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Abstract: Na1/2 Bi1/2 TiO3 -based materials have gained considerable attention for their potential to
exhibit giant strain, very-high ionic conductivity comparable to yttria stabilized zirconia or high mechanical quality factor for use in high power ultrasonics. In recent times, quenching Na1/2 Bi1/2 TiO3 based compositions have been demonstrated to enhance the thermal depolarization temperature,
thus increasing the operational temperature limit of these materials in application. This work investigates the role of quenching-induced changes in the defect chemistry on the dielectric, ferroelectric
and piezoelectric properties of quenched Na1/2 Bi1/2 TiO3 -BaTiO3 . The quenched samples indeed
demonstrate an increase in the bulk conductivity. Nevertheless, while subsequent annealing of
the quenched samples in air/oxygen atmosphere reverts back the depolarization behaviour to that
of a furnace cooled specimen, the bulk conductivity remains majorly unaltered. This implies a
weak correlation between the defect chemistry and enhanced thermal stability of the piezoelectric
properties and hints towards other mechanisms at play. The minor role of oxygen vacancies is further
reinforced by the negligible (10–15%) changes in the mechanical quality factor and hysteresis loss.
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1. Introduction
The impending regulation that revived the interest on lead-free piezoelectric alternatives [1] identified four major families of materials based on BaTiO3 [2], Na1/2 Bi1/2 TiO3 [3],
K0.5 Na0.5 NbO3 [4] and BiFeO3 [5,6]. Amongst these, Na1/2 Bi1/2 TiO3 -based compositions
are versatile and when appropriately modified, demonstrate potential use in (a) solid
oxide fuel cells (high ionic conductivity) [7] and (b) high temperature capacitors [8] and
high-power ultrasonics [9,10] (insulating character with high mechanical quality factor).
In particular, Na1/2 Bi1/2 TiO3 -based materials exhibit superior mechanical [11] and high
power [9] properties in comparison to the lead-based Pb(Zr,Ti)O3 . Further, processing
strategies such as chemical doping [12–14], composite formation [15–17] and quenching [18] have been demonstrated to significantly alter the conductivity [19], strain [20],
mechanical quality factor [14,21,22] and depolarization temperature [14,16,23]. In recent
years, quenching from sintering temperature has been adopted as a route to enhance the
depolarization temperature (Td ) of Na1/2 Bi1/2 TiO3 (NBT) [18]. Quenching was also shown
to be effective in tailoring the ergodicity of NBT-based materials [24].
Na1/2 Bi1/2 TiO3 -BaTiO3 (NBT-BT) solid solution exhibits a morphotropic phase boundary (MPB) which spans a wide range of compositions from 5–11 mole% BT [25,26] with
varying degrees of average structural distortions (rhombohedral to pseudocubic to tetragonal with increasing BT content). The exact range of the MPB is also often debated depending
on the synthesis routes [27] and control of stoichiometry [28]. The compositions at the MPB
of NBT-BT are non-ergodic relaxors, which undergo an irreversible transformation from
the relaxor to ferroelectric state upon application of stress [29] or electric field [25]. Upon
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heating the stress/field induced ferroelectric state, it transforms back to the relaxor state
at the ferroelectric-relaxor transformation temperature (TF-R ), which sets the upper limit
for the depolarization temperature. TF-R is typically established from the first anomaly in
the poled temperature-dependent dielectric response [30]. Quenching has been effective
in enhancing the Td of NBT-BT, with significant changes (increase by 40–60 ◦ C) noted
for the non-ergodic relaxor compositions [23]. Based on the annealing study in oxygen
atmosphere, quenching-induced increase in oxygen vacancy concentration was proposed
to be the mechanism of enhanced Td [23]. The quenched samples, subsequently annealed
in oxygen atmosphere at 800 ◦ C for 12 h, exhibited a reversal of TF-R back to that of the
furnace cooled state. Quenching disrupts the equilibrium concentration of oxygen vacancies at room temperature due to frozen-in defects from the high temperature state. The
reversal of TF-R upon annealing the quenched sample would then imply that annealing
should also affect the defect population and enable equilibration of defects. Additionally,
the domain wall mobility in ferroelectrics is greatly influenced by point defects such as
oxygen vacancies, that as mobile/coupled defect complexes constrain the domain wall
motion, resulting in hardening of the electromechanical properties [31,32]. Therefore, it is
imperative to investigate the effect of the increased defect concentration on the electrical
properties. Specifically, it is of interest to investigate the influence of quenching on the
mechanical quality factor, which is one of the important figures of merit for high power
applications, such as in ultrasonics. This work aims to establish the influence of quenching
and subsequent annealing of Na1/2 Bi1/2 TiO3 -BaTiO3 on the ferroelectric hysteresis and
mechanical quality factor to gauge the hardening effects and rationalize the results based
on the electrical conductivity.
2. Materials and Methods
(1−x)Na1/2 Bi1/2 TiO3 -xBaTiO3 (NBT100xBT) (x = 0.06, 0.09; x denotes number of moles)
ceramics were prepared using the conventional solid-state reaction route. Stoichiometric
ratios of Na2 CO3 (99.5%), BaCO3 (99.8%), Bi2 O3 (99.975%) and TiO2 (99.6%) (all Alfa Aesar,
Thermo Fisher Scientific GmbH, Kandel, Germany) were milled in ethanol at 250 rpm
for 24 h. The purity of the starting raw materials are indicated in brackets. The powders
were calcined at 900 ◦ C for 3 h with a heating rate of 5 ◦ C /min. After calcination, all
