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Quenching lead-free Na1/2Bi1/2TiO3-based ceramics from sintering temperature is established to increase
the depolarization temperature, Td and the lattice distortion. In situ synchrotron X-ray diffraction
measurements were carried out on furnace cooled and quenched Na1/2Bi1/2TiO3 - BaTiO3 (NBT-BT) with 6
and 9 mol. % BT to discern the field-induced ferroelectric order. Phase fractions were determined from
full pattern Rietveld refinements and utilized together with the change in unit cell volume to calculate
volumetric strain resulting from phase transformations. NBT-6BT demonstrates a cubic symmetry in the
furnace cooled state but quenching stabilizes the rhombohedral R3c phase and delays the formation of a
field-induced, long range-ordered tetragonal phase, thereby shifting the onset of macroscopic strain to
higher fields. A field-induced phase transition from a weakly distorted rhombohedral to tetragonal phase
can be observed in furnace cooled NBT-9BT. However, this phase transition cannot be detected in
quenched NBT-9BT, since the ferroelectric tetragonal P4mm phase is stabilized in the initial state. In
contrast to the furnace cooled materials, both the quenched compositions exhibit overall negligible
volumetric strain as a function of electric field. Furthermore, scanning electron micrographs of chemi-
cally etched, poled and unpoled samples reveal an increased lamellar domain contrast in the quenched
materials. All these findings strengthen the hypothesis of a stabilized ferroelectric order resulting in the
absence of a field-induced phase transformation in quenched NBT-BT.

© 2022 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the past decades, the market of piezoelectrics has been
dominated by lead-based materials. However, growing environ-
mental concerns due to the toxicity of lead render it a necessity to
find lead-free alternatives for widely used lead-based piezoelectric
materials [1,2]. The relaxor ferroelectric Na1/2Bi1/2TiO3 - BaTiO3
(NBT-BT) system was first described in 1991 [3]. NBT-based mate-
rials exhibit great potential for high power applications [4e6].
Relaxor ferroelectrics differ from normal ferroelectrics by the
presence of a strong frequency dispersion in the dielectric
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response. Their structure is simplistically described as a cubic
matrix with non-cubic, polar, nanometer-sized inclusions labelled
as polar nanoregions (PNRs) [7,8].

NBT-BT features a morphotropic phase boundary (MPB) located
around a BTcontent of 5e10mol. % [3,9,10] between the relaxor NBT
and the ferroelectric, tetragonal BT end members. Even though NBT
is often described as rhombohedral (R3c) [11], evidence exists for a
much more complex crystal structure including lower symmetry
space groups such as monoclinic (Cc) [12,13] and hierarchical
structures [14,15]. The overall structural disorder of NBT is con-
nected to the A-site disorder and off-centering of the Bi3þ-ion
[16,17].WhileNBT-BT is a tetragonal ferroelectricwith aP4mm space
group at a BT-content of>11mol. %, the structure at theMPB ismore
complex. It is mainly described as a phase mixture of weakly dis-
torted rhombohedral and tetragonal phases on the meso-to nano-
scale [9,18] but as cubic-like on a global scale with very weak non-
cubic distortions, if any [19,20]. Since the sensitivity of X-ray
diffraction is not sufficient to detect such small distortions of the
er B.V. This is an open access article under the CC BY-NC-ND license (http://
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structure at theMPB, thematerial is commonlydescribedaspseudo-
cubic [20,21]. However, the aforementioned coexistence of rhom-
bohedral and/or tetragonal phases on a meso-to nanoscopic scale
was corroborated by different techniques, which allow probing of
the local structure. Using Raman spectroscopy,Wylie-van Eerd et al.
showed that MPB compositions of NBT-BT contain rhombohedral
and tetragonal phases in the poled and unpoled state and even at
temperatures above the depolarization temperature [22]. Electron
diffraction patterns recorded via transmission electron microcopy
(TEM) reveal superlattice reflections proving the coexistence of
rhombohedral R3c and tetragonal P4bm symmetries at the MPB
[18,23e25]. In single crystal NBT-4BT, rhombohedral nanoregions
most likely separated by a tetragonal phase were reported based on
diffuse X-ray scattering [26]. Using diffuse and quasielastic neutron-
scattering, Pforr et al. described NBT-3.6BT as tetragonal platelets
embedded in a rhombehedral matrix [27,28].

