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Abstract

Nb-modified lead-free ceramics (K 45Bij 50) (Mg 02 T1p 95, Nb, )O3, (KBT-BMTNbx with x=0.00 — 0.05) were synthesized
by a conventional solid-state reaction route followed by furnace cooling. The effects of Nb-doping on the structural proper-
ties and electrical properties of KBT-BMTNbx ceramics have been investigated. The X-ray diffraction pattern indicates a
mixed tetragonal and cubic phase for the pure KBT-BMTNbx ceramics. Therefore, a large piezoelectric actuator coefficient
d33* ~ 700 pm/V, piezoelectric sensor coefficient (d3; ~ 133 pC/N) along with remnant polarization (P, ~ 17.5 pC/em?),
maximum electromechanical strain ~ 0.35% and maximum temperature (7}, &% 336 °C) were obtained for KBT-BMTNbx.
However, with Nb-doping, a compositionally driven phase transformation occurred from mixed rhombohedral and tetrago-
nal phases to cubic phase. Because of the excess Nb-doping in the KBT-BMT ceramics, the grain size suddenly decreased,
as a result, the long-range ferroelectric phase was converted into a short-range relaxor phase. Hence, a low dielectric loss
tand ~ 0.02 was achieved at x=0.02 composition. This superior dielectric performance is correlated to the crystal struc-
ture morphotropic phase boundary, optimum grain size (2 um), maximum lattice distortion, and soft-ferroelectric effect
induced by the donor doping. The main aim of recent research is to investigate P, ds;, dy;', Snax, and reduced tand for
practical applications in the real world.
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1 Introduction

Because of its exceptional piezoelectric properties, lead
zirconate titanate (PbZr,—xTiO;, PZT) is employed in
sensors, actuators, and transducers [1, 2]. The piezoelec-
tric sensor coefficient (ds;), piezoelectric actuator coeffi-
cient (d33*), and maximum temperature (7,) are the desired
parameters for piezoelectric ceramic devices in real-world
applications [3, 4]. The piezoelectric sensor coefficient rela-
tion is dy; =0/E, where o mechanical stress and £ is electri-
cal energy. This refers to the sensitivity of a piezoelectric
material to applied mechanical stress, resulting in an electri-
cal output. It quantifies the relationship between the gen-
erated electrical charge and the applied mechanical force
or pressure. On the other hand, the piezoelectric actuator
coefficient dy;" = (S, /Eonax» Where S, is the maximum
strain obtained and corresponds to maximum field applied
E..x) represents the ability of a piezoelectric material to
convert electrical energy into mechanical displacement or
strain. It characterizes the magnitude of the mechanical
response exhibited by the material in response to an applied
electric field. Both coefficients are crucial parameters in
understanding and evaluating the performance of piezoelec-
tric materials for sensing and actuation applications [5-7].
Nevertheless, the environment and human health are neg-
atively impacted by the free disposal of lead-based items
[8, 9]. Therefore, lead-free piezoceramics development is a
key parameter for the advancement of technology [10—12].
There have been many different materials used in the search
for lead-free piezoelectric materials, the majority of which
are based on the perovskite crystal structure [7, 13—16]. One
of the most extensively investigated instances of alternatives
to lead zirconate titanate (PZT) systems is the binary solid
solutions based on sodium bismuth titanate Na,,Bi,,,TiO;
(NBT), Na,),Bi,,TiO;—BaTiO; (NBT-BT), Na,,Bi,,TiO;
and K,,Bi,,TiO; (NBT-KBT) [17-19], NBT-KBT-
BaTiO; [20], NBT-KBT-SrTiO; [21], and KBT-based (1
- 0K, ,Bi,,TiO; — x Bi(Mg, , Ti; ;)O3 (KBT-BMT) [22].
Large electromechanical strains, in the range 0.30-0.45%
at electric field amplitudes of 80 kV/cm (bipolar) have been
reported for NBT-based binary solid solutions, and hence
these materials have been the subject of intense research
activity. The maximum values of piezoelectric sensor coeffi-
cient dj, are reported to be in the range of 122—-190 pC/N for
NBT-based system near its morphotropic phase boundary
(MPB) [23-25]. The NBT-based system display also inflec-
tions in plots of relative permittivity-temperature (g, —7)
well below the dielectric peak temperature: these infections
are associated with depolarisation and loss of piezoelectric
activity. For example, BNT-BT loses its piezoelectric prop-
erties at a depolarization temperature (T; =~ 100 °C) [25,
26]. At compositions close to SONBT-20KBT, the system

