lower
in samples sintered in an oxygen atmosphere than in samples sintered in air. NBT-based
materials commonly have non-stoichiometry problems (Na or Bi deficiency) due to the
high temperature sintering process and the volatility of Na and Bi [77,78].

Table 1. EPMA results of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in air and
oxygen at 1250 ◦C for 1 h.

Oxide (Mol %) Air Oxygen Nominal

Na2O 10.14 ± 0.83 10.94 ± 1.24 10.33
Bi2O3 10.54 ± 0.30 10.81 ± 0.54 10.33
TiO2 60.29 ± 0.95 58.92 ± 2.30 60.33
BaO 3.90 ± 0.28 3.73 ± 0.35 3.92
SrO 15.13 ± 0.90 15.59 ± 0.84 15.08

Figures 9 and 10 show the temperature dependent plots of the real part of the relative
permittivity, imaginary part of the relative permittivity and AC conductivity of samples
sintered at 1250 ◦C for 1 h in air or oxygen respectively. Samples were measured dur-
ing cooling from 700 ◦C to 30 ◦C. Data is plotted for selected frequencies of Log(f/Hz)
= 5 to 1.5 with intervals of 0.5. The plots of the real part of the relative permittivity
show relaxor behavior, with a peak between 90~140 ◦C which shows frequency disper-
sion [36]. The peak shifts to higher temperatures and lower values of permittivity as
measurement frequency increases. Plots of relative permittivity of NBT-based materials
often show two characteristic features, usually labeled Ts and Tm [35,36,58,59,72]. The
former (Ts) usually corresponds to a lower temperature where a frequency-dispersive
shoulder develops while the latter (Tm) is peak with little frequency dispersion indicating
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the temperature of maximum relative permittivity. Ts and Tm have been reported to be
a ferroelectric–antiferroelectric phase transition and antiferroelectric–paraelectric phase
transition respectively [79–81]. Other researchers have suggested that Ts and Tm are re-
lated to the transformation of low-temperature rhombohedral (R3c) polar nanoregions
into high-temperature tetragonal (P4bm) polar nanoregions [82–84]. If large amounts of
components such as BaTiO3 or SrTiO3 are added to NBT, the values of permittivity at Ts

increase while the values at Tm decrease [35,85–87]. Eventually the peak at Tm disappears,
as can be seen in Figures 9a and 10a. The values of the real part of the relative permittivity
at 30 ◦C are slightly higher for the samples sintered in oxygen. Plots of imaginary relative
permittivity vs. temperature in Figures 9b and 10b also show frequency-dispersive peaks
at temperatures between 60~100 ◦C. These peaks are related to the Ts peaks in the plots of
real permittivity. As temperature increases above 300 ◦C, imaginary relative permittivity
increases again. In the peaks between 60~100 ◦C, imaginary relative permittivity increases
with measurement frequency due to polarization relaxation, while at higher tempera-
tures imaginary relative permittivity decreases with increasing measurement frequency,
indicating that these losses are due to defect conduction [35].

Figure 9. Dielectric and AC conductivity properties at selected frequencies measured on cooling
over the temperature range of 700~30 ◦C of a 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 sample
sintered at 1250 ◦C for 1 h in air. Temperature dependence plots of: (a) real relative permittivity;
(b) imaginary relative permittivity in logarithmic scale; (c) Arrhenius plots of the AC conductivity.

Figure 10. Dielectric and AC conductivity properties at selected frequencies measured on cooling
over the temperature range of 700~30 ◦C of a 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 sample
sintered at 1250 ◦C for 1 h in oxygen. Temperature dependence plots of: (a) real relative permittivity;
(b) imaginary relative permittivity in logarithmic scale; (c) Arrhenius plots of the AC conductivity.
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Plots of log(σT) vs. 1/T are shown in Figures 9c and 10c. Conductivity is plotted
as [88,89]:

σT = σ0exp
(
− Ea

kT

)
(1)

where k is the Boltzmann constant 8.617 × 10−5 eV/K and σ0 is the pre-exponential
factor. Based on the slopes of the Arrhenius plots of log(σT) vs. 1/T at a frequency of
log(f) = 1.5 and temperatures between 550 ◦C and 700 ◦C, activation energies for conduction
Ea of 1.74 ± 0.00066 eV and 1.72 ± 0.00151 eV were determined for samples sintered at
1250 ◦C for 1 h in air and oxygen respectively. Conductivity increases with measurement
frequency, indicating promoted hopping of charge carriers [90].