Furthermore, MPB compositions of NBT-BT are classified as
nonergodic relaxors [29,30], whereby, the material undergoes an
irreversible transition from relaxor to ferroelectric state upon
application of an electric field or stress [31,32]. Heating thematerial
above the ferroelectric to relaxor transition temperature, TF-R
transforms it back to the relaxor state. The application of NBT-BT is
hindered by the material's low depolarization temperature, Td
which is dictated by TF-R and coincides with the disappearance of
the ferroelectric P4mm phase [33]. Therefore, several attempts have
been made to improve the thermal stability by chemical modifi-
cation [34e36], the formation of composites [6,37] and quenching
the material rapidly from close to sintering temperature [38,39].
Quenching was shown to increase the Td of NBT-BT by up to 60 �C
depending on the composition [40,41] and to introduce changes in
structure such as enhanced lattice distortion [38], increased off-
centering of the A-site occupying Bi3þ-ion [42] and higher PNR
volume fraction at elevated temperatures [41], apart from
enhancing the conductivity [40,43,44]. These observations were
used to hypothesize a stabilized ferroelectric order, leading to an
increase in Td [40]. This is especially noticeable for NBT-9BT, which
spontaneously (without any external stimuli) transforms into a
ferroelectric upon quenching [40].

In piezoelectric materials, structural properties under applied
fields including lattice extension and phase transitions are directly
linked with properties such as the converse piezoelectric coeffi-
cient [45,46]. Therefore, understanding field-induced phase tran-
sitions and other structural changes in a material system is critical
to effectively tailor the material's properties. In the case of non-
ergodic relaxor NBT-BT, the field-induced transition from relaxor to
ferroelectric state is accompanied by long-range ordered rhombo-
hedral and tetragonal structures [21,47e49] and the aforemen-
tioned, average pseudo-cubic phase disappears [50].

Since quenching NBT-BT is hypothesized to stabilize a ferro-
electric order (here we refer to the quenching-induced ferroelectric
order that develops partially/wholly depending on composition to
exhibit characteristics akin to that of poled NBT-BT [25]), it be-
comes pertinent to probe the field-induced phase transition in
order to establish the relaxor/ferroelectric stability. To this end,
quenched samples of NBT-BT with 6 and 9 mol. % BT are compared
to furnace cooled specimen by utilizing in situ electric field-
dependent synchrotron X-ray diffraction to investigate the phase
transformation and calculate the resulting volumetric strain. The
microstructural evidence is provided by scanning electron micro-
scopy (SEM) of chemically-etched poled and unpoled samples.

2. Experimental section

NBT-BT ceramic powders with 6 and 9 mol. % BT substitution
(abbreviated as e.g. NBT-6BT for 6 mol. % BT) were prepared via
2

solid state synthesis route. Raw powders of Na2CO3 (99.5 %), BaCO3
(99.8 %), Bi2O3 (99.975 %) and TiO2 (99.6 %) (all Alfa Aesar, Thermo
Fisher Scientific, Kandel, Germany) were dried at 100 �C for 24 h
before weighing. Stoichiometric ratio of raw powders were milled
in a planetary ball mill at 250 rpm for 24 h with zirconia balls and
ethanol as milling medium. The resulting powders were dried and
calcined at 900 �C for 3 h, followed by a second milling step. The
calcined powders were sieved, pressed into pellets and sintered at
1150 �C for 3 h with a heating rate of 5 �C/min. Reference samples
were cooled inside the furnace and are referred to as ‘FC’ (furnace
cooled). Another set of samples were taken out of the furnace after
the sintering dwell time of 3 h and rapidly cooled to room tem-
perature assisted by a conventional air fan. These samples are
referred to as ‘Q’ (quenched).

