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Abstract
Recently, poled Na0.50Bi0.50TiO3-BaTiO3 (NBT-BT)-based polycrystalline mate-
rials have been characterized as possessing a high degree of poling-induced
domain texture in their remanent state. This finding is suggested to be the
reason for their stable mechanical quality factor at high-vibration velocity, mak-
ing them promising candidates for high-power applications. The materials in
consideration are prone to self-heating and thermal run-away, particularly at
slightly elevated temperatures. Therefore, this paper evaluates the temperature
dependence of the poling-induced domain texture of (Na0.47Bi0.47Ba0.06)TiO3

(NBT-6BT) doped with 0.5 mol% of Mg as compared to undoped NBT-6BT. Its
influence on small-signal, large-signal, and high-power properties was inves-
tigated. To obtain a fundamental understanding of crystal structure, in-situ
synchrotron measurements were conducted as function of temperature to
establish a relationship between structure and piezoelectric properties of both
Mg-doped and undoped NBT-6BT materials.
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1 INTRODUCTION

Textured ceramics are aggregates of crystals with a
preferred crystallographic orientation1 and, therefore,
a significant degree of anisotropy. They represent a
compromise between the highest textured but expensive
single crystals and the cheaper but randomly oriented
polycrystalline ceramics.
Texture can be induced through forming processes by

reorienting the polycrystalline grains along the direction
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that maximizes their piezoelectric response.2–4 In this
case, the word texturing is referred to as “grain texturing.”5
Alternatively, texture could be induced in the domain
structure, so in subregions of grains by, for example,
domain engineering techniques. In this latter case, it is
referred to as “domain texturing,”6–8 and it is the type of
texturing being referred to by the authors of this study.
Recently, poled NBT-BT-based polycrystalline materials

have been discovered to exhibit a high degree of domain
texture in their remanent state, even if their structure was
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not previously textured using a conventional process.9 In
this case, the electric poling was sufficient to align the fer-
roelectric domains to a degree of texture almost close to the
theoretical maximum achievable, conferring them such a
high stability that even an extreme driving force (e.g., high
vibration velocity) cannot result in further domain wall
movement, hence increasing extrinsic losses.
The authors have attributed this remarkable domain sta-

bility to the hardening mechanism of the NBT materials
that has been hypothesized to differ from the commonly
accepted for lead zirconate titanate (PZT) ones,10,11 whose
degree of domain texture is considerably lower,6,12,13 and
which may be connected to the relaxor nature of NBT
materials. They have furthermore suggested that the hard-
ening effect may occur during the electrical poling process
and not after it. A similarly high degree of domain texture
was also reported in the ferroelectric 0.55Bi(Ni1/2Ti1/2)O3-
0.45PbTiO3 (BNT-45PT) composition.14 However, the raw
diffraction data do not exhibit such a high degree of
domain texture, and the texturing factor was calculated in
different fashion as compared to our approach, making a
comparison difficult.
If, on one hand, the origin of such a high degree of

domain texture in NBT-BT-based materials needs more
studies for complete understanding, on the other hand, the
enhanced texturing rationalizes the high stability of their
quality factors when tested at room temperature in high-
vibration mode, making them promising candidates for
high-power applications.9,15,16 Because of the high poling-
induced domain texture, the strain inNBT-BT-basedmate-
rials is primarily due to lattice extension and not domain
wall motion, whose limited contribution guarantees low
losses and high-domain stability of these materials.
Hard-type ferroelectric ceramics are used in a wide

range of high-power applications in the industrial, med-
ical, and automotive sectors. Typical examples are ultra-
sonic motors, transducers, and high-intensity focused
ultrasound devices that allow diagnosis and therapy.17,18
To achieve high output power, these materials must satisfy
some requirements, such as reaching high-vibration veloc-
ity without degrading their piezoelectric properties and
possessing high and stable mechanical quality factors. In
addition, they have to show the stability of their piezoelec-
tric properties in a broad operating temperature range to
avoid, for example, their thermal depolarization.19,20 Fur-
thermore, self-heating is an aspect that must be limited
as much as possible because it causes a reduced maxi-
mum usable vibration velocity.21,22 It was demonstrated
that piezoelectric materials are affected by dielectric, elas-
tic, and piezoelectric losses, and the heat generation at the
resonance frequency, where typically piezoelectric ceram-
ics are driven to obtain their maximum displacement,
mainly originated from the elastic ones,23 whereas heat