The room temperature bipolar polarization and strain hysteresis loops for (Na0.5Bi0.5)-
TiO3-0.065BaTiO3-0.25 SrTiO3 samples sintered at 1250 ◦C for 1 h in air and oxygen atmo-
sphere are shown in Figure 11. The bipolar polarization hysteresis loops show non-linear
pinched hysteresis loops for the sample sintered in air, whereas the sample sintered in oxy-
gen shows more linear loops [Figure 11(a1,b1)]. Polarization increases up to an electric field
of ~3 kV/mm for the sample sintered in air and then levels off, indicating the completion
of the relaxor–ferroelectric phase transition. For the sample sintered in oxygen polarization
levels off after an electric field of 4 kV/mm, indicating that the relaxor–ferroelectric phase
transition requires larger electric fields. 2Pr and 2Ec are found to be 6.2 µC/cm2 and
0.74 kV/mm for the sample sintered in air while they are 8.2 µC/cm2 and 1.08 kV/mm for
the sample sintered in oxygen [Figure 11(c1)]. Samples sintered in air and oxygen both have
sprout-shaped bipolar strain curves without negative strain (Sneg) [Figure 11(a2,b2)]. Sneg is
associated with the competition between 180◦ and non-180◦ domain switching processes, so
Sneg increases with increasing non-180◦ domain switching [16]. Large electric-field-induced
strains exist when the macroscopic piezoelectricity nearly disappears and the butterfly
shaped strain hysteresis loop of a conventional ferroelectric material transforms to a sprout
shape, indicating destabilization of ferroelectricity [16,17,91]. Thus, the addition of SrTiO3

to (Na0.5Bi0.5)TiO3-0.065BaTiO3 successfully disrupts the long-range ferroelectric order
at room temperature by decreasing Td and TFR to room temperature, as reported in the
literature [58,59]. The maximum electric-field-induced strains are calculated to be 0.13%
and 0.14% for samples sintered in air and oxygen, respectively [Figure 11(c2)]. Chen et al.
reported that higher remanent polarization, lower coercive field and larger strain were
observed for a 0.93(Bi0.5Na0.5)TiO3-7BaTiO3 sample with smaller grain size sintered in
oxygen compared to a sample sintered in nitrogen [66]. Although d33* does not change
much in the present work, strain hysteresis is noticeably lower for the sample sintered
in oxygen than in air [Figure 11(c2)]. The as-measured electric fields are lower than the
nominal electric fields at electric fields > 3 kV/mm, an indication of leakage currents in the
samples [92].

Current density-electric field (J-E) curves for samples sintered at 1250 ◦C for 1 h in air or
oxygen are shown in Figure S2. EF1 and ER1 indicate the formation of an ordered ferroelectric
phase from disordered polar nanoregions in an ergodic relaxor phase, and the transition
from the ferroelectric phase back to the ergodic relaxor phase, respectively [93–95]. EF2 and
ER2 represent the same phase transitions under reverse/negative electric field [94]. The
sample sintered in oxygen exhibits shallower and broader peaks compared to those of the
sample sintered in air. In addition, the peaks appear at higher electric fields for the sample
sintered in oxygen (EF1 ≈ 2.5 kV/mm for air and EF1 ≈ 3.1 kV/mm for oxygen). This
originates from the increased stability of the ergodic relaxor phase, which requires a larger
electric field to induce the formation of the ferroelectric phase [96,97]. Peaks ER1 and ER2

also appear at higher electric fields for the sample sintered in oxygen, implying that the
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ferroelectric phase is less stable and reverts back to the ergodic relaxor phase more readily
than in the sample sintered in air.

Figure 11. Bipolar polarization and strain hysteresis loops of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-
0.25SrTiO3 samples sintered at 1250 ◦C for 1 h in air and oxygen atmospheres: bipolar (a1) polarization
and (a2) strain hysteresis loops of sample sintered in air; bipolar (b1) polarization and (b2) strain hys-
teresis loops of sample sintered in oxygen; comparison of (c1) polarization and (c2) strain hysteresis
loops of samples sintered in air and oxygen measured at an electric field of 5 kV/mm.