The surfaces of the ceramic discs were ground and silver elec-
trodes were applied via sputtering. Rectangular bars of 1 � 1 �
6.7 mm3 were cut out and annealed at 400 �C for 30 min to relieve
residual stresses. In situ synchrotron X-ray diffraction measure-
ments were carried out at the 11-ID-C beamline (Advanced Photon
Source, Argonne National Laboratory) in transmission geometry. An
incident X-ray beamwith a wavelength of 0.1173 Å (105.7 keV) and
beam size of 0.5 � 0.5 mm2 was used. 2D diffraction patterns were
recorded with a PerkinElmer 2D detector at a physical detector
distance of 2322 mm. Stepwise electric field was applied from 0 to
6 kV/mm with a step size of 0.5 kV/mm and 30 s holding time at
each step to equilibrate before collecting a pattern. A diffraction
pattern of a powder CeO2 standard was recorded as reference.

The resulting 2D diffraction patterns were divided into 10 sec-
tors with critical angles of 10� using DAWN software Version 2.15.0
[51]. The sector integrated from J ¼ �5� e 5� is referred to as
J ¼ 0� and corresponds to scattering vectors most closely parallel
to the electric field direction. Other vectors are referenced as J
from 10� to 90�. The measurement setup and subdivision in sectors
was done like visualized in Ref. [52]. Full pattern refinements of the
data obtained atJ¼ 45� were carried out using TOPAS V6. To refine
the instrumental parameters, the diffraction pattern of the CeO2
standard was utilized. In addition to the full pattern refinements,
peak fitting of selected reflections with pseudo-Voigt profile func-
tions was used to evaluate the changes in unit cell volume as a
function of electric field amplitude.

Longitudinal macroscopic strain measurements were carried
out as a function of applied electric field using a Sawyer-Tower
circuit and an optical displacement sensor. The incremental field
steps were applied in the same way as during the in situ X-ray
diffraction measurements to correlate with the calculated param-
eters from the diffraction patterns.

Disk-shaped pellets of all compositions were fabricated for
microstructural investigations. These samples were polished with
15, 6, 3, 1 and ¼ mm diamond paste. Part of the samples were
electroded with conductive silver lacquer and poled in a silicon oil
bath at room temperature by application of an electric field of 6 kV/
mm for 20 min. Subsequently, the electrodes were removed with
acetone and chemical etching was performed by immersing the
samples into a solution of 4% HCl, 2% HF and 94% distilled water for
30e60 s. The samples were carbon coated before the SEM images
were recorded with a JEOL JSM 7600F (JEOL, Tokyo, Japan) in the
backscattered electron (BSE) mode.

3. Results and discussion

3.1. Field-induced relaxor-to-ferroelectric transformation

The evolution of peak profiles as a function of electric field is
depicted in Fig.1 for two primary sets of reflections. To be consistent
in referring to these sets of reflections across multiple phases, we
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report the profile(s) relative to the cubic cell, or a pseudo-cubic (PC)
reference frame. Fig.1 shows the 111pc and 200pc profiles ofNBT-6BT
FC and NBT-6BT Q parallel to the direction of electric field (J ¼ 0�).
Fig.1a-d displays the evolution of these profiles with electric field as
contour plots,while Fig.1e-h contrasts the differences of the profiles
before application of an electric field and at the maximum applied
field. 111pc and 200pc are the critical profiles for observing rhom-
bohedral (R) and tetragonal (T) distortions in the material, respec-
tively.NBT-6BTFCappears as cubic in the zero-field state,most likely
due to the limitations in the resolution of X-ray diffraction
[20,32,40,48] (Fig. 1e and g). Between 1.5 and 2.0 kV/mm, peak
splitting in 111pc and 200pc (Fig. 1a and b) sets in (marked by the
dashed magenta line), accompanied by the appearance of a
Fig. 1. In situ synchrotron X-ray diffraction patterns of NBT-6BT FC and NBT-6BT Q during app
of the 111pc and 200pc profiles upon application of electric field (J ¼ 0�) from the unpoled s
indicate the appearance of new reflections (magenta) or prominent shift in intensity of exi
field for J ¼ 0� . SR marks the superlattice reflection in (a), (c), (e) and (f).

