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ABSTRACT

Quenching has been established as a viable method to increase the depolarization temperature in (100-x) Na1/2Bi1/2TiO3–xBaTiO3

(NBT–xBT). The proposed hypothesis of a stabilized ferroelectric order would entail changes in the polarized volume. To this end,
air-quenched and furnace cooled samples of four compositions of NBT–xBT with x¼ 3, 6, 9, and 12mol. % BT were studied. Upon
quenching, all the compositions demonstrate an increase in the ferroelectric to relaxor transition temperature, TF-R, by 23–44 �C and
enhanced lattice distortion. Resonance frequency damping analysis was utilized to measure Young’s modulus in the temperature range of
25 �C to 800 �C and to estimate the volume fraction of polar nanoregions using a composite model. Quenching leads to an 8% decrease in
Young’s modulus, but to an increase in the volume fraction of polar nanoregions by 12% at 300 �C for NBT-6BT. Transmission electron
microscopy investigations of quenched NBT-6BT reveal a combination of lamellar domains and more homogenous areas with nanometer-
sized domains. The existence of lamellar domains in quenched morphotropic phase boundary compositions together with enhanced lattice
distortion and a decrease in dielectric frequency dispersion substantiate the premise of a stabilized ferroelectric order.
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Lead-free ferroelectrics1,2 have made great progress in recent years
accompanied by detailed investigations of their local structure. A perti-
nent lead-free nonergodic relaxor is the Na1/2Bi1/2TiO3–BaTiO3

(NBT–BT) solid solution with the morphotropic phase boundary
(MPB) around 6mol. % BT.3,4 Dorcet and Trolliard5 described
nanometer-sized tetragonal platelets in a rhombohedral matrix in pure
NBT, as residuals embedded in the high-temperature cubic phase. The
polar nanoregions (PNRs) are 23nm in size for compositions close to
the MPB as reported by Zhang et al.,6 which are in close agreement
with the estimated correlation lengths of approximately 20nm in
NBT-4BT derived from diffuse x-ray scattering.7 Utilizing transmission
electron microscopy (TEM), Yao and co-authors8 reported the PNRs
to decrease in size when approaching the MPB in the NBT–BT system.
For NBT-6BT, 23Na nuclear magnetic resonance (NMR) established a
polar volume fraction (VF) of 75% at room temperature.9,10

Recently, the thermal depolarization in relaxor NBT-based
compositions has been correlated with the increased ferroelectric
stability mediated by enhanced polarizability,11,12 residual stress,13 and

off-centered Bi3þ displacement.14 Quenching from sintering tempera-
ture is advantageous for increasing the thermal depolarization temper-
ature with minimal departure in the electrical characteristics15,16 and is
demonstrated to be of practical relevance.17 Previous works14–16,18–20

indicate enhanced lattice distortion upon quenching, which plausibly
results from the enhanced off-centering of Bi3þ along the polar direc-
tion. Such off-centering effects have also been reported earlier for
furnace cooled (FC) specimens.6,21 Off-centering of a positionally
disordered cation along the polar direction is expected to enhance the
lattice polarizability, stabilize a ferroelectric order, and, thus, also alter
the volume fraction of PNRs. Understanding the structure property
relationship for goal-oriented material tailoring would then involve
knowledge of polar fractions, ideally as a function of temperature. The
range of available methods to quantify phase fractions of the polarized
volume in relaxors at elevated temperatures is limited, e.g., resonance
frequency damping analysis (RFDA)22 and NMR.9,10

This work contrasts a rhombohedral, tetragonal, and two MPB
compositions of NBT–xBT to compare the volume fractions of PNRs
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in the quenched state with those of a furnace cooled specimen. The
propensity toward the ferroelectric state driven by the quenching treat-
ment is further corroborated by the changes in lattice distortion and
frequency dispersion in the dielectric permittivity.