generation at off-resonance is mainly attributed to dielec-
tric losses.24–26 Due to the importance of the temperature
influence, many researchers have focused on investigating
the thermal behavior of the electromechanical properties
of several systems and how to improve them.27–31 It turns
out that a comprehensive investigation is necessary to
understand if poling-induced domain texture is an effec-
tive andnovel approach for both increasing the hardness in
NBT-BT-based ceramics and simultaneously guaranteeing
the stability of the piezoelectric properties in an extensive
range of temperatures.
In this paper, we therefore evaluate the temperature

dependence of the poling-induced domain texture of
NBT-6BT doped with 0.5 mol% of Mg in contrast to
undoped NBT-6BT. We report on temperature-dependent
synchrotron x-ray diffractionmeasurements, and correlate
the structure with the macroscopic properties of the mate-
rials quantified with small and large signals, with special
focus on high-power conditions.

2 EXPERIMENTAL

(Na0.47Bi0.47Ba0.06)TiO3 and (Na0.47Bi0.47Ba0.06) (Ti0.995
Mg0.005)O3 ceramics, abbreviated hereafter NBT-6BT
and NBT-6BT-0.5Mg, respectively, were prepared by
solid-state synthesis. Na2CO3 (99.5%), Bi2O3 (99.975%),
BaCO3 (99.8%), TiO2 (99.6%), and MgO (99.99%), all
supplied by Alfa Aesar, were used as raw materials. After
a drying treatment at 100◦C for 24 h, the starting powders
were weighed in their stoichiometric amounts. Then,
the NBT-6BT powders were milled in ethanol for 24 h
using zirconia-stabilized yttria balls of 3 mm in diameter,
whereas the NBT-6BT-0.5Mg powders were milled for 6 h
using zirconia-stabilized yttria balls of 10 mm in diameter.
The obtained slurries were filtered and dried overnight
to eliminate any ethanol residuals. Subsequently, the
powders were calcined in alumina crucibles at 900◦C
for 3 h. As-calcined powders were milled a second time
with the same conditions as the first milling, and then
pressed into disk-shaped pellets under a uniaxial pressure
of 40 MPa. NBT-6BT pellets were sintered at 1150◦C for 3 h
in an alumina crucible with a heating and cooling rate of
5 K/min, whereas NBT-6BT-0.5Mg pellets were sintered at
1100◦C. In both cases, pellets were embedded in a powder
of the same composition to avoid the volatilization of
elements. As-sintered samples were ground and annealed
for 30 min at 400◦C to eliminate any residual mechanical
stresses induced by grinding.
Samples for synchrotron and high-powermeasurements

were obtained following the same procedure as described
above, but utilizing a bar shape of 5 × 3 × 1 mm3 and
15 × 3 × 1 mm3, respectively.
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Poling was performed in a silicone oil bath at 30◦C by
applying a DC field of 6 kV/mm for 15 min.
Temperature-dependent synchrotron X-ray diffraction

analysis of undoped and doped samples at poled state were
carried out at the beamline P02.1 of Deutsches Elektronen-
Synchrotron (DESY) with an incident beam energy of
59.80904 keV (error 0.00158), which corresponds to awave-
length of 0.20730 Å (error 0.00001). The high energy of
the incident beam enables to penetrate ceramic samples,
and ensures that the collected structural information stems
from the bulk interior. An area detector (Dectris Pilatus3 X
CdTe 2M)was used for studying the orientation-dependent
domain texture. The two-dimensional (2D) diffraction pat-
terns were collected at a temperature range from 30◦C to
160◦C, with 10◦C steps.
The 2D patterns were divided into 10 sectors with an

angular range of 20◦ for each sector. The scattering vector
(Q) of each sector was roughly α degrees from the poling
direction (denoted by α sector hereafter), where α ranges
from 0◦ to 90◦. One-dimensional patterns were converted
from the 2D patterns by integrating the intensity in each
azimuth sector using Fit2D.
To obtain a 1D pattern that circumvents the effects of

domain texture and is suitable for Rietveld refinement,
the angle-dependent 1D patterns were summed up with
a geometrically necessary weighting factor according to
Equation (1):32