the powders were remilled in ethanol at 250 rpm for 24 h. The remilled powders were
then cold isostatically compacted at 350 MPa into disks. To prevent volatilization of
sodium and bismuth, the compacted green bodies were embedded in a powder bed of
the same composition. Subsequently, following a heating rate of 5 ◦ C/min, sintering
was performed at 1150 ◦ C for 3 h. These samples were removed from the furnace after
they cooled to room temperature and are denoted as “FC” (furnace cooled). The samples
that were directly taken out from the furnace after the sintering dwell time and cooled in
ambient air using a fan are denoted as “Q1150” (quenched). The samples were ground
to remove the surface. Next, annealing was done at 400 ◦ C for 30 min to relieve the
mechanically induced stresses that resulted from the grinding step. The final dimensions
of the samples were 7.6–7.7 mm in diameter and 0.6 mm thick. The samples were then
sputtered with Pt to obtain electroded surfaces. Poling was done at room temperature
under an electric field of 6 kV/mm for 15 min. Permittivity measurements were carried
out using a HP analyzer interfaced with a furnace in the temperature regime from ambient
temperature to 500 ◦ C with a heating rate of 2 ◦ C/min. Polarization- and strain- electric
field hysteresis loops were recorded with a triangular field at a frequency of 1 Hz using
a Sawyer-Tower circuit coupled with an optical sensor. Resonance measurements were
performed on poled samples using an impedance analyzer (Alpha-Analyzer, Novocontrol,
Montabaur, Germany) and the mechanical quality factor was determined using the 3 dB
method [33]. The electrical conductivity was measured using the same impedance analyzer.
The impedance dataset was evaluated with the help of RelaxIS (rhd instruments, Darmstadt,
Germany). Annealing experiments in air and oxygen atmosphere were performed at 800 ◦ C
for 12 h in accordance with the prior study [23] and the impedance spectra was measured
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in situ during the annealing step. All the other electrical characterization (temperaturedependent permittivity, hysteresis and mechanical quality factor) was done ex situ by
measuring the response before and after the annealing step. Quenched samples annealed
in air and oxygen atmosphere are denoted as “Q-Air800” and “Q-O2 800” respectively.
3. Results and Discussion
3.1. Influence of Annealing on the Dielectric Properties of Quenched Samples
Figures 1 and 2 depict the temperature-dependent permittivity response of NBT6BT
and NBT9BT subject to different thermal treatments. In the unpoled state, NBT6BT and
NBT9BT exhibit typical non-ergodic relaxor characteristics, exemplified by the frequency
dispersion below the maximum in permittivity (Figures 1a and 2a). While quenching
(Figure 1b) and subsequent annealing (Figure 1c,d) of NBT6BT retains the characteristic
frequency dispersion in the permittivity response (Figure 1b–d), the spontaneous ferroelectric transition in NBT9BT Q1150 results in a sharp anomaly even in the unpoled state
(Figure 2b), akin to previous reports [23]. As noted previously [23], this anomaly disappears
upon annealing the quenched sample in oxygen atmosphere (Figure 2d). Notably, annealing the quenched sample in air results in reversal of the spontaneous ferroelectric order in
NBT9BT Q1150 (Figure 2c), akin to the oxygen annealing study done in prior work [23].
The vertical dash-dotted line in the poled permittivity plots denote TF-R (Figures 1e–h
and 2e–h, Table 1). NBT6BT FC and NBT9BT FC exhibit a TF-R of 100 and 151 ◦ C, respectively (Figures 1e and 2e, Table 1). Albeit differences in the quenching strategy adopted in
this study (directly from the sintering temperature, 1150 ◦ C) compared to prior work (that
involved cooling to 1100 ◦ C and then quenching) [23], the increase in TF-R upon quenching
is comparable at 143 ◦ C and 203 ◦ C for NBT6BT Q1150 and NBT9BT Q1150 (Figures 1f
and 2f, Table 1), respectively. The dielectric loss (tan δ) at room temperature is comparable
for the samples subject to different thermal treatments. The difference in permittivity at
low and high frequency (∆εHz ) is used to establish the relaxor character based on the
frequency dispersion, while the difference in permittivity between the unpoled and poled
state (∆εp ) can indicate the propensity to stabilize a ferroelectric order. ∆εp is lower for the
quenched materials, indicating propensity to stabilize the ferroelectric order [23]. ∆εHz is
also lower for the quenched samples, although with marginal changes for NBT6BT Q1150,
in comparison to the furnace cooled state. Upon annealing, both ∆εHz and ∆εp increases
than that of quenched samples and are comparable to that of the furnace cooled state.
This is in accordance with previous reports, wherein annealing at temperatures above
800 ◦ C was shown to revert the quenching induced changes in TF-R to that of the furnace
cooled state [23–25]. Note that the choice of annealing atmosphere (air or oxygen) does not
significantly influence ∆εHz , ∆εp and TF-R (Table 1). ∆εHz and ∆εp for quenched NBT6BT
subjected to annealing in air and oxygen atmosphere differ by < 4%. ∆εHz of NBT9BT
Q-Air800 and NBT9BT Q-O2 800 differ by 24% (while ∆εp is similar), which is currently
not understood. This could be related to the peculiar nature of compositions at the border
of the MPB of NBT-BT phase diagram, which exhibit average non-cubic distortions and
demonstrate ease of developing spontaneous ferroelectric order and reversal by changes in
the thermal and poling history [34] or defect chemistry [35].
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Table 1. Characteristic parameters established from the permittivity plots in Figures 1–3.