3

superlattice reflection (SR) (Fig. 1a). The SR is located at 2qz 2.86�

and characteristic of the rhombohedral R3c phase or monoclinic Cc
phase. However, evidence for the presence of Cc phase could not be
observed in the limits of the diffraction resolution. Therefore, we
conclude a field-induced phase transformation from average cubic
(C) to R and T. It was reported in literature that this electric field-
induced transformation can be observed at field amplitudes
around1.6 kV/mmwith in situX-raydiffractionexperimentsonNBT-
7BT at room temperature [21] and around 2.3 kV/mm derived from
thermometrydata ofNBT-6BT [53],which is in close agreementwith
the present study. Further increase in field amplitude causes a shift
in relative peak intensities at ~5 kV/mm (dashed green line) in the
111pc doublet, which hints towards a domain switching event.
lication of electric field, starting from the unpoled state. (a) and (b) depict the evolution
tate of NBT-6BT FC. (c) and (d) depict the same for NBT-6BT Q. Horizontal dashed lines
sting reflections (green). (e)e(h) compares the hklpc reflections at zero and maximum
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NBT-6BT Q already features a splitting in the 111pc profile
accompanied by a SR in the initial state (Fig. 1c), while the 200pc
reflection is a singlet (Fig. 1h), substantiating the existence of R
phase even before application of electric field [41]. This corrobo-
rates the stabilization of a long-range-ordered rhombohedral phase
upon quenching. Between 2.5 and 3.0 kV/mm, the peak splitting in
111pc becomes more prominent (Fig. 1b) and a weak splitting in
200pc starts to appear (Fig. 1d), both marked by the dashed
magenta line, indicating a phase transformation.

The evolution of peak profile as a function of electric field is
depicted as contour plots in Fig. 2a-d for the 111pc and 200pc pro-
files of NBT-9BT FC and NBT-9BT Q parallel to the direction of
electric field (J ¼ 0�). Fig. 2e-h contrasts the differences of the
Fig. 2. In situ synchrotron X-ray diffraction patterns of NBT-9BT FC and NBT-9BT Q durin
evolution of the 111pc and 200pc reflections upon application of electric field (J ¼ 0�) fro
horizontal dashed line indicates a phase transformation. (e)e(h) compares the hklpc reflect

4

critical reflections before application of electric field and at the
maximum applied field. Before application of electric field, NBT-
9BT FC features a singlet in 111pc (Fig. 2e), while the 200pc profile
shows a weak splitting (Fig. 2g) which is associated with the exis-
tence of tetragonal distortions [9]. In tetragonal materials, the 200
reflection of the cubic phase splits into two reflections, namely
002T at lower 2q angles and 200T at higher 2q angles, respectively.
Between 0.5 and 1.0 kV/mm (Fig. 2b, magenta dashed line), the
intensity of the 002T reflection increases strongly, indicating a
phase transformation.

For both NBT-9BT FC and NBT-9BT Q, no splitting of the 111pc
profile is observed - neither in the initial state nor under applica-
tion of an electric field (Fig. 2a, c, e and f). The 200pc profile of NBT-
g application of electric field, starting from the unpoled state. (a) and (b) depict the
m the unpoled state of NBT-9BT FC. (c) and (d) depict the same for NBT-9BT Q. The
ions at zero and maximum field with J ¼ 0� .
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9BT Q already shows a clear splitting in the initial state (Fig. 2h),
which is stronger than that of NBT-9BT FC. Upon application of an
electric field, no abrupt change in peak intensities or peak position
is observed. The only visible effect is a gradual shift of peak in-
tensities in the doublet within the 200pc profile (Fig. 2d). This
absence of field-induced changes (in contrast to NBT-6BT FC and
NBT-6BT Q) correlates with the findings of K. V. Lalitha et al. [40],
wherein a spontaneous ferroelectric order upon quenching NBT-
9BT was established from dielectric data, accompanied by an in-
crease in lattice distortion. A spontaneous ferroelectric order was
also previously evidenced in NBT-9BT composites with ZnO in-
clusions, which also demonstrated increase in Td, akin to NBT-9BT Q
[54]. Note the slight shift of the 111pc profile of both NBT-9BT FC and
NBT-9BT Q towards lower 2q values, indicating an extension of the
unit cell in direction of the electric field (Fig. 2e and f).