Previous work on textured ceramics of this composition showed that nominally identi-
cal samples could have quite different bipolar polarization and strain hysteresis loops [72].
To check the reproducibility of our results, a second set of samples were sintered at 1250 ◦C
for 1 h in air or oxygen and their hysteresis loops were measured (Figure 12). The re-
sults look quite different to those in Figure 11. The sample sintered in air has pinched
polarization hysteresis loops as before, but the remnant polarization and coercivity have
increased (2Pr = 13.6 µC/cm2, 2Ec = 1.00 kV/mm) compared to the previous sample
(2Pr = 5.9 µC/cm2, 2Ec = 0.71 kV/mm) [Figure 12(a1)]. The new sample sintered in
oxygen has pinched polarization hysteresis loops [Figure 12(b1)] with reduced remnant
polarization and coercivity (2Pr = 5.7 µC/cm2, 2Ec = 0.71 kV/mm) compared to the new
sample sintered in air [Figure 12(c1)]. The new sample sintered in oxygen has lower re-
manent polarization and coercivity compared to the previous sample sintered in oxygen
(2Pr = 7.5 µC/cm2, 2Ec = 1.0 kV/mm). The strain hysteresis loop of the new sample sintered
in air shows a noticeable negative strain, increased d33* and lower strain hysteresis (59.3%
vs. 78.8%) compared to the previous sample sintered in air [Figure 12(a2)]. The negative
strain, combined with the increase in remnant polarization and coercivity, suggests that
this sample shows more ferroelectric behavior than the previous sample sintered in air.
The new sample sintered in oxygen has sprout shaped strain hysteresis loops similar to
those of the previous sample sintered in oxygen, but with improved d33* and increased
hysteresis (49.9% vs. 41.4%). The new sample sintered in oxygen has lower d33* and
hysteresis than the new sample sintered in air [Figure 12(c2)]. The two sets of samples are
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nominally identical, but different Ag electrodes (SJA-41-257B, Seong-Ji Tech, Uiwang, Re-
public of Korea) were applied to the new samples as the old electrode paste was no longer
available. Possibly the change in electrodes affected the properties, or slight differences in
composition. As the composition of the samples is close to the boundary between incipient
ferroelectric and electrostrictive behavior [58,59], small changes in composition may have
a considerable effect on the electromechanical response. Similar behavior was found for
0.75(Na0.5Bi0.5±0.01)TiO3-0.25SrTiO3 ceramics [98].

Figure 12. Bipolar polarization and strain hysteresis loops of a second set of 0.685(Na0.5Bi0.5)TiO3-
0.065BaTiO3-0.25SrTiO3 samples sintered at 1250 ◦C for 1 h in air and oxygen atmospheres: bipolar
(a1) polarization and (a2) strain hysteresis loops of sample sintered in air; bipolar (b1) polarization
and (b2) strain hysteresis loops of sample sintered in oxygen; comparison of (c1) polarization and
(c2) strain hysteresis loops of samples sintered in air and oxygen measured at an electric field of
4 kV/mm.

Current density vs. electric field loops of the second set of samples are shown in
Figure S3. The peaks representing the formation of the ferroelectric phase and its transition
back to an ergodic relaxor phase are much clearer in the new sample sintered in oxygen
than for the previous sample. The ferroelectric phase forms at an electric field of EF1 ~
2.5 kV/mm for new samples sintered both in air and in oxygen. However, the ferroelectric
phase reverts back to the relaxor phase at a higher electric field (ER1 ~ 0.8 kV/mm) in the
sample sintered in oxygen compared to the sample sintered in air (~0.2 kV/mm), again
implying that the ferroelectric phase is less stable in the sample sintered in oxygen.

4. Discussion
Sintering the 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples in oxygen im-

proved densification of samples significantly at all temperatures and sintering times com-
pared to sintering in air (Figure 3). Similar results were reported for 0.66(Bi0.5Na0.5)TiO3-
0.06BaTiO3-0.28(BixSr1–3x/2▯ x/2)TiO3 [70]. Sintering atmosphere significantly affects the
densification behavior of powder compacts at the final stage of sintering [60,61]. For full
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densification, entrapment of insoluble gas inside pores and entrapment of isolated pores
within grains should be avoided [64,99,100]. The gas in the sintering atmosphere will
be trapped inside the pores when they close and become isolated from the surrounding
atmosphere [60,61]. At this point, the pressure of the trapped gas in the pores is equal to
the pressure of the sintering atmosphere. There is a driving force for pore shrinkage due
to the capillary pressure at the pore surface. As the pore shrinks, the gas pressure inside
the pore increases. Once the gas pressure in the pore is equal to the sum of the capillary
pressure and the pressure of the sintering atmosphere, the pore can no longer shrink. The
diffusivity of the sintering atmosphere gas therefore can determine whether densification is
full or limited [60,61,100]. If the gas cannot diffuse through the crystal lattice of the ceramic
to the surface (e.g., nitrogen), density will reach a limiting value. If the gas can diffuse
through the crystal lattice of the ceramic (e.g., oxygen) then densification can continue as
gas pressure in the pores can decrease and the pores can shrink.