Sample
NBT6BT
FC
Q1150
Q-Air800
Q-O2 800

∆εHz=(ε’100Hz −ε’1MHz ) at
40 ◦ C (Unpoled)

∆εp=|ε’unpoled −ε’poled |
at 40 ◦ C and 10kHz

TF-R, ◦ C
(Poled)

Tm, ◦ C
at 1MHz
(Unpoled)

TRE, ◦ C
(Unpoled)

533
523
664
638

656
486
702
680

100
143
100
100

272
272
261
261

231
259
255
250

1041
825
963
966

151
203
163
159

267
267
259
258

268
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276 7 of 16
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upper temperature limit (TRE ) of the frequency-dependent dielectric behavior [36]. ∆εHz (T)
exhibits broader peaks for NBT6BT materials indicating strong frequency dispersion, while
it is relatively narrow for NBT9BT materials. ∆εHz (T) of NBT9BT Q1150 exhibits a sharp
peak, corresponding to the spontaneous ferroelectric transition [23]. TRE is lower than Tm
for NBT6BT FC, akin to prior reports [36] on relaxor NBT100xBT compositions. However,
TRE and Tm of NBT9BT FC are comparable (Table 1). For Q1150, Q-Air800 and Q-O2 800
samples, TRE < Tm for NBT6BT, while TRE > Tm for NBT9BT. The permittivity is influenced
by the changes in domain population and the number density of interfaces, for example
domain or grain boundaries. While NBT6BT FC is characterized by weak lamellar domain
contrast coexisting with polar nanoregions, NBT9BT FC exhibits a strong lamellar domain
contrast at room temperature [37]. Further, quenching alters the phase assemblage and
lamellar/PNR domain contrast in NBT100xBT, especially for the MPB compositions [37].
The difference in TRE for the quenched and subsequently annealed samples of NBT6BT
and NBT9BT can be rationalized by correlating to temperature-dependent changes of the
domain morphology. However, it is beyond the scope of this study.
3.2. Annealing Effects on the Conductivity of Quenched Samples
One of the hypotheses proposed earlier for enhanced TF-R of quenched samples is the
increase in oxygen vacancy concentration [23,38]. This perspective was further strengthened, when annealing in air/oxygen atmosphere was shown to revert the quenching
induced changes in TF-R back to that of the furnace cooled state [23,38,39]. Therefore, it
is expected that annealing also alters the electrical conductivity of the quenched samples.
Figure 4 depicts the Nyquist plots of impedance of quenched NBT6BT and NBT9BT at
800 ◦ C as a function of time during in situ annealing in air and oxygen atmosphere. The
plots feature a single semicircle for all the samples, indicating a single dominant conduction
process. Further, the Nyquist plots are not very different as a function of annealing time.
The dc conductivity evaluated from the low frequency response of the impedance dataset
is plotted in Figure 5. Note that the conductivity of the quenched samples exhibit marginal
changes as a function of time during the annealing step. In contrast, anneaing the the
quenched NBT6BT samples in air at 800 ◦ C for 2 h already decreases the TF-R from 136 ◦ C
to 116 ◦ C [38].
In the extreme case, annealing at 800 ◦ C for 12 h reverts and decreases the TF-R of the
quenched state back to that of furnace cooled specimen (Table 1). The impedance analysis
combined with the in situ annealing study and dielectric investigations (Section 3.1) indicate that the changes in TF-R of the quenched and subsequently annealed samples are not
accompanied by the changes in the conductivity. Therefore, these results establish weak
correlation between the quenching-induced stabilization of ferroelectric order and the related changes in the defect chemistry. The negligible influence of the annealing atmosphere
(air/oxygen) holds true here as well, exemplified by the similar bulk conductivities (<3%
difference) of air and oxygen annealed samples (Figure 5).
Figure 6 depicts the Nyquist plots of quenched samples measured in situ during the
annealing step at 600 ◦ C, in comparison to the furnace cooled specimen. Both quenched
NBT6BT and NBT9BT indicate lower resistivity, with stronger decrease noted for quenched
NBT6BT. This is in accordance with prior reports [39,40]. From the Arrhenius plots of
conductivity (Figure 7), the slope is used to estimate the activation energy (denoted with
units eV in the figure). Albeit the increase in bulk conductivity of the quenched samples, the
oxygen vacancy concentration is just at the threshold limit for high ionic conductivity [40].
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quenched state back to that of furnace cooled specimen (Table 1). The impedance analysis
combined with the in situ annealing study and dielectric investigations (Section 3.1) indi-
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3.3. Electromechanical Hardening
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defect dipoles that orient along the direction of spontaneous polarization, that constrain
the domain wall motion [31]. However, mobile charged defects can also pin the domain
walls in their position and lead to ‘hard-type’ characteristics [32]. Since quenched samples