As reported earlier, at higher electric fields, all the investigated
compositions are in a ferroelectric state [40]. Electric field-induced
crystallographic texturing in a ferroelectric material is directly
associated with the fraction of realigned domains. Texture factors
(f), which reflect pole densities in units of multiples of a random
distribution (MRD), were calculated to compare domain switching
of FC and Q samples. Fig. 3a-d shows the 111pc reflections for NBT-
6BT FC and NBT-6BT Q and the 200pc reflection for NBT-9BT FC and
NBT-9BT Q at maximum applied fields of 6 kV/mm for different
angles with respect to the electric field (J). Texturing is clearly
visible in all the materials, apparent from the change in peak in-
tensities as a function of J. Texture factor for the dominant phase
of each compositionwas calculated at maximum field using the 45�

data as reference state with the following equations [47,55,56].

f111 ¼4
I111
I’111

I111
I’111

þ 3
I
111
I’
111

(1)

and
Fig. 3. 111pc profile of NBT-6BT FC (a) and NBT-6BT Q (b) and 200pc profile of NBT-9BT FC (
factors adopting the peak fitting approach for the rhombohedral phase of NBT-6BT FC and

5

f002 ¼3
I002
I’002

I002
I’002

þ 2 I200
I’200

(2)

where, Ihkl is the integrated hkl peak intensity at the respective
angle and I’hkl is the reference intensity at 45�. The J ¼ 45� sector,
meaning the data integrated in the range J ¼ 40e50� was defined
as the reference state for calculating the texture factors based on
the shift in d-spacing of 200pc single reflections and in accordance
with literature [52]. In our case, the zero field state cannot serve as
reference state due to the field-induced phase transition accom-
panied by peak splitting.

f111 values for NBT-6BT FC and NBT-6BT Q show close to no
difference (at J ¼ 0� values of 2.00 and 2.07 MRD, respectively) at
6 kV/mm, meaning that quenching NBT-6BT does not affect the
degree of texturing of the rhombohedral phase upon application of
an electric field. Nevertheless, there is a significant difference be-
tween the texture strength of NBT-9BT FC and NBT-9BT Q. The
tetragonal phase in NBT-9BT Q (1.35MRD) exhibits stronger texture
compared to NBT-9BT FC (1.23 MRD), withmaximumvalues for f002
parallel to the direction of electric field (J ¼ 0�). An increase in
texture factor for quenched samples indicates an increased domain
switching fraction in the T phase upon application of electric field.
Oneway to rationalize this are the different conditions of formation
of the T phase in NBT-9BT FC and NBT-9BT Q. In NBT-9BT FC, the T
phase is mainly electric field-induced and therefore, might not be
strongly textured, as opposed to NBT-9BT Q, wherein, the T phase is
for the most part already present in the initial state and hence,
more susceptible to field-induced texturing.

Defining a nominally untextured reference state allows full
pattern refinements to be carried out without having to use a
texture model. Introducing a spherical harmonics model to account
for texturing was attempted similar to what is reported in Ref. [57].
c) and NBT-9BT Q (d) for different azimuthal ranges at 6.0 kV/mm. Calculated texture
NBT-6BT Q (e) and the tetragonal phase of NBT-9BT FC and NBT-9BT Q (f).
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A similar approach was successfully used on comparable data by
Hinterstein et al. [48,58]. However, in our case the fits were un-
stable and did not converge to a reasonable minimum, most likely
due to a larger number of refinement variables and a limited
number of reflections to fit. Therefore, the approach of refining a
nominally untextured state (random texture) without utilizing a
texture model was adopted.