Several workers have studied the effect of sintering atmosphere on densification of
ceramics. Coble proved that limited densification of alumina occurred during sintering in
nitrogen, in contrast to nearly full densification in a hydrogen or oxygen atmosphere [63].
Kim et al. studied the shrinkage behavior of artificially formed large isolated pores in
the MgO-CaMgSiO4 system during liquid phase sintering in oxygen and nitrogen [101].
They reported that pore shrinkage occurs by flow of both liquid and grains into the pores
when sintering in an oxygen atmosphere while the pores remain stable during sintering in
nitrogen, which they explained as being due to the low expected solubility and diffusivity
of nitrogen in the liquid phase. Oxygen, on the other hand, can diffuse through the liquid
phase, allowing the pores to shrink. Densification of samples without artificially induced
pores was also promoted by sintering in oxygen. Therefore, they concluded that liquid-
phase sintering in air could be inefficient to remove pores while sintering in oxygen could
reduce this problem. The densification rate of MgO-doped Al2O3 in the final stage of
sintering (above 99% theoretical density) is lower in a non-diffusive atmosphere (nitrogen)
than in a diffusive atmosphere (oxygen) [102]. Du et al. reported that higher density was
obtained when 95% alumina samples were sintered in pure oxygen gas than when sintered
in air [103]. They concluded that the higher solubility and diffusivity of oxygen (compared
to nitrogen in air) are beneficial during the final stage of sintering, as the enclosed pores
filled with oxygen shrink more easily than those filled with nitrogen gas. Le et al. reported
that growing single crystals of 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 by solid-state crystal growth
in oxygen improved their density compared to crystals grown in air [75]. The increased
density of the 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in oxygen in
the present work shows similar behavior (Figure 3). As well as promoting pore shrinkage
in the final stage of sintering, sintering in oxygen leads to a smaller mean grain size
(Figure 6). This is also beneficial for densification, as the driving force for densification
during the intermediate and final stages of sintering is inversely proportional to mean grain
size [61,100].

In the present work, the relative density of the samples increases with time, reaches
a maximum value and then levels off or starts to decrease with further sintering. There
are several possible reasons for the reduction in density with sintering time. First, the
evaporation of Na and/or Bi increases with further sintering time which may cause this
behavior. The volatilization of alkali elements (K and Na) and Bi in NBT-based materials is
common at high sintering temperatures [104,105]. In many NBT-based studies [106–108],
the reason for density reduction when sintering at high temperature or long sintering time
is thought to be as a result of alkali or Bi evaporation. Second, during extended sintering
in an atmosphere which is partially diffusive, the gas trapped in the pores does not have
enough time to reach the sample surface but can diffuse to neighboring pores [63]. The
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large pores will grow while small pores shrink. Capillary pressure decreases as pore size
increases. The large pores can then further expand if the gas pressure in the pore is larger
than the sum of capillary pressure and sintering atmosphere pressure [60,63]. The shrinkage
of the smaller pores is lower than the expansion of larger pores which results in an increase
in overall porosity. This causes a reduction in density and is called bloating [63,64]. Finally,
during extended sintering, pore coalescence (merging of smaller pores into larger ones) due
to grain growth causes an increase in pore size and bloating [60,64,100,102]. This bloating
may be less severe if the gas in the pores can diffuse through the ceramic to the surface,
allowing the pores to shrink [60].

Sintering 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples in oxygen reduced
mean grain size (Figure 6) and impeded abnormal grain growth (Figures 7 and 8). Grain
growth is usually separated into two types, stationary (normal grain growth) and non-
stationary (including abnormal grain growth) [109–111]. In normal grain growth, uniform
change occurs in the microstructure, resulting in a relatively narrow unimodal size distri-
bution [109,110]. It is also called stationary grain growth because the relative grain size
distribution remains mostly unchanged with sintering time. Abnormal grain growth is
based on the consumption of a majority of grains that are not growing or barely growing by
a small number of rapidly growing grains [64,109–111]. Unlike normal grain growth, the
relative grain size distribution in abnormal or non-stationary grain growth is time-variant
and can be very broad or bimodal [109,110]. Upon extended annealing, abnormal grains
can impinge and the relative grain size distribution can become unimodal again [110].

Grain growth in the presence of a liquid phase (Ostwald ripening) has been explained
by Lifshitz, Slyozov and Wagner (LSW) theory, which describes two mechanisms, diffusion-
controlled growth and interface reaction-controlled growth [112,113]. LSW theory predicts
a stationary grain size distribution without any abnormal grain growth for both mecha-
nisms. However, the theory assumes a constant solid/liquid interface mobility which is
invariant with driving force for grain growth or crystallographic orientation of the surface
of the grain. This is valid for macroscopically rounded grains with atomically rough inter-
faces, in which case grain growth is diffusion controlled [110,114]. LSW theory does not
apply to macroscopically faceted grains where solid/liquid interface mobility can change
with driving force for grain growth and crystallographic orientation of the grain surface.
Therefore, it cannot explain abnormal grain growth [115]. To explain non-stationary grain
growth, especially abnormal grain growth, many mechanisms and models have been
developed such as the mixed control mechanism of boundary migration [110,116,117],
second phase particle (or pore) drag mechanisms [73,118–120], liquid film and complexion
mechanisms [121–123] and the solute drag mechanism [124]. The mixed control mecha-
nism is based on the grain growth rate being limited by either diffusion of atoms through
the liquid phase between shrinking and growing grains or by attachment (interface reac-
tion) of transported atoms onto the growing grain‘s surface [109,116,117]. The limiting
mechanism, diffusion or interface reaction, in turn depends on the atomic structure of the
solid/liquid interface.