Materials 2021, 14, 2149

10 of 15

with defect dipoles that orient along the direction of spontaneous polarization, that constrain the domain wall motion [31]. However, mobile charged defects can also pin the
domain walls in their position and lead to ‘hard-type’ characteristics [32]. Since quenched
samples exhibit enhanced conductivity (Figure 7), hinting at increased oxygen vacancy
concentration [23,38], the electromechanical properties are investigated to probe into the
hardening effects. The characteristic feature of hardened ferroelectrics is the decrease in
remanent polarization and strain and increase in coercive field and mechanical quality
factor. Since NBT100xBT is a non-ergodic relaxor, the hardening behavior is characterized
after poling, upon which, the material transforms to the ferroelectric state. Given the
similar TF-R (Figure 1g,h and Figure 2g,h, Table 1) and bulk conductivity (Figures 5 and 7)
for air/oxygen annealed samples, the electromechanical properties were measured only
for quenched samples subjected to annealing in air atmosphere. Upon poling, furnace
cooled samples of NBT6BT and NBT9BT exhibit pinched hysteresis response (Figure A1),
typical for these materials. However, this is absent for the quenched samples with a 15%
Materials 2021, 14, x FOR PEER REVIEW
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The polarization and strain hysteresis in the poled state exhibits a marked departure
from the expected influence of oxygen vacancies constraining the domain wall mobility;
instead, the increase in total strain and remanent polarization is plausibly a signature of
enhanced ferroelectric order. This is in accordance with recent reports that establish in-
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The polarization and strain hysteresis in the poled state exhibits a marked departure
from the expected influence of oxygen vacancies constraining the domain wall mobility;
instead, the increase in total strain and remanent polarization is plausibly a signature of
enhanced ferroelectric order. This is in accordance with recent reports that establish increase
in volume fraction of polarized regions [44] and enhanced lamellar domain contrast [37].
The hysteresis response of Q-Air800 samples are in contrast to the depolarization behaviour,
wherein the TF-R of Q-Air800 samples are similar to FC (Table 1). The increase in remanent
polarization and total strain upon annealing the quenched samples can be rationalized
considering the fact that the annealing tends to equilibrate the defect concentration, thus
easing the domain wall mobility. The hardening effects, although minor are noted 12
from
Materials 2021, 14, x FOR PEER REVIEW
of 16
the increase in coercive field for Q1150 and its decrease upon subsequently annealing the
quenched samples in air (Q-Air800). The coercive field (established from the minimum in
strain-field hysteresis) is 2.9, 3.3 and 3.0 kV/mm for FC, Q1150, and Q-Air800 of NBT6BT,
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The mechanical quality factor is a dimensionless measure of the losses of a piezoelectric material at resonance [33] and is one of the figures of merit to gauge materials
for high power applications, such as ultrasonic motors, transformers, and high intensity
focused ultrasound. The mechanical quality factor exhibits a 10–15% increase upon quenching. Negligible changes in the mechanical quality factor and coupling coefficient upon
quenching was also previously noted for pure NBT [18]. These results indicate that the
electromechanical hardening effects upon quenching is not as pronounced as is the case
with ‘hard-type’ NBT-based materials [12,14,22]. Nevertheless, this makes quenching a
promising approach to tailor material properties beyond the limits of chemical doping.
For example, 0.5 mole% Zn2+ doping in NBT6BT exhibits a TF-R of 143 ◦ C and mechanical
quality factor of 287; quenching 0.5 mole% Zn2+ doped NBT6BT was demonstrated to
increase the TF-R further to 163 ◦ C, while retaining the mechanical quality factor at 280 [14].
Note that, quenching the doped composition resulted in a significant increase in TF-R
beyond the upper limit established by doping (with 1 mole% Zn-doping in NBT6BT, TF-R
increases only marginally to 150 ◦ C) [14]. A similar observation of increase in TF-R upon
quenching, independent of that established by chemical modification was also recently