⟨𝐼⟩ =
90◦∑
∝=0◦

𝐼 (∝)
[
cos (∝𝑖) − cos

(
∝𝑗

)]
(1)

where I(∝) represents the intensity of the ∝ = sector, and
∝𝑖 and ∝𝑗 represent the lower and upper angular bound-
aries of the corresponding sector. The weighted patterns
were refined using the Rietveld method and Topas V5
software.
The {111} and {200} reflections of the patterns from

different azimuthal sectors are fitted with three peaks
with pseudo-Voigt profile function, using the software
LIPRAS.33 The individual peaks are assigned to the
tetragonal and rhombohedral phases according to the
position relationship obtained from Rietveld refinement.
The fhkl parameters, which represent the ratio between
the fraction of hkl-oriented domains (hereafter, the term
“hkl-oriented” denotes the orientationwhere the crystallo-
graphic <hkl> direction is parallel to the poling direction)
at the current state and that at the virgin state were cal-
culated for the tetragonal and rhombohedral phases using
Equations (2) and (3) as follows34:

𝑓111 = 4 ×

𝐼111

𝐼′111

𝐼111

𝐼′111
+ 3

𝐼111̄

𝐼′111̄

(2)

𝑓002 = 3 ×

𝐼002

𝐼′002

𝐼002

𝐼′002
+ 2

𝐼200

𝐼′200

(3)

where f111 and f002 were calculated using the reflec-
tions from the rhombohedral phase and tetragonal
phase, respectively. Ihkl and Iʹhkl represent the inte-
grated intensity of the hkl reflection at the current
state and the reference state, respectively, obtained
similar to the texture-free reference patterns following
Equation (1).
The direct piezoelectric constants (d33) were quanti-

fied 24 h after the poling process, according to European
standard35 using a Berlincourt d33-meter (PiezoMeter Sys-
tem PM 300, Piezotest Pte Ltd.) at 110 Hz.
The thermally stimulated depolarization current

(TSDC) measurements were performed by placing the
poled samples into a furnace, heating to 200◦C at a rate of
2 K/min. The currents were acquired with a Keithley 6485
picoammeter.
The converse temperature-dependent piezoelectric coef-

ficient d33 was determined by applying an AC voltage
signal of 10 Vpp amplitude at 1 kHz to the speci-
mens, and detecting the sample’s displacement by a laser
vibrometer (OFV-505 sensor and VDD-E-600 front-end,
Polytec GmbH). This measurement was performed from
room temperature to 150◦C with a 2 K/min heating
rate.
Dielectric permittivitywas quantified as function of tem-

perature by applying 1 VRMS over a frequency range of
100Hz to 1MHzusing anLCRmeter (HP 4284A). The sam-
ples were heated from room temperature up to 450◦C,with
a heating rate of 2 K/min.
The current density measurements were performed

from 25◦C to 125◦C using an aixPES piezoelectric evalu-
ation system (aixACCT Systems) by applying a triangular
signal voltage at 1 Hz. At the same time, the electrically
induced mechanical displacement was recorded with a
laser interferometer, and the strain of samples was con-
sequently calculated and plotted as function of electric
field.
A customized setup with burst excitation was employed

to assess the high-power properties at room temperature.
For the detailed setup description, please refer to the study
by Slabki et al.36
For temperature-dependent high-power measurements,

the samples were connected to the previously mentioned
setup inside the furnace and were accomplished from
20◦C to 120◦C. At room temperature, three samples of
each composition were evaluated, each three times in res-
onance and antiresonance mode to obtain averaged data
points.
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F IGURE 1 Temperature-dependent intensity evolution (colors, arbitrary units) of the superlattice reflection and the {111}PC and {200}PC
reflections of poled NBT-6BT (A–C) and NBT-6BT-0.5Mg (D–F). Displayed is the data integrated over all scattering angles (0◦-90◦).

The measurements at elevated temperatures were per-
formed on one sample for each composition, which was
quantified three times in resonance and antiresonance
mode at each temperature step.