For a system with solid/liquid interfaces, the driving force ∆g for growth of a particu-
lar grain is [109,110]:

∆g = 2γVm

(
1
r* −

1
r

)
(2)

where γ is solid/liquid interfacial energy, Vm is molar volume, r is the grain size (or the
distance from the grain center to a facet for faceted grains), and r* is the radius of a grain
which is neither growing nor shrinking (usually the mean grain size). If ∆g > 0 the grain
may possibly grow, if ∆g < 0 the grain will shrink and if ∆g = 0 the grain neither grows
nor shrinks [109]. The mixed control mechanism of boundary migration is based on grain

https://doi.org/10.3390/cryst16020143

https://doi.org/10.3390/cryst16020143


Crystals 2026, 16, 143 16 of 27

growth being governed by the coupling of the critical driving force for growth ∆gc (the
driving force at which the controlling mechanism transitions between interface reaction
control and diffusion control) and the maximum driving force ∆gmax, the driving force for
growth of the largest grain in the microstructure [109,116,117].

The relationship between grain growth rate and driving force ∆g for ordered and
disordered interfaces is shown in Figure 13 [125]. This relationship depends on the structure
of the solid/liquid interface, which can be atomically rough or faceted [109,110,117]. If
the system has isotropic solid/liquid interfacial energy, the solid/liquid interfaces are
disordered (rough) on an atomic scale and the macroscopic shape of the grains is rounded.
Owing to the disordered interface, atoms can attach to many sites on the grain surface
and grain growth is limited by the rate at which atoms diffuse to the surface. All grains
which have ∆g > 0 will grow (the gray dashed line in Figure 13) and abnormal grains do
not form [109,110,116].

 

Figure 13. Grain growth rate vs. driving force ∆g for disordered and ordered solid/liquid inter-
faces [125]. Reproduced with permission from S. J. L. Kang, J. H. Park, S. Y. Ko and H. Y. Lee, Journal
of the American Ceramic Society; published by John Wiley & Sons, 2015. © 2015 The American
Ceramic Society.

For systems with anisotropic solid/liquid interfacial energy, the solid/liquid interfaces
will be ordered with flat or terraced surfaces on the atomic scale and the macroscopic shape
of the grains will be faceted. Atoms trying to attach to the grain surface will be unstable
because of a large number of broken bonds. In order for atoms to stably attach to the
grains, favorable low-energy kink-generating sites must be present, e.g., 2D nuclei [126,127]
or screw dislocations [127,128]. If the system has ordered solid/liquid interfaces, the
migration kinetics are non-linear or linear depending on whether ∆g is smaller or larger
than the critical driving force ∆gc (the red line in Figure 13 which shows the case for growth
controlled by 2D nucleation) [109,110,116]. In the case of ∆g < ∆gc, few stable 2D nuclei
form on the faceted grain surface [126,129]. The attachment of atoms to the grain is limited
due to the lack of low-energy kink sites, resulting in very low grain growth rates [109]. At
∆g ≥ ∆gc, the rate at which stable 2D nuclei form increases exponentially [126,129]. Many
low-energy kink sites now exist so growth is now limited by the rate of diffusion of atoms
to the surface and the grain growth rate increases linearly with ∆g.

Hence a system with faceted solid/liquid interfaces contains three types of grain:

1. If ∆g < 0, the grain will shrink by diffusion control.
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2. If 0 < ∆g < ∆gc, the growth rate is governed by interface reaction and is very slow.
3. If ∆gc ≤ ∆g ≤ ∆gmax, the growth rate is governed by diffusion and the grain can grow.

The mixed control theory classifies grain growth behavior into four categories based
on the relationship between ∆gc and ∆gmax [109,116,125]:

1. ∆gc = 0: growth and dissolution of grains are diffusion-controlled and normal grain
growth takes place.

2. 0 < ∆gc << ∆gmax: many grains have ∆g ≥ ∆gc and grow by diffusion control. This is
called pseudo-normal grain growth.

3. ∆gc ≈ ∆gmax: most grains have ∆g < ∆gc and hardly grow. A small number of grains
have ∆g ≥ ∆gc and can grow, forming abnormal grains.

4. ∆gc >> ∆gmax: grain growth barely occurs owing to none of the grains having
∆g ≥ ∆gc. Such growth behavior is called stagnant grain growth.