Figure 10. Mechanical quality factor of furnace cooled, quenched and quenched samples subjected
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noted
quenching
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Figurefor
9. Unipolar
strain-field
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[45].
jected to annealing in air for (a) NBT6BT and (b) NBT9BT obtained in the poled state.
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4. Conclusions
The mechanical quality factor is a dimensionless measure of the losses of a piezoelectric material
at resonance
[33]samples
and is one
the figures
of merit to
gauge
Annealing
the quenched
of of
NBT6BT
and NBT9BT
leads
to amaterials
decreasefor
in Thigh
F-R
power
suchon
asthe
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andno
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correlation
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and the thermal
ofaquenched
NBT-BT. While
quenching
Negligible
changes
in the
mechanicalindicating
quality factor
and coupling
upon quenchdoes
enhance
the bulk
conductivity,
increased
oxygencoefficient
vacancy concentration,
it is not significant enough to strongly alter the domain wall mobility and thus results in
minor hardening effects, reflected as 10–15% increase in mechanical quality factor. These
results provide the premise for combining quenching with the chemical doping strategy to
facilitate enhancement of the depolarization temperature without significantly altering the
electromechanical properties.
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Figure A1. Polarization-field hysteresis of furnace cooled NBT6BT and NBT9BT in the poled state.
Figure A1. Polarization-field hysteresis of furnace cooled NBT6BT and NBT9BT in the poled state.
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Lead-free
perovskite
ferroelectrics.
Magn.
Ferroelectr.
Met. OxidesFundamen2018, 2018,
tals, current
status, and perspectives. Appl. Phys. Rev. 2017, 4, 041305, doi:10.1063/1.4990046.
51–69.
[CrossRef]
Koruza, J.;
J.; Liu,
Venkataraman,
Malič, B.M.-H.;
Lead-free
perovskite
ferroelectrics.
Magn. Ferroelectr. Multiferroic Met. Oxides 2018,
Koruza,
H.; Höfling,L.K.;
M.; Zhang,
Veber,
P. (K,Na)NbO
3 -based piezoelectric single crystals: Growth methods,
2018, 51–69,
doi:10.1016/b978-0-12-811180-2.00003-7.
properties,
and
applications. J. Mater. Res. 2020, 35, 990–1016. [CrossRef]
Koruza,
Liu, H.;
M.;Tutuncu,
Zhang, M.-H.;
Veber,
(K,Na)NbO
3-based piezoelectric
crystals: Growth methods, propRojac,
T.; J.;
Bencan,
A.;Höfling,
Malic, B.;
G.; Jones,
J.L.;P.
Daniels,
J.E.; Damjanovic,
D. BiFeOsingle
3 Ceramics: Processing, Electrical, and
erties,
and
applications.
J.
Mater.
Res.
2020,
35,
990–1016,
doi:10.1557/jmr.2019.391.
Electromechanical Properties. J. Am. Ceram. Soc. 2014, 97, 1993–2011. [CrossRef]
Rojac, D.;
T.; Wang,
Bencan,
Malic, B.;S.;Tutuncu,
G.; Jones,
Daniels,
J.E.;
D. BiFeO
3 Ceramics:
Processing, Electrical,
Wang,
G.;A.;
Murakami,
Fan, Z.; Feteira,
A.;J.L.;
Zhou,
D.; Sun,
S.; Damjanovic,
Zhao, Q.; Reaney,
I.M. BiFeO
3 -BaTiO3 : A new generation
and
Electromechanical
Properties.
J.
Am.
Ceram.
Soc.
2014,
97,
1993–2011,
doi:10.1111/jace.12982.
of lead-free electroceramics. J. Adv. Dielectr. 2018, 8. [CrossRef]
Wang,
D.; Wang, G.;
Murakami,
S.;R.A.;
Fan, Zhang,
Z.; Feteira,
Zhou,I.M.;
D.; Sun,
S.;S.N.;
Zhao,Kilner,
Q.; Reaney,
I.M. BiFeO
3-BaTiO
3: A of
new
generaLi,
M.; Pietrowski,
M.J.;
De Souza,
H.; A.;
Reaney,
Cook,
J.A.; Sinclair,
D.C.
A family
oxide
ion
tion of lead-free
J. Adv.
Dielectr.Na
2018,
8,
doi:10.1142/s2010135x18300049.
conductors
basedelectroceramics.
on the ferroelectric
perovskite
Bi