3 RESULTS AND DISCUSSION

3.1 Crystal structure

The evolution of the {111}PC reflection, {200}PC reflection,
and the superlattice reflection (SR) from R3c phase as a
function of temperature is depicted in Figure 1, with all the
patterns integrated from 0◦ to 90◦.
The synchrotron XRD data exhibit peak splitting in the

{111}PC and {200}PC reflections for both poled samples,
NBT-6BT and NBT-6BT-0.5Mg. A superlattice reflection
(SR) at the 2θ of approximately 5.05◦ at 30◦C (Figure 1)
is also noted. This indicates a phase coexistence of rhom-
bohedral R3c and tetragonal P4mm phases, as reported
in literature,31,37–39 with the SR caused by the anti-phase
octahedral tilting of the R3c phase. Upon heating, the SR
in pure NBT-6BT disappears together with the splitting
of the {111}PC and {200}PC reflections between 90◦C and
100◦C (Figure 1A–C). This corresponds to the transition
into a (pseudo-)cubic structure and correlates with the
material’s ferroelectric-to-relaxor phase transition (TF-R)

and, therefore, depolarization temperature (Td). The very
faint intensity of the 002T reflection, at around 2θ of
6.03◦, increaseswith increasing temperature between 80◦C
and 90◦C. In contrast, the intensity of the {111}R reflec-
tion decreases, implying an increase in tetragonal phase
fraction before the actual depolarization occurs, which is
consistent with earlier reports.40 Two regions, therefore,
characterize theNBT-6BT system: one up to approximately
100◦Cwhere the system reveals a coexistence of the rhom-
bohedral and tetragonal phases, and one above 100◦C
where the system exhibits a cubic structure.
In contrast, the doped system presents three regimes:

the first one, up to 80◦C, in which the rhombohedral
and tetragonal phases are both present; the second region
from 80◦C to 130◦C in which the tetragonal phase is
the predominant one, and the last region above 130◦C
where the system is cubic. In particular, in NBT-6BT-
0.5Mg, the intensity increase of the reflections related
to the tetragonal phase already starts between 60◦C and
70◦C and is more pronounced than in the undoped
system, while the SR vanishes at about 90◦C. Further-
more, the splitting in the {200}PC reflections vanishes at
higher temperatures as compared to the undoped mate-
rial, at around 130◦C, which correlates to the increase
in Td upon Mg-doping.41 This suggests that doping with
Mg stabilizes the tetragonal phase on the cost of the
rhombohedral phase.
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F IGURE 2 Temperature-dependent rhombohedral (R3c),
tetragonal (P4mm), and cubic (Pm3̄m) phase fractions of NBT-6BT
and NBT-6BT-0.5Mg established from Rietveld refinements.

The phase fractions obtained from full pattern Rietveld
refinement, depicted in Figure 2, confirm the quali-
tatively described changes upon heating based on the
inspection of the temperature-dependent peak intensities
(Figure 1). The rhombohedral phase fraction in NBT-6BT
slightly decreases with increasing temperature until 70◦C,
then a strong decrease occurs. At 90◦C, the rhombohe-
dral phase fraction drops to 55%, while the tetragonal
phase fraction increases to 45% (Figure 2A), followed
by a rapid ferroelectric-to-relaxor transition at 100◦C,
above which both the R3c and the P4mm phases vanish
entirely.
In NBT-6BT-0.5Mg, a considerable decrease of the R3c

phase fraction starts at lower temperatures than pure
NBT-6BT (Figure 2B). It decreases to 31% at 80◦C, 20%
at 90◦C, and disappears at 100◦C. However, the P4mm
phase fraction at 30◦C in the doped material is higher
than in the undoped system, and it strongly increases to

87% at 100◦C–110◦C before decreasing to 12% at 130◦C and
vanishing at 140◦C.
It is worth noting that the temperature range in which

the ferroelectric-to-relaxor transition occurs in pure NBT-
6BT-0.5Mg is significantly more extended as compared to
the undoped system. The rhombohedral phase, in fact,
gradually transforms into the tetragonal phase before
becoming cubic.
The evolution of both domain textures of the rhombo-