Fig. 4 shows the nominally untextured data at J ¼ 45� for all
investigated materials. The FC data of both compositions (Fig. 4a
and c) features much stronger changes in peak intensities, width
and position compared to the Q data (Fig. 4b and d) with increasing
electric field. Under the nominally untextured assumptions,
changes in the diffraction profiles can only be attributed to a change
in lattice parameters and/or phase transformations, but not to
domain reorientation. Using the whole diffraction patterns at
J ¼ 45�, full pattern Rietveld refinements were carried out to
evaluate the phase fraction and unit cell parameters. The absolute
phase fraction established using this strategy does not account for
the grain-scale strain heterogeneity noted for NBT-BT materials,
wherein orientation-dependent phase evolution has been noted
[59]. We rather adopt a comparative study using diffraction pat-
terns at J ¼ 45� to track the influence of quenching-induced
ferroelectric state on the field-induced relaxor-ferroelectric
transformation.
Fig. 4. 111pc profiles of NBT-6BT FC and NBT-6BT Q (a and b) and 200pc profiles of NBT-9B
diffraction data recorded at J ¼ 45� .

6

Phase fraction for cubic, rhombohedral and tetragonal phases
established via Rietveld refinements are presented in Fig. 5. NBT-
6BT FC (Fig. 5a) is cubic in the initial state within the resolution
limit of X-ray diffraction and was refined using a Pm3m phase
model [20,48]. Between 1.5 and 2.0 kV/mm, NBT-6BT FC transforms
from a single-phase cubic state into a two-phase mixture between
dominant rhombohedral R3c (77%) and tetragonal P4mm phase
(23%) [20,21,48]. Upon further increase of the electric field, the
phase fractions evolve to 81% R and 19 % T phase at the maximum
field amplitude of 6.0 kV/mm.

NBT-6BT Q (Fig. 5b) is a phase mixture already in the initial state
fitted with 71% R3c and 29% Pm3m. The quenching-induced
lowering of the average symmetry caused by an increase in unit
cell distortion was reported previously [25,38,41] and can be
rationalized by a more pronounced off-centering of the Bi3þ-ion
[42]. This leads to a globally more distorted structure, which can be
resolved using XRD and manifests in our case in the evolution of
average rhombohedral R3c symmetry. Upon application of electric
field, the rhombohedral phase fraction in NBT-6BT Q increases to
80% R3c at 2.5 kV/mm, before transforming into a two phase system
consisting of R3c and P4mm phases between 2.5 and 3.0 kV/mm.
Upon further increasing the electric field, at first, the R phase
content increases to 93% followed by a slight decrease to 88% at
6.0 kV/mm.
T FC and NBT-9BT Q (c and d) as a function of electric field. All the plots depict the
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NBT-9BT FC (Fig. 5c) exhibits an initial phase composition of 60%
R and 40% T phase fitted with the space groups R3m and P4mm,
respectively. A purely tetragonal phase model did not give a satis-
factory fit. Note that, NBT-9BT FC does not show a splitting of the
111pc reflection because of a very small rhombohedral distortion
(Fig. 2e). However, a rhombohedral phase was used in accordance
with literature, partly based on TEM findings [25,54]. At an electric
field amplitude of 1.0 kV/mm, the P4mm phase fraction increases to
83% while the R3m phase fraction decreases to 17%. With further
increasing field, the tetragonal phase fraction reaches a maximum
at 5.0 kV/mmwith 91% followed by a decrease to 82% at maximum
field.

NBT-9BT Q was also refined using a two-phase mixture of R3m
and P4mm, but with a significantly higher tetragonal phase fraction
of 84% in the initial state compared to NBT-9BT FC. Upon applica-
tion of electric field, the phase fractions do not change much. The
tetragonal phase fraction increases to 89% at maximum field
amplitude. This quantifies the absence of a phase transformation as
indicated before by the peak profile evolution depicted in Fig. 2d
and corroborates the stabilization of a ferroelectric order upon
quenching [40]. None of the NBT-9BT compositions show a SR
around 2q ¼ 2.86�. Therefore, the presence of R3c phase was
excluded. Overall, the quenching-induced stabilization of ferro-
electric order results only in dominant domain switching pro-
cesses, as opposed to the furnace cooled specimen which
undergoes relaxor-ferroelectric transformation, in accordance with
prior studies [40,41].
Fig. 5. Phase fraction as a function of electric

7

3.2. Volumetric strain resulting from phase transformation

Evaluation of the phase fraction and change in unit cell volume
as a function of electric field allows calculation of volumetric or
phase transformation strain, ε

V , resulting from phase trans-
formation using [21,60].