TiO
.
Nat.
Mater.
2014,
13,
31–35.
[CrossRef]
0.5 0.5
3
Li, M.; Pietrowski,
De Souza,
Zhang,
H.; Reaney,
I.M.; Cook,
Kilner,
J.A.; Sinclair,
A family
of oxide ion
Höfling,
M.; Steiner,M.J.;
S.; Hoang,
A.-P.;R.A.;
Seo, I.-T.;
Frömling,
T. Optimizing
theS.N.;
defect
chemistry
of Na1/2D.C.
Bi1/2 TiO
3 -based materials:
conductors
based
the ferroelectric
perovskite
Na0.5Bi0.5TiO
3. Nat.
Mater.C2014,
31–35, doi:10.1038/nmat3782.
Paving
the way
foron
excellent
high temperature
capacitors.
J. Mater.
Chem.
2018, 13,
6, 4769–4776.
[CrossRef]
Höfling,
M.; Steiner, S.;
Seo, I.-T.; Frömling,
T. Optimizing
the defect Y.
chemistry
of Na
Bi1/2
TiO3-based materials:
Tou,
T.; Hamaguti,
Y.; Hoang,
Maida,A.-P.;
Y.; Yamamori,
H.; Takahashi,
K.; Terashima,
Properties
of1/2(Bi
0.5 Na0.5 )TiO3 –BaTiO3 –
Paving
the
way
for
excellent
high
temperature
capacitors.
J.
Mater.
Chem.
C
2018,
6,
4769–4776,
doi:10.1039/c8tc01010b.
(Bi0.5 Na0.5 )(Mn1/3 Nb2/3 )O3 Lead-Free Piezoelectric Ceramics and Its Application to Ultrasonic Cleaner. Jpn. J. Appl. Phys. 2009,
Tou,
T.; Hamaguti,
48,
07GM03.
[CrossRef]Y.; Maida, Y.; Yamamori, H.; Takahashi, K.; Terashima, Y. Properties of (Bi0.5Na0.5)TiO3–BaTiO3–
(Bi
0.5
Na
0.5
)(Mn
1/3Nb2/3H.;
)O3Mizuno,
Lead-Free
Ceramics and
Its Application
to Ultrasonic
Cleaner. Jpn.
J. Appl. Phys. 2009, 48,
Doshida, Y.; Shimizu,
Y.; Piezoelectric
Tamura, H. Investigation
of High-Power
Properties
of (Bi,Na,Ba)TiO
3 and (Sr,Ca)2 NaNb5 O15
07GM03,
doi:10.1143/jjap.48.07gm03.
Piezoelectric Ceramics. Jpn. J. Appl. Phys. 2013, 52, 7. [CrossRef]
Doshida,
Y.; Shimizu, H.;
Y.; Y.Tamura,
Investigation
of High-Power
Properties
3 and
Wang,
X.; Venkataraman,
L.K.;Mizuno,
Tan, C.; Li,
Fracture H.
behavior
in electrically
poled alkaline
bismuth-of
and(Bi,Na,Ba)TiO
potassium- based
(Sr,Ca)2NaNb
5O15 Piezoelectric
Ceramics.
Jpn. J. Appl.
52,194,
7, doi:10.7567/jjap.52.07he01.
lead-free
piezoceramics
using Vickers
indentation.
Scr.Phys.
Mater.2013,
2021,
113647. [CrossRef]
Wang,
X.; Venkataraman,
C.;Kim,
Li, Y.
Fracture
in electrically
poled on
alkaline
bismuthand potassiumbased
Xu,
Q.; Chen,
M.; Chen, W.;L.K.;
Liu,Tan,
H.-X.;
B.-H.;
Ahn,behavior
B.-K. Effect
of CoO additive
structure
and electrical
properties
of
lead-free
piezoceramics using Vickers indentation. Scr. Mater. 2021, 194, 113647, doi:10.1016/j.scriptamat.2020.113647.
(Na
0.5 Bi0.5 )0.93 Ba0.07 TiO3 ceramics prepared by the citrate method. Acta Mater. 2008, 56, 642–650. [CrossRef]
Xu,L.;
Q.;Zhu,
Chen,
Chen,
Liu,
Kim,
B.-K. Effect
of CoO
additive onof
structure
and
electrical
properties of
Li,
M.;M.;
Zhou,
K.;W.;
Wei,
Q.;H.-X.;
Zheng,
M.;B.-H.;
Hou,Ahn,
Y. Delayed
thermal
depolarization
Bi0.5 Na0.5
TiO
3 -BaTiO3 by doping
2+
(Na
0.5
Bi
0.5
)
0.93
Ba
0.07
TiO
3
ceramics
prepared
by
the
citrate
method.
Acta
Mater.
2008,
56,
642–650,
doi:10.1016/j.actamat.2007.10.014.
acceptor Zn with large ionic polarizability. J. Appl. Phys. 2017, 122, 204104. [CrossRef]
Li, L.; Zhu, M.; Zhou,
K.; Wei,
Q.; Zheng,
M.; Hofmann,
Hou, Y. Delayed
thermal
depolarization
of BiGroszewicz,
0.5Na0.5TiO3-BaTiO
3 by doping
accepVenkataraman,
L.K.; Zhu,
T.; Salazar,
M.P.;
K.; Iqbal
Waidha,
A.; Jaud, J.C.;
P.B.; Rödel,
J. Thermal
2+ with large ionic polarizability. J. Appl. Phys. 2017,
2+
tor
Zn
122,
204104,
doi:10.1063/1.5012889.
depolarization and electromechanical hardening in Zn -doped Na1/2 Bi1/2 TiO3 -BaTiO3 . J. Am. Ceram. Soc. 2021. [CrossRef]
Venkataraman, L.K.; Zhu, T.; Salazar, M.P.; Hofmann, K.; Iqbal Waidha, A.; Jaud, J.C.; Groszewicz, P.B.; Rödel, J. Thermal
depolarization and electromechanical hardening in Zn2+-doped Na1/2Bi1/2TiO3-BaTiO3. J. Am. Ceram. Soc. 2021,
doi:10.1111/jace.17581.