hedral and tetragonal phases with temperature is depicted
in Figure 3. The f111 (rhombohedral phase) of NBT-6BT-
0.5Mg for the 80◦ and 90◦ sectors could not be established,
as the 111R reflection vanishes at high azimuthal angles
within the detection limit of the XRD experiment. The
f111 and the f002 (tetragonal phase) of the NBT-6BT sys-
tem are close to the theoretical upper limits of four and
three multiples of the random distribution (MRD), respec-
tively, at low azimuthal angles. This is highly unusual and
has been related to the relaxor structure of NBT-6BT.9
In this work,9 NBT-6BT and NBT-6BT doped with Zn
have been described as having a much higher and stable
domain texture than soft PZT, BaTiO3, and (Ka,Na)NbO3,
all quantified at room temperature. The established values
of f111 (Figure 3A) are consistently high for all tempera-
tures considered. In contrast, the degree of texture in the
tetragonal phase (Figure 3B), given as f002, is constant for
all temperatures except for 90◦C up to an azimuth angle
of 30◦. At 90◦C at low azimuthal angles, which is close
to the TF-R of the system, the domain texture is strongly
reduced. A decrease in poling-induced texture upon heat-
ing is reflected in the change in f002 at high azimuthal
angles, above 40◦.
In NBT-6BT-0.5Mg, the texture of rhombohedral

domains (Figure 3C) is even higher than in NBT-6BT and
of similar magnitude in the tetragonal case (Figure 3D)
for the case of low azimuth degrees. The rhombohedral
domain texture is, at first, not affected by the increase in
temperature, persists up to 90◦C, and then disappears. On
the other hand, the domain texture of the tetragonal phase
starts decreasing from 70◦C, and stabilizes between 90◦C
and 110◦C. The temperature-dependent phase fraction of
NBT-6BT-0.5Mg displayed in Figure 2B and the evolu-
tion of its rhombohedral and tetragonal domain texture
displayed in Figure 3C,D can be directly correlated. The
rhombohedral to tetragonal phase transition of the doped
system, which occurs at approximately 70◦C, is reflected
by a decrease of the tetragonal texture in Figure 3D. Thus,
it can be inferred that the highly textured rhombohedral
phase transforms into untextured tetragonal phase.
Figure S1 provides examples of weighted and refined

diffraction patterns of NBT-6BT and NBT-6BT-0.5Mg
recorded at 30◦C. Close to room temperature, both mate-
rials were refined with a two-phase model consisting of
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F IGURE 3 Domain texture of the rhombohedral and tetragonal phase in (A and B) NBT-6BT and (C and D) NBT-6BT-0.5Mg at different
temperatures.

R3c and P4mm phases,31,38 whereas to refine the data col-
lected at elevated temperatureswhere thematerials exhibit
characteristics of cubic symmetry, a cubicPm3̄mphasewas
introduced.
Structural parameters established from Rietveld refine-

ments can be found in Tables S1 and S2.
Upon doping, the lattice distortion of the poled mate-

rial is enhanced in the R3c and the P4mm phases at all
the temperatures where these phases are present. These
observations have been reported before for unpoled Zn-
andMg-dopedNBT-BT together with an increase in tetrag-
onal phase fraction.9,41,42 Also in this study, Mg doping
increases the tetragonal phase fraction in the poled state
of the bulk material from 7% to 25% at 30◦C (Figure 2).

3.2 Temperature dependence of the
small-signal properties

NBT-based ceramics present degradation of their piezo-
electric properties at the depolarization temperature
(Td).43 The Td can be experimentally detected by perform-
ing theTSDCmeasurement and observing the temperature
at which the largest current density peak occurs.
The TSDC results of poled NBT-6BT and NBT-6BT-

0.5Mg ceramics are plotted in Figure 4.

In pure NBT-6BT, a sharp current density peak at about
100◦C is evident. This temperature represents Td of the
system.44–46 On the other hand, the current density pro-
file of NBT-6BT-0.5Mg presents a relatively small and
broad peak around 85◦C, and a sharper and higher one
at 140◦C. Whereas the latter represents its Td, which can
be correlated to the disappearance of the tetragonal phase,
as revealed by synchrotron measurements (Figures 1F
and 2), the smaller peak denotes the beginning of the
depolarization process, which can be related to the disap-
pearance of the rhombohedral phase of the system at lower
temperatures (Figures 1E and 2).
A beginning of thermally induced depolarization at

around 85◦C was already observed in ZnO composites
and Zn2+-doped NBT-BT systems in previous studies.47
It was rationalized as the shift of the ferroelectric-to-
relaxor transition temperature of the tetragonal phase. This
was demonstrated to be sharp upon heating unlike the
smeared rhombohedral ferroelectric-to-relaxor transition
over a broader temperature range.48 In the case of doped
composition, a further rise of current density at tempera-
tures higher than Td was detected. A tentative explanation
for such a behavior is related to the mobile charge defects,
most probably oxygen vacancies, which are expected to
prevail in higher concentrations than in undoped NBT-
6BT.49,50 The degradation of the piezoelectric properties of
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F IGURE 4 Thermally stimulated depolarization current (TSDC) curves of poled NBT-6BT (A) and NBT-6BT-0.5Mg samples (B).