The critical driving force ∆gc is given by [109,110,116,129]:

∆gc =
πσ2

s
kTh

1
ln Ψn0

(3)

where k is the Boltzmann constant, T is the absolute temperature, Ψ = n*vexp(−∆ gm/kT
)
,

n* is the number of atoms close to a critical 2D nucleus, v is the vibration frequency of atoms
in the liquid, ∆gm is the activation energy for jumping across the liquid/solid interface, h
is the height of the 2D nucleus and σs is the step free energy.

As seen in Equation (3), ∆gc has a quadratic relationship with σs. Step free energy
σs is affected by sintering atmosphere, composition, dopant addition and sintering tem-
perature [110,127,130–137]. With increasing sintering temperature, the concentration of
intrinsic defects, kinks and vacancies increases [130,138–140]. This increases configura-
tional entropy which results in a reduction in σs and ∆gc [109,127,138,141]. The maximum
driving force (∆gmax) depends on the initial grain size distribution and the mean grain size
(Equation (2)), so it can vary with sintering time [74,109]. Although the above discussion
concerns systems with a liquid phase, similar behavior is observed in solid-state sintered
systems [125,129,142–144]. In addition (Na0.5Bi0.5)TiO3-based systems often contain small
amounts of a liquid phase at the triple junctions during sintering, even if no liquid phase
sintering aid is added [74,145,146]. For diffusion-controlled grain growth in systems with
a small amount of liquid phase, growth is controlled by movement of the solid/liquid
interfaces at the triple junctions [74,147].

Figure 7 shows the grain size distributions of samples sintered in air at 1150~1250 ◦C
for 1 to 20 h. Since all samples were prepared from the same batch of powder, the value
of ∆gmax for all samples should be equal at the beginning of sintering [133]. The other
parameter, ∆gc, can be affected by the step free energy [109]. Step free energy can be
qualitatively estimated from the macroscopic grain shape [141,148]. Grains with spherical
shapes, cubic shapes with round corners and edges and cubic shapes with sharp corners
and edges have zero, intermediate and high step free energy, respectively [141,148,149].
The samples in the present work show cuboid grains with rounded corners and edges,
especially the abnormal grains (Figure 5). The abnormal grains are expected to show the
equilibrium growth shape of the grains because they have grown more than the matrix
grains. Le et al. reported that cubic grains with flat faces and rounded edges and corners
exist in the (Na0.5Bi0.5)TiO3-SrTiO3 system which indicate moderate values of step free
energy [141,146,148]. Moon et al. reported cubic grains with faceted and rounded corners in
0.95(Na0.5Bi0.5)TiO3-0.05BaTiO3 [74]. Therefore, it can be concluded that there is a tendency
in (Na0.5Bi0.5)TiO3-based systems towards pseudo-normal grain growth at the beginning
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of sintering due to the low value of ∆gc and the high values of ∆g caused by the use of fine
powder [74,150].

For the samples sintered at 1150 ◦C in air, many grains initially have ∆g ≥ ∆gc,

resulting in pseudo-normal grain growth. With further sintering time, the mean grain
size increases from 1.08 µm at 1 h to 1.60 µm at 20 h. A large number of grains grow in
pseudo-normal grain growth, which results in an increase in mean grain size. The increase
in mean grain size causes a reduction in values of ∆g for all grains (Equation (2)) [74,109].
As mean grain size increases, the driving force of the majority of grains will fall below ∆gc,
their growth behavior will change from diffusion-controlled to interface reaction-controlled
and their growth rate will decrease [74,109]. A few grains which are large enough to
still have ∆g ≥ ∆gc continue to grow and form abnormal grains by consuming smaller
grains [74,109]. Therefore, the grain growth changes from pseudo-normal to abnormal
grain growth. With further sintering up to 20 h, the grain size distribution becomes broader
as the sizes of the abnormal grains increase.

Further increasing sintering temperature to 1200 ◦C is expected to reduce the step
free energy and critical driving force [109,127,138,141]. Therefore, the difference between
maximum driving force (∆gmax) and critical driving force (∆gc) is larger now than at
1150 ◦C. This leads to a delay in the change in grain growth from pseudo-normal to
abnormal [146]. Similar to previous studies, therefore, it can be concluded that there
is a tendency in (Na0.5Bi0.5)TiO3-based systems for pseudo-normal grain growth at the
beginning of sintering which changes to abnormal grain growth with longer sintering
time and higher temperature [74,150]. Figure 6 shows that average grain size at 1200 ◦C
decreases compared to the average grain size at 1150 ◦C. In contrast to the samples sintered
at 1150 ◦C, there are now more matrix grains able to grow and compete for material due
to the lower critical driving force ∆gc at 1200 ◦C. So, it will limit the grain growth rate for
the matrix grains. This explains why the average grain size at 1200 ◦C is smaller than at
1150 ◦C.