Materials 2021, 14, 2149

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.

42.

14 of 15

Groh, C.; Franzbach, D.J.; Jo, W.; Webber, K.G.; Kling, J.; Schmitt, L.A.; Kleebe, H.-J.; Jeong, S.-J.; Lee, J.-S.; Roedel, J. Relaxor/Ferroelectric Composites: A Solution in the Quest for Practically Viable Lead-Free Incipient Piezoceramics. Adv. Funct.
Mater. 2013, 24, 356–362. [CrossRef]
Zhang, J.; Pan, Z.; Guo, F.-F.; Liu, W.-C.; Ning, H.; Chen, Y.-F.; Lu, M.-H.; Yang, B.; Chen, J.; Zhang, S.-T.; et al. Semiconductor/relaxor 0–3 type composites without thermal depolarization in Bi0.5 Na0.5 TiO3 -based lead-free piezoceramics. Nat. Commun.
2015, 6, 6615. [CrossRef]
Yin, J.; Wang, Y.; Zhang, Y.; Wu, B.; Wu, J. Thermal depolarization regulation by oxides selection in lead-free BNT/oxides
piezoelectric composites. Acta Mater. 2018, 158, 269–277. [CrossRef]
Muramatsu, H.; Nagata, H.; Takenaka, T. Quenching effects for piezoelectric properties on lead-free (Bi1/2 Na1/2 )TiO3 ceramics.
Jpn. J. Appl. Phys. 2016, 55, 10TB07. [CrossRef]
Koch, L.; Steiner, S.; Meyer, K.-C.; Seo, I.-T.; Albe, K.; Frömling, T. Ionic conductivity of acceptor doped sodium bismuth titanate:
Influence of dopants, phase transitions and defect associates. J. Mater. Chem. C 2017, 5, 8958–8965. [CrossRef]
Guo, Y.; Liu, Y.; Withers, R.L.; Brink, F.; Chen, H. Large Electric Field-Induced Strain and Antiferroelectric Behavior in (1x)(Na0.5 Bi0.5 )TiO3 -xBaTiO3 Ceramics. Chem. Mater. 2011, 23, 219–228. [CrossRef]
Hu, H.; Zhu, M.; Xie, F.; Lei, N.; Chen, J.; Hou, Y.; Yan, H. Effect of Co2 O3 Additive on Structure and Electrical Properties of
85(Bi1/2 Na1/2 )TiO3 -12(Bi1/2 K1/2 )TiO3 -3BaTiO3 Lead-Free Piezoceramics. J. Am. Ceram. Soc. 2009, 92, 2039–2045. [CrossRef]
Lalitha, K.V.; Riemer, L.M.; Koruza, J.; Rödel, J. Hardening of electromechanical properties in piezoceramics using a composite
approach. Appl. Phys. Lett. 2017, 111, 022905. [CrossRef]
Lalitha, K.V.; Koruza, J.; Rödel, J. Propensity for spontaneous relaxor-ferroelectric transition in quenched (Na1/2 Bi1/2 )TiO3 -BaTiO3
compositions. Appl. Phys. Lett. 2018, 113, 252902. [CrossRef]
Wei, Q.; Riaz, A.; Zhukov, S.; Hofmann, K.; Zhu, M.; Hou, Y.; Rödel, J.; Kodumudi Venkataraman, L. Quenching-circumvented
ergodicity in relaxor Na1/2 Bi1/2 TiO3 -BaTiO3 -K0.5 Na0.5 NbO3 . J. Am. Ceram. Soc. 2021. [CrossRef]
Ma, C.; Guo, H.; Beckman, S.P.; Tan, X. Creation and Destruction of Morphotropic Phase Boundaries through Electrical Poling: A
Case Study of Lead-Free(Bi1/2 Na1/2 )TiO3 −BaTiO3 Piezoelectrics. Phys. Rev. Lett. 2012, 109, 107602. [CrossRef]
Jo, W.; Daniels, J.E.; Jones, J.L.; Tan, X.; Thomas, P.A.; Damjanovic, D.; Roedel, J. Evolving morphotropic phase boundary in
lead-free (Bi1/2 Na1/2 )TiO3 –BaTiO3 piezoceramics. J. Appl. Phys. 2011, 109, 014110. [CrossRef]
Seifert, D.; Li, L.; Lee, K.-Y.; Hoffmann, M.; Sinclair, D.; Hinterstein, M. Processing and properties of translucent bismuth sodium
titanate ceramics. J. Eur. Ceram. Soc. 2021, 41, 1221–1229. [CrossRef]
Seo, I.-T.; Steiner, S.; Frömling, T. The effect of A site non-stoichiometry on 0.94(Nay Bix )TiO3 -0.06BaTiO3 . J. Eur. Ceram. Soc. 2017,
37, 1429–1436. [CrossRef]
Schader, F.H.; Wang, Z.; Hinterstein, M.; Daniels, J.E.; Webber, K.G. Stress-modulated relaxor-to-ferroelectric transition in
lead-free(Na1/2 Bi1/2 )TiO3 −BaTiO3 ferroelectrics. Phys. Rev. B 2016, 93, 134111. [CrossRef]