Ceramic powders of (100-x)Na1/2Bi1/2TiO3–xBaTiO3, with x¼ 3,
6, 9, and 12 (here, x denotes mol. %), were synthesized via the solid
state route.15 After sieving, the calcined powder was pressed into cylin-
drical and rectangular shapes and sintered at 1150 �C for 3 h with a
heating rate of 5 �C/min in a sacrificial powder of the respective com-
position and is referred to as FC (furnace cooled) sample. The
quenched samples (referred to as Q) were taken out of the furnace
directly after the sintering dwell time and cooled to room temperature
assisted by a conventional air fan. Bar-shaped samples were ground
from all sides to 30 � 4 � 3mm3, while cylindrical pellets were
reduced to a thickness of 0.6mm with a diameter of 10–11mm.
Annealing was performed at 400 �C for 30min after the grinding step
to relieve the induced stresses. Electrodes were applied to the pellets
for electrical measurements with burnt-in silver paste. Poling was
done in a silicon oil bath by applying a field of 6 kV/mm for 20min.

Phase purity and lattice parameters were established by x-ray dif-
fraction (on powders obtained from crushed pellets after annealing)
performed using a Bruker D8 diffractometer in Bragg–Brentano
geometry using Cu-Ka1,2 radiation (Fig. S1 and Table SI in the supple-
mentary material). Temperature and frequency-dependent permittiv-
ity measurements were carried out using an impedance analyzer
(4192A LF, Hewlett-Packard) from room temperature to 500 �C with
a heating rate of 2 �C/min on poled and unpoled samples. TEM
investigations (2100F JOEL Ltd., Tokyo, Japan operated at 200 kV)
were performed on samples prepared by standard ceramographic
techniques including grinding, polishing, and Arþ-ion milling. An
additional annealing step at 400 �C for 30min was included prior to
ion milling, in order to relieve residual stresses introduced during
grinding.

Young’s modulus (Y) as a function of temperature on at least two
different rectangular samples (Fig. S2 in the supplementary material)
per composition was recorded using a resonance frequency and damp-
ing analyzer (RFDA-HT1750, IMCE, Genk, Belgium) from 25 to
800 �C with a heating rate of 2 �C/min.22,23

A composite model was used to calculate the volume fractions of
PNRs from the evolution of Y with temperature.24 It is based on the
assumption of a two-phase mixture, consisting of a single phase, cubic
matrix with spherical, tetragonal inclusions (PNRs) with different
Young’s moduli Ycub(T) and Ytet(T), respectively, while Ycub(T)
> Ytet(T).

22 Figure 1 details an exemplary measurement of Y(T) for
NBT-12BT FC, which undergoes a phase transition from the normal
ferroelectric to the relaxor at TF-R. Below TF-R, the material is tetrago-
nal and the curve features a linear decrease in Y with increasing
T. Upon further heating, the volume fraction of the cubic matrix phase
increases, while the volume fraction of tetragonal inclusion decreases,
resulting in an increase in Y. Therefore, the maximum in Y is associ-
ated with the transformation of the material into a pure cubic phase,
followed by a linear decrease in Y with increasing T. The temperature
at which Y reaches its maximum correlates with the Burns
temperature TB.

25 Applying linear fits in the low-temperature and
high-temperature single phase regimes yields Ytet(T) and Ycub(T),
respectively. This allows computation of the volume fraction of inclu-
sions, in this case, PNRs.24

Both NBT-3BT FC and Q exhibit a splitting of the 111pc reflec-
tion along with a characteristic superlattice reflection (SR) at 2h
�38.3� indicating a rhombohedral structure (Fig. S1 in the supple-
mentary material). NBT-6BT FC neither features peak splitting in
111pc nor does it reveal a SR; therefore, a cubic model is used. The
material exhibits weak rhombohedral distortions26 using neutron
diffraction; nevertheless, this could not be resolved with conventional
laboratory XRD data used in this study. NBT-6BT Q, in contrast, indi-
cates not only characteristics of a rhombohedral distortion including
the SR, but also splitting in 200pc, providing evidence of a mixture of
tetragonal and rhombohedral phases. Tetragonal distortions are also
visible in NBT-9BT Q and FC, but no SR was observed. Nevertheless,
a pure tetragonal model did not result in a satisfactory fit, and hence, a
mixture of tetragonal and rhombohedral phases was utilized.13 For
both NBT-12BT FC and Q, a tetragonal model was satisfactory to fit
the data.