F IGURE 5 Temperature-dependent converse piezoelectric
coefficient of NBT-6BT-0.5Mg (blue line) and NBT-6BT (red line).

NBT-6BT andNBT-6BT-0.5Mg at 104◦C and 140◦C, respec-
tively, is also evidenced by the abrupt drop of the converse
piezoelectric coefficients (d33) at the same temperatures
(Figure 5).
The converse d33 at room temperature in both materials

(122 pC/N forNBT-6BT-0.5Mg, and 145 pC/N forNBT-6BT)
agrees very well with the direct piezoelectric coefficient
obtained with the Berlincourt method (118 ± 2 pC/N for
NBT-6BT-0.5Mg, and 145 ± 1 pC/N for NBT-6BT). The
d33 of the pure NBT-6BT increases until 104◦C without
any evident anomalies and then drops; in comparison, the
piezoelectric coefficient in the NBT-6BT-0.5Mg features a
plateau from about 70◦C to 90◦C before the rise ensues
again. This temperature regime is, therefore, confirmed
to be critical for the doped system and is in good agree-
ment with synchrotron measurements, which demon-
strate the gradual disappearance of the rhombohedral
phase.

It is worth noting that in none of the materials of this
study, complete disappearance of the d33 occurred at the
Td, consistent with results of other studies that reveal that
polarization can extend over a large temperature range
into the ergodic state in relaxors, as well as above Tc in
ferroelectrics.51,52 The dielectric responses of poled NBT-
BT and NBT-6BT-0.5Mg samples as a function of the
temperature are depicted in Figure 6.
Frequency dispersion is absent for poled NBT-6BT up

to 104◦C, the temperature at which the TF-R occurs in
NBT-6BT.53 In contrast, the anomaly (marked by the blue
arrow), which appears at around 85◦C in the Mg-doped
sample, could be attributed to the structural change of the
system when it starts de-texturing and the rhombohedral
phase vanishes.
Above the respectiveTF-R, both systems exhibit a relaxor

state, with permittivity strongly depending on frequency.
The permittivity of doped material at low frequencies
increases much faster than those of high frequencies, lead-
ing presumably to the Maxwell–Wagner effect as it plays
an essential role in contributing to the permittivity of the
doped system.54
Above 144◦C, free charges may be activated near the

interfaces in the material and migrate under the influence
of the applied electric field. Consequently, the dielec-
tric permittivity undergoes a variation, resulting in an
increased value.

3.3 Temperature dependence of
large-signal properties

The remanent polarization of poled NBT-6BT and NBT-
6BT-0.5Mg samples was calculated as the mean of
the positive remanent polarization (Pr+) and the neg-
ative remanent polarization (Pr-). In analogy, the coer-
cive electric field of the materials is taken as the
mean of the positive remanent coercive field (Ec+) and
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F IGURE 6 Temperature-dependent dielectric permittivity of NBT-6BT (A) and NBT-6BT-0.5Mg (B).

F IGURE 7 Remanent polarization and coercive electric field
of poled NBT-6BT and NBT-6BT-0.5Mg samples as function of
temperature (the polarization of NBT-6BT-0.5Mg above 75◦C was
not accessible due to leaky behavior).

the negative remanent coercive field (Ec-). The values,
extracted from the polarization hysteresis loops reported
in Figure S2, are depicted in Figure 7 as function of
temperature.
NBT-6BT and NBT-6BT-0.5Mg samples feature compa-

rable remanent polarization at 25◦C. Furthermore, in pure
NBT-6BT, the remanent polarization is almost constant
up to 75◦C, and significantly decreases only above this
temperature. In contrast, the Mg-doped samples reveal
little back-switching with the result that the remanent
polarization exhibits a small increase. At higher tem-
perature, the conductivity is increased to the point that
meaningful polarization loops cannot be determined any-
more. An explanation is probably the enhanced mobility
of oxygen vacancies at these moderate temperatures,55
which are additionally accelerated at high electric fields.56
The doped material displays a coercive field of around
1 kV/mmhigher than the undoped one. This again, like the