Anton, E.-M.; Jo, W.; Damjanovic, D.; Rödel, J. Determination of depolarization temperature of (Bi1/2 Na1/2 )TiO3 -based lead-free
piezoceramics. J. Appl. Phys. 2011, 110, 094108. [CrossRef]
Härdtl, K. Electrical and mechanical losses in ferroelectric ceramics. Ceram. Int. 1982, 8, 121–127. [CrossRef]
Genenko, Y.A.; Glaum, J.; Hoffmann, M.J.; Albe, K. Mechanisms of aging and fatigue in ferroelectrics. Mater. Sci. Eng. B 2015, 192,
52–82. [CrossRef]
European Standard EN 50324-2. Piezoelectric Properties of Ceramic Materials and Components Part 2: Methods of Measurement—
Low Power. European Committee for Standards: Brussels, Belgium, 2002.
Craciun, F.; Galassi, C.; Birjega, R. Electric-field-induced and spontaneous relaxor-ferroelectric phase transitions in
(Na1/2 Bi1/2 )1 − x Bax TiO3 . J. Appl. Phys. 2012, 112, 124106. [CrossRef]
Kumar, N.; Shi, X.; Hoffman, M. Spontaneous relaxor to ferroelectric transition in lead-free relaxor piezoceramics and the role of
point defects. J. Eur. Ceram. Soc. 2020, 40, 2323–2330. [CrossRef]
Ma, C.; Tan, X.; Dul’kin, E.; Roth, M. Domain structure-dielectric property relationship in lead-free (1−x)(Bi1/2 Na1/2 )TiO3 xBaTiO3 ceramics. J. Appl. Phys. 2010. [CrossRef]
Fetzer, A.-K.; Wohninsland, A.; Hofmann, K.; Clemens, O.; Venkataraman, L.K.; Kleebe, H.-J. Domain structure and phase
evolution in quenched and furnace cooled lead-free Na1/2 Bi1/2 TiO3 –BaTiO3 ceramics. Open Ceram. 2021, 5, 100077. [CrossRef]
Li, Z.T.; Liu, H.; Thong, H.C.; Xu, Z.; Zhang, M.H.; Yin, J.; Li, J.F.; Wang, K.; Chen, J. Enhanced Temperature Stability and Defect
Mechanism of BNT-Based Lead-Free Piezoceramics Investigated by a Quenching Process. Adv. Electron. Mater. 2018, 1800756.
[CrossRef]
Ren, P.; Wang, J.; Wang, Y.; Lalitha, K.V.; Zhao, G. Origin of enhanced depolarization temperature in quenched Na0.5 Bi0.5 TiO3 BaTiO3 ceramics. J. Eur. Ceram. Soc. 2020, 40, 2964–2969. [CrossRef]
Zhang, M.-H.; Breckner, P.; Frömling, T.; Rödel, J.; Lalitha, K.V. Role of thermal gradients on the depolarization and conductivity
in quenched Na1/2 Bi1/2 TiO3 -BaTiO3 . Appl. Phys. Lett. 2020, 116, 262902. [CrossRef]
Li, X.; Nie, S.; Wang, F.; Zhao, X.; Zhang, H.; Luo, H.; Li, G.; Ko, J.-H.; Guo, Z.; Jiang, Z.; et al. Local-structure evidence for a
phase transition in a lead-free single crystal of (Na1/2 Bi1/2 )TiO3 −0.06BaTiO3 by absorption fine-structure spectroscopy with
synchrotron x-ray radiation. Phys. Rev. B 2020, 101, 104105. [CrossRef]
Moriyoshi, C.; Takeda, S.; Kuroiwa, Y.; Goto, M. Off-centering of a Bi ion in cubic phase of (Bi1/2 Na1/2 )TiO3 . Jpn. J. Appl. Phys.
2014, 53, 09PD02. [CrossRef]

Materials 2021, 14, 2149

43.
44.

45.

15 of 15

Nagata, H.; Takagi, Y.; Yoneda, Y.; Takenaka, T. Correlation between depolarization temperature and lattice distortion in quenched
(Bi1/2 Na1/2 )TiO3 -based ceramics. Appl. Phys. Express 2020, 13, 061002. [CrossRef]
Wohninsland, A.; Fetzer, A.-K.; Riaz, A.; Kleebe, H.-J.; Rödel, J.; Venkataraman, L.K. Correlation between enhanced lattice
distortion and volume fraction of polar nanoregions in quenched Na1/2 Bi1/2 TiO3 –BaTiO3 ceramics. Appl. Phys. Lett. 2021, 118,
072903. [CrossRef]
Harada, S.; Takagi, Y.; Nagata, H.; Takenaka, T. Quenching effects on electrical properties of Cu-doped (Bi1/2 Na1/2 )TiO3 -based
solid solution ceramics. J. Mater. Res. 2021, 1–8. [CrossRef]