ε
V ¼1

3

h�
Vfield �Vinitial

�.
Vinitial

i
(3)

where, Vfield and Vinitial are the average unit cell volumes at a
certain field step or before application of an electric field, respec-
tively. V is calculated as the weighted sum of the unit cell volume of
the coexisting phases. Therefore, Eq (3), exemplarily for NBT-6BT FC
after the phase transition, can be specified to

ε
V ¼1

3
½fðPFR �VRÞþ ðPFT �VT Þ�VCg =VC � (4)

where, PF is the phase fraction of the respective phase and VR; VT
and VC are the unit cell volume of rhombohedral and tetragonal
phase at a certain field and of the initial cubic phase, respectively.
The unit cell volume is calculated using the lattice parameters of
the respective phase averaged throughout the whole orientation
space, e.g. for the rhombohedral lattice parameter [60].
field obtained using Rietveld refinement.
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aR ¼
ð2p

f¼0

aðf Þsinðf Þdf (5)

or in discrete form

aR ¼
X90�

f¼0�
aðf Þ�cosðfiÞ� cos

�
fj

��
(6)

withfi andfj being the low and high boundaries of the respective
azimuthal range. Fig. 6 depicts the calculated volumetric strains
plotted together with macroscopic strain measured with the same
stepwise increase of electric field and the same time at each field as
in the in situ diffraction experiments. The macroscopic strain
measurements reveal an increase in the switching field (inflection
point of the strain curve) by 0.5 and 1.0e1.5 kV/mm for NBT-6BT
and NBT-9BT upon quenching, respectively. The maximum strain
is higher for NBT-6BT Q compared to NBT-6BT FC (0.47 and 0.42%
respectively), while it is slightly lower for NBT-9BT Q compared to
NBT-9BT FC (0.30 and 0.31% respectively), therefore, showing no
consistent trend.

NBT-6BT FC and NBT-9BT FC (Fig. 6a and c) both show an in-
crease in ε

V to ~ 0.12% at 2.0 kV/mm and ~ 0.07% at 1.0 kV/mm,
respectively caused by the relaxor-to-ferroelectric transformation.
This is followed by rather constant strain values with increasing
field. Note that for both NBT-6BT FC and NBT-9BT FC, the inflection
in the calculated strain occurs at the same field step at which the
phase transformation sets in (Fig. 5a and c). When comparing ε

V of
NBT-9BT FC with the macroscopic strain measurement, there is a
0.5 kV/mm difference in the inflection point of the strain response
(Fig. 6c), which could be rationalized due to the differences in the
Fig. 6. Measured macroscopic strains and calculated v
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experimental condition between the synchrotron measurement
(sample exposed to a high energy X-ray beam) and the strain
response obtained in the laboratory using a Sawyer-Tower circuit.

While both NBT-6BT FC and NBT-9BT FC show a correlation
between the onset of macroscopic strain and ε

V , the Q composi-
tions (Fig. 6b and d) do not exhibit a sudden increase in ε

V , even
though a comparable increase in macroscopic strain can be
observed regardless of FC or Q. Both NBT-6BT Q and NBT-9BT Q
exhibit overall low values for εV . Even though NBT-6BT Q features a
phase transformation, the quenched material does not exhibit an
inflection in the volumetric strain. The absence of phase transition
in NBT-9BT Q clearly reflects in ε

V values close to zero regardless of
the applied field amplitude.