Based on the above discussion, it is expected that there would be a further delay
in transformation from pseudo-normal to abnormal grain growth in samples sintered at
1250 ◦C due to the lower critical driving force. However, abnormal grains appeared earlier
in samples sintered at 1250 ◦C, compared as 1200 ◦C. Phan et al. also observed similar
behavior in NBT-ST [146]. They explained that the reduction in the critical driving force
with increased temperature is offset by an increase in the solubility and diffusion coefficient
of the solid phase in the liquid, both of which promote grain growth [151]. This leads to
rapid grain growth and causes grain growth to shift from pseudo-normal to abnormal after
only 1 h sintering.

The volatilization of alkali elements (K and Na) and Bi in NBT-based materials is
common at high sintering temperatures [104,105]. Volatilization of A site elements during
sintering also causes formation of oxygen vacancies to compensate for the charged A-site
vacancies, as shown in Equations (4) and (5) [152,153]. Oxygen vacancies can also be formed
as shown in Equation (6) [90].

2Nax
Na + Ox

O → 2Na +
1
2

O2 + 2V′
Na + VÖ (4)

2BixBi + 3Ox
O → 2Bi +

3
2

O2 + 2V′′′
Bi + 3VÖ (5)

Ox
O → 1

2
O2 + VÖ + 2e′ (6)

For the samples sintered in oxygen (PO2 = 1 atm), defect reactions (4–6) will be
suppressed. As a result, it is expected that the relatively low vacancy concentration will
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result in higher step free energy and critical driving force [133,154]. In oxygen, the grain
growth behavior in the sample sintered at 1150 ◦C for 1 h is apparently stagnant grain growth
(Figure 8). All grains have ∆g << ∆gc, so grain growth is very slow due to availability of only a
few kink sites on the grains for atoms to attach to during interface reaction-controlled growth.
The mean grain size increased from 0.46 µm to 0.78 µm between 1 h~20 h. The unimodal grain
size distribution was maintained at 1150 ◦C for up to 20 h and abnormal grains did not appear.
With the increase in the sintering temperature to 1200 ◦C, ∆gc is expected to decrease due to
the increasing concentration of intrinsic defects [130,138–140]. The grain growth behavior is
initially stagnant, but with further sintering time, some of the grains grow large enough
to have ∆g ≥ ∆gc and then grow rapidly to form abnormal grains. The abnormal grains
appear after 10 h. With further sintering, the abnormal grain size increases and results in
broader grain size distributions. As sintering temperature increases further to 1250 ◦C, ∆gc

decreases further. Although the incubation time needed for abnormal grain growth does
not appear to change, abnormal grain growth becomes more prominent when it takes place.
It is reported that the incubation time needed for abnormal grain growth increased when
oxygen partial pressure of the sintering atmosphere increases [133,154].

Band gaps (Eg) of 3.3 eV [155], 3.25 eV [156] and 3.20 eV [157] are reported for pure
NBT, pure ST and pure BT, respectively. From plots of log(σT) vs. 1/T, the activation
energies of both 0.715(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.22SrTiO3 samples were determined to
be approximately half the band gap of NBT [Figures 9c and 10c]. It is reported that intrinsic
electronic conduction becomes dominant when Eg~2Ea [158,159]. Yang et al. reported that
NBT shows three types of electrical behavior, such as oxide ion conduction, mixed ionic–
electronic conduction and predominantly electronic conduction subject to various defect
mechanisms [78]. They reported that Bi-deficient NBT exhibits oxide ion conductivity
while Bi-excess NBT shows electronic conduction with an activation energy of ~1.6 eV. Li
et al. reported that non-stoichiometry in NBT significantly affects the activation energies
and conduction behavior of samples [77]. They observed that an Na-excess sample has an
activation energy less than 1 eV and shows oxide ion conduction while an Na-deficient
sample has an activation energy of ~1.7 eV with intrinsic electronic conduction. Hao
et al. reported that observation of higher Ea in their samples may result from a decreasing
concentration of oxygen vacancies [160]. Steiner et al. reported that the activation energy
of pure NBT varies from 0.92 eV to 1.54 eV with increasing temperature due to change
from extrinsic semiconducting behavior at low temperature to intrinsic semiconducting
behavior at high temperature, where an activation energy almost equal to half the band
gap value was observed [161]. Li et al. reported that the activation energy of undoped
NBT was observed be less than 0.9 eV while the activation energy of 0.5–1 wt% Nb-doped
NBT was observed to be 1.5~1.8 eV [162]. Le et al. reported that the activation energy at
high temperature was found to be 1.65 eV for 0.75(Na0.5Bi0.5)TiO3-0.25SrTiO3 polycrystal
samples, approximately half the value of the band gap [163].