The lattice distortion is computed as 90-a and (c/a)-1 for the
rhombohedral and tetragonal distortions, respectively (Fig. 2). Note

FIG. 1. Representative evolution of Young’s modulus as a function of temperature
for NBT-12BT FC with a phase transition from the normal ferroelectric (a) to the
relaxor (b) and subsequently to the nonpolar cubic state (c).

FIG. 2. Rhombohedral and tetragonal lattice distortions as a function of BT content
derived from laboratory x-ray powder diffraction. The labels R, T, and C correspond
to the crystal system-rhombohedral, tetragonal, and cubic, respectively.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 072903 (2021); doi: 10.1063/5.0039369 118, 072903-2

VC Author(s) 2021

 13 February 2024 07:34:30

https://www.scitation.org/doi/suppl/10.1063/5.0039369
https://www.scitation.org/doi/suppl/10.1063/5.0039369
https://www.scitation.org/doi/suppl/10.1063/5.0039369
https://www.scitation.org/doi/suppl/10.1063/5.0039369
https://www.scitation.org/doi/suppl/10.1063/5.0039369
https://scitation.org/journal/apl


that the distortions of Q are higher than FC for all the compositions
and correlate with the increase in TF-R upon quenching (Fig. S3 in the
supplementary material) consistent with the literature.15,18,19

However, the most significant changes in lattice distortion are noted
for NBT-6BT. This is rationalized to be due to the onset of tetragonal
distortion for NBT-6BT Q, which is absent in NBT-6BT FC.

Young’s modulus and derived PNR volume fraction (VF) as a
function of temperature in the unpoled state are plotted in Fig. 3. TF-R

and TM are derived from dielectric measurements of poled FC and Q
samples, respectively (Fig. S3 in the supplementary material). TM cor-
responds to the temperature at which permittivity is maximum and
does not deviate by more than 4% for FC and Q samples.

Compositions with a linear decrease in Y upon heating and a
sharp minimum in Y feature spontaneous ferroelectric behavior at low
temperature, also evident in the absence of frequency dispersion in the
dielectric measurements on unpoled samples.15 While NBT-3BT and
NBT-12BT feature sharp minima in Y regardless of FC or Q, this
holds only for NBT-9BT Q but not for the FC sample. This provides
additional evidence to a stabilization of the ferroelectric state upon
quenching.

PNR VF as a function of composition at 300 �C is depicted in
Fig. 4(a). At 300 �C, only tetragonal PNRs are assumed to be present.
Quenching increases PNR VF especially for MPB compositions, NBT-
6BT and NBT-9BT. The largest increase was obtained for NBT-6BT
correlating with the largest increase in the lattice distortion for this
composition (Fig. 2). At 300 �C, NBT-6BT FC exhibits a PNR VF of
31%, while NBT-6BT Q reveals 43% PNR VF. NBT-3BT and NBT-
12BT, which are ferroelectrics at room temperature and more apart
from the MPB, provide only marginal changes in PNR VF between FC
and Q samples. Given that quenching is known to stabilize the ferro-
electric order,15 this warrants an increase in the coherence length of
PNRs. The increase in the coherence length of PNRs would then
involve an increase in the size of PNRs and/or an increase in their
number density at higher temperatures; upon cooling, these polar

FIG. 3. Young’s modulus and PNR volume fraction as a function of temperature for
NBT-3, 6, 9, and 12BT. Vertical, dashed black and red lines denote TF-R, and blue
lines denote TM [established from poled e0(T), Fig. S3 in the supplementary material]
for FC and Q samples, respectively. The phase notations in blue correspond to the
phase assemblage of furnace-cooled samples reported in the literature.9,27,28