The quenching-induced ferroelectric order alters the phase
transformation, resulting in overall negligible ε

V values in the case
of both NBT-6BT Q and NBT-9BT Q. This absence of field-induced
volumetric strain upon quenching correlates to what is known
from prior works [40,41]. The absence/weakened structural
changes upon application of an electric field in quenched NBT-BT
evidenced in this diffraction study can be rationalized by the
more pronounced off-centering of the Bi3þ-ion accompanied by an
overall strong lattice distortion in quenched samples [42] in com-
parison to the furnace cooled samples [16,25]. Furthermore,
quenching alters the equilibrium oxygen vacancy concentration
due to freezing-in of the defect distribution from a high tempera-
ture state, reflecting as increased conductivity [40,44]. Both, the
stronger Bi3þ-ion off-centering and the non-equilibrated oxygen
vacancy concentration could lead to a consolidation of the structure
promoting the spontaneous formation of a ferroelectric order
without the need of an external stimulus [40]. This might ulti-
mately lead to lower electric field-induced strain and delayed
onset/absence of phase transformation in quenched NBT-BT (Fig. 6).
olumetric strain ε
V as a function of electric field.



Fig. 7. SEM micrographs (BSE, 15 kV) of chemically etched unpoled and poled (6 kV/mm) NBT-6BT FC (a,b), NBT-6BT Q (c,d), NBT-9BT FC (e,f) and NBT-9BT Q (g,h).
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Additionally, Das Adhikary and co-authors [33] correlated the de-
polarization of NBT-BT with�6 mol.% BT with the disappearance of
ferroelectric P4mm phase. Since quenching stabilizes ferroelectric
P4mm phase, as clearly evident from the results of NBT-9BT Q from
this study, this stabilization can be assumed to hold also true at
elevated temperatures, subsequently leading to an increase in the
depolarization temperature as reported earlier [38,40,41].

3.3. Microstructural characterization: domain contrast

Differences in the domain structure are apparent in the SEM
micrographs, featuring a trend towards an increased lamellar
domain contrast for quenched and poled samples. In unpoled NBT-
6BT FC (Fig. 7a), no long-range ordered domain structures appear,
which is consistent with the relaxor state characterized by PNRs
and the absence of lamellar domains. The equivalent poled sample
(Fig. 7b) has a similar appearance in SEM, where domains are
widely absent. Only very few local regions feature irregular domain
contrast. In contrast, NBT-6BT Q already shows fine lamellar do-
mains in the unpoled state (Fig. 7c). Such a morphology in NBT-BT
hints towards the presence of tetragonal, ferroelectric domains
[61]. The occurrence of lamellar domains corroborates a stabilized
ferroelectric order upon quenching, also in accordance with the
aforementioned literature [25], where an increased lamellar
domain contrast was observed in NBT-6BT Q using TEM. After
poling, the domains appear more prominent and have increased in
width and length (Fig. 7d). NBT-9BT FC, which is located more on
the tetragonal side of the MPB region, shows weak lamellar do-
mains in the unpoled state (Fig. 7e). Upon poling, domains appear
more abundant and pronounced (Fig. 7f). The same holds true for
the NBT-9BT Q composition, however, the domains in the unpoled
sample (Fig. 7g) appear more distinct compared to the FC state. A
prominent domain contrast develops in NBT-9BT Q upon poling
(Fig. 7h). This correlates with the slightly higher tetragonal phase
fraction for NBT-9BT Q (89%) in comparison to NBT-9BT FC (82%) at
maximum field (Fig. 5).

4. Conclusions

In this work, quenched and furnace cooled NBT-6BT and NBT-
9BT ceramics were studied using in situ synchrotron electric field-
dependent X-ray diffraction and scanning electron microscopy.
Full pattern Rietveld refinements reveal an increase in rhombohe-
dral phase fraction in quenched NBT-6BT, while in quenched NBT-
9BT, the absence of a relaxor-to-ferroelectric transformation,
9

accompanied by the stabilization of tetragonal ferroelectric phase is
evidenced. This quenching-induced ferroelectric order results in
strong reduction of volumetric strain upon application of electric
field. The calculated volumetric strain is negligible/zero for the
quenched materials, corroborating the delayed onset/absence of
relaxor-to-ferroelectric transformation, depending on BT content.
Additionally, SEM micrographs of chemically etched samples
exhibit strong lamellar domain contrast for quenched samples even
before poling, further validating the quenching-induced stabiliza-
tion of ferroelectric order.
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