There are different values of activation energy reported for NBT-based materials
depending on several factors such as the analysis temperature range, doping effect, non-
stoichiometry, and concentration of oxygen vacancies as discussed above [77,90,161–163].
There are three possible conduction mechanisms in NBT single crystals depending on
the temperature [90,164]: at low temperatures up to ~200 ◦C, the conduction mechanism
is intrinsic electronic conduction; between 200~350 ◦C, conduction is attributed to small
polaron hopping and eventually singly ionized oxygen vacancies; above Tm, an increase
in Ea indicates that conduction occurs by a combination of intrinsic free electrons and
movement of oxygen vacancies. Doubly ionized oxygen vacancies are dominant in the
higher temperature range instead of singly ionized oxygen vacancies.
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In the present work, the values of conduction activation energy Ea at high temper-
ature are ~1.7 eV, approximately half the value of the band gap, indicating that intrinsic
conduction takes place [77,78,161]. The value of conduction activation energy Ea was
slightly lower in the sample sintered in oxygen compared to the sample sintered in air.
This may be due to the lower concentration of oxygen vacancies in the sample sintered in
oxygen. During cooling, the oxygen vacancies formed by Equations (4)–(6) can be removed
according to [78,153]:

1
2

O2(g) + V··
O → Ox

O + 2h· (7)

Some of the electron holes formed by this reaction will eliminate the free electrons
formed in Equation (6), but some will be available for conduction [165]. Sintering the
sample in oxygen may therefore cause an increase in p-type conductivity by increasing the
concentration of electron holes.

The polarization hysteresis loops of the samples show the pinched shape characteristic
of incipient ferroelectric materials [16,17,20]. A metastable ferroelectric phase forms when a
sufficiently high electric field is applied and reverts back to a nonpolar phase upon removal
of the field [20,91,166]. This also leads to the characteristic sprout-shaped bipolar strain
hysteresis loop with very small or zero remanent strain, as the material changes between
a cubic or pseudocubic nonpolar phase and a noncubic ferroelectric phase [16]. Oxygen
vacancies are generally considered to pin non-180◦ ferroelectric domain walls and retard
their movement, hence acting as an obstacle to polarization switching [153,167–169]. In the
air-sintered samples, the higher concentration of oxygen vacancies pins the domain walls,
stabilizing the metastable ferroelectric phase that has formed under the influence of the
electric field. The ferroelectric phase reverts back to the nonpolar phase at a lower electric
field than in the oxygen-sintered samples. This accounts for the increased strain hysteresis
in the air-sintered samples (Figures 11 and 12) and the shifting of peaks ER1 and ER2 to
lower electric fields in the polarization current density hysteresis loops (Figures S2 and S3).

5. Conclusions
The effect of sintering parameters, including atmosphere (air/oxygen), temperature

(1150 ◦C~1250 ◦C) and holding time (1~20 h) on the sintering behavior and electrical
properties of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 electroceramics was investi-
gated. Sintering in oxygen was found to be an effective method to achieve smaller grain
size and higher density for 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 electroceramics,
compared with air sintered samples. Sintering in oxygen allows easier pore shrinkage
and removal at the final stage of sintering, as oxygen trapped in closed pores can diffuse
more readily through the crystal lattice than nitrogen. Reduced vacancy concentration in
the oxygen-sintered samples results in higher step free energy and critical driving force
for grain growth, retarding grain growth and abnormal grain growth. It was found that
0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 electroceramics sintered at 1250 ◦C for 1 h in
oxygen exhibit smaller grain size, higher density, similar d33* and lower strain hysteresis
compared to samples sintered in air. The lower strain hysteresis is caused by the reduced
stability of the metastable electric-field-induced ferroelectric phase due to the lower con-
centration of domain wall-pinning oxygen vacancies. This allows the ferroelectric phase to
revert back to the nonpolar phase more easily upon removal of the electric field.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst16020143/s1, Figure S1: Sintering trajectory diagrams of
0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3 samples sintered in (a) air and (b) oxygen at tempera-
tures between 1150~1250 ◦C for 1~20 h; Figure S2: Current density loops of 0.685(Na0.5Bi0.5)TiO3-
0.065BaTiO3-0.25SrTiO3 samples sintered at 1250 ◦C for 1h in (a) air and (b) oxygen atmospheres;
Figure S3: Current density loops of a second set of 0.685(Na0.5Bi0.5)TiO3-0.065BaTiO3-0.25SrTiO3

samples sintered at 1250 ◦C for 1 h in (a) air and (b) oxygen atmospheres.
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