FIG. 4. (a) PNR volume fraction and Young’s modulus as a function of BT content
at 300 �C. (b) Difference in e0 of unpoled samples between low (100 Hz) and high
(1 MHz) frequencies at 40 �C and TF-R [established from the poled e0 (T), Fig. S3]
as a function of BT content.
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entities then coalesce into larger ferroelectric domains. Therefore, the
increase in PNR VF at elevated temperatures promotes the ferroelec-
tric order at room temperature. Note that above TF-R, Q and FC of
NBT-6BT and NBT-9BT exhibit a frequency dispersion in the dielec-
tric response (clearly discerned from Fig. S4), characterizing the
relaxor state. This, then rationalizes the increased PNR VF established
for the quenched materials above TF-R. Quenching NBT is known to
result in a larger, but more consistent off-centering of the Bi3þ-ion,
resulting in a more ordered local structure,14 which can be linked to
the stabilization of the ferroelectric state. Since Bi3þ-ion displacement
induces the formation of PNRs, a correlation between the more
pronounced off-centering and an increased PNR volume fraction is
suggested.6

NBT-6BT exhibits the strongest decrease in Young’s modulus
(8%) upon quenching, consistent with the study by Zhang et al.,17 and
correlates with the strongest increase in lattice distortion. The other
investigated compositions reveal only a marginal decrease in Y upon
quenching. The decrease in Y caused by the quenching treatment is
suggested to be related to the structural changes in the material, e.g.,
enhanced lattice distortion and larger off-centering of the Bi3þ

ion.17,18

The difference in permittivity at low (100Hz) and high (1MHz)
frequencies characterizes relaxor features29 and is provided for
unpoled samples at 40 �C in Fig. 4(b) (Fig. S4 in the supplementary
material). Both FC and Q samples of NBT-3BT and NBT-12BT dem-
onstrate the absence of frequency dispersion in permittivity at room
temperature even in the unpoled state, while FC and Q samples of
NBT-6BT feature relaxor characteristics. Q samples of all composi-
tions exhibit lower values of e0100Hz–e01MHz, compared to FC samples.

A strong difference in e0100Hz–e01MHz can be observed for FC and Q
samples of NBT-9BT, validating the stabilization of the ferroelectric
state upon quenching. These observations correlate with the results
from RFDA measurements. Temperature-dependent dielectric data
from poled samples (Fig. S3 in the supplementary material) reveal an
increase in TF-R by 23–44 �C upon quenching [Fig. 4(b)], which is con-
sistent with reported values.15,30

The domain structure is exemplarily investigated for quenched
NBT-6BT, which exhibited the highest increase in PNR VF [Figs. 5(a)
and 5(b)]. TEM bright-field images of unpoled NBT-6BT Q reveal
lamellar domains next to areas with a more homogenous contrast
[Figs. 5(a) and 5(b)]. In regions where no lamellar domains appear, a
grainy contrast is visible on a magnified scale [Fig. 5(c)]. Here, the
small regions exhibiting a variation of brighter and darker contrast can
be attributed to the PNR nanostructure. They are in the size range of
approximately 5 to 10nm. The presence of areas with lamellar domain
contrast reflects the increased coherence length between the PNRs and
consequently increased lattice distortion upon quenching.

To summarize, an increase in the volume fraction of PNRs is evi-
denced for quenched NBT–xBT, with a pronounced difference of 12%
noted for the MPB composition, NBT-6BT. The non-MPB composi-
tions exhibit negligible changes in PNR VF due to their innate non-
cubic distortions as opposed to NBT-6BT. These results are correlated
with an increased lattice distortion upon quenching and reinforce the
proposed stabilization of the ferroelectric state.

See the supplementary material for the diffraction patterns (Fig.
S1) and lattice parameters (Table SI) of furnace cooled and quenched
samples, comparison of RFDA measurements of three different NBT-
6BT FC samples (Fig. S2), and temperature-dependent real and imagi-
nary part of the permittivity of poled and unpoled samples (Figs. S3
and S4).
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