reduced back-switching, typically accompanies hardening
behavior.
From the polarization (P-E) and strain (S-E) hystere-

sis loops depicted in Figure S2, it is clear that at 100◦C
NBT-6BT displays an ergodic relaxor behavior denoted by
a slim P-E loop and absence of negative strain. In contrast,
the negative strain in NBT-6BT-0.5Mg samples is present
in all temperatures tested as its ferroelectric-to-relaxor
transition temperature (140◦C) has not been reached
yet.
NBT-6BT-0.5Mg features square-like P-E loops, particu-

larly at 25◦C. Moreover, the domain switching occurs over
a very narrow electric field range, whereas P-E loops of
the NBT-6BT appear slanted, meaning that similar polar-
ization change occurs over a larger electric field range.
Consequently, for the two materials, the same amount
of charge flows during switching, but in the Mg-doped
system, it happens in a smaller field interval than in
NBT-6BT, producing a higher current peak. Therefore, for
Mg-doped squared-like loops, the current peaks in the
current density plots depicted in Figure 8 are higher and
narrower than for the slanted P-E cycles of the undoped
materials.

3.4 High-power properties

As suggested by Bremecker et al.9, the high stability
of the NBT-BT-polycrystalline materials is due to the
extremely high degree of poling-induced domain texture
that minimizes the loss contribution arising from domain
wall motion when specimens are tested in high-vibration
mode. This high remanent texture, therefore, does not
allow large extrinsic strain contributions fromdomainwall
motion, leaving lattice extension as the main source of
field-induced strain.
In Figure 9 and Figure S4, high-power coefficients

as function of temperature of the NBT-6BT-0.5Mg
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F IGURE 8 Current density versus electric field determined in the range of 25◦C–100◦C for NBT-6BT (A) and in the range of 25◦C–75◦C
for NBT-6BT-0.5Mg (B) samples.

F IGURE 9 (A) Quality factor 𝑄R
31
and (B) elastic compliance

s
E

11
of NBT-6BT-0.5Mg as function of vibration velocity and

temperature.

system are depicted. Interested readers can find the
trend of the same coefficients of the pure system in
reference.16
High vibration velocity and stable quality factor have

been reached in the doped system at 30◦C (Figure 9A),
which is four times larger than the undoped material one
(Figure S3) consistent with Bremecker et al.41
The quality factor of the doped system decreased with

temperature rise; however, it remains stable in the whole
temperature range, and also at 70◦C, which has been

discovered to be a critical temperature for the doped
material, the specimen reached a very high vibration
velocity of 2 m/s.
Temperature has a strong effect on the elastic compli-

ance of thematerial. As elastic compliance is the inverse of
the stiffness of the material, the higher the elastic compli-
ance, the less the material resists deformation in response
to an applied force. The elastic compliance increases
with increasing temperature (Figure 9B); in particular,
an increase at 70◦C could be noticed. In accordance with
the rhombohedral to tetragonal phase transformation,
the system becomes softer, and consequently, results in
a lower stiffness. However, it is worth noting that despite
the above-mentioned jump, the elastic compliance is inde-
pendent on velocity at all investigated temperatures. As
the density of the material can be assumed as constant in
the measured temperature range, the elastic compliance is
inversely proportional to the resonance frequency.35 Thus,
a stable elastic compliance implies working with a stable
resonance frequency, which is desirable in high-power
application.

4 CONCLUSION

In this study, the temperature dependence of the poling-
induced domain texture of NBT-6BT doped with 0.5 mol%
Mg compared to undoped NBT-6BT was presented. The
obtained degree of texture is close to the maximum
achievable in both systems at room temperature. A critical
temperature range between 70◦C and 90◦C has been
identified where the textured rhombohedral structure
transitions into an untextured tetragonal structure.
This leads to anomalies found in thermally stimulated
depolarization current and piezoelectric coefficient.
Furthermore, the high-power measurements revealed
strongly enhanced properties of the doped system as
compared to the undoped one.
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Therefore, poling-induced domain texturing is a viable
approach capable of increasing the ferroelectric hard-
ness of materials, although there may be limits to the
temperature application.
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