is said to form a rhombohedral-tetragonal morphotropic
phase boundary, providing an optimum piezoelectric per-
formance with a d;; of 150 pC/N [17, 18]. Despite depo-
larization occurring at a lower temperature of 130 °C, itis a
relaxor dielectric with T;, & 300 °C. This restricts the maxi-
mum operating temperature of the piezoelectric device to <
130 °C, around 100 °C lower than most PZTs [20, 21, 27].

Therefore, until now, lead-free materials do not fulfill
the requirement to replace lead-based ceramics in practi-
cal applications. From the materials design point of view,
large piezoelectric, dielectric, and ferroelectric properties
with high 7, are desired for industrial applications [28-30].
Therefore, it is a great need to develop eco-friendly piezo-
electric ceramics with excellent electromechanical proper-
ties and high 7},..

The solid solution between K,,Bi,,TiO; (KBT) and
Bi(Mg,,Ti, ;)O3 is another illustration of a Bi-containing
perovskite with potential piezoelectric capabilities. In KBT-
rich (1-y)KBT-yBMT (where y=0.04) ceramics, we have
shown significant electromechanical strains. For composi-
tions x=0.04 and 0.06, maximum strains of 0.3% at fields
of 50 kV/em and normalized strain (S, /E . Where S, ..
maximum electromechanical strain and maximum electric
field E,,,) value values of 600 pm/V occur. At the transition
between the tetragonal and pseudocubic phases, the ideal set
of attributes can be found [31].

In the current research study, lead-free Nb-modified
ceramics KBT-BMTNbx were synthesized by a solid-state
reaction process. The main objective of the current study
was to obtain ferroelectric polarization (maximum polariza-
tion P, and P), dy3, d33*, Sy, and reduced tan (3) with
simultaneously elevated T, in a single composition. The
piezoelectric sensor coefficient, ds; = 133 pC/N and piezo-
electric actuator coefficient, d;;* =~ 700 pm/V occur in KBT-
BMTNbx ceramic. The donor modification will improve the
functional property of the KBT-BMTNbx ceramic and the
concept presented here can be applied to the design of lead-
free piezoelectric material for real-life applications. Addi-
tionally, because of their different valences, donor doping
creates a local random field and favors the relaxor phase,
which enhances the performance of piezoelectric strain.
The crystal structure, microstructure, and electromechani-
cal (dielectric, ferroelectric, and piezoelectric) properties
were studied in detail. In this work, a significant correlation
between electromechanical characteristics and structural
properties was found.
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2 Experimental method

In current research work, the lead-free Nb-modified
0.96K, ,Bi,,Ti0;-0.04Bi (Mg,,,Ti,,) O; ceramics were
synthesized in the research laboratory according to the for-
mula: (Ko 45Big 55) (Mg 02Tip 95-,Nb,) O3, (KBT-BMTNbx
with x=0.00 — 0.05) using conventional solid-state reac-
tion method. The starting reagents used such as Nb,Os
(Sigma Aldrich, 99% purity, St. Louis, MO), K,CO; (Sigma
Aldrich, 99% purity), Bi,O5 (Sigma Aldrich, 99.9% purity),
MgO (Alfa Aesar, 99.9% purity) and TiO, (Sigma Aldrich,
99.9% purity). The powders were weighed in accordance
with the proper ratios after drying for an entire night at
250 °C. The powders were blended in isopropanol for 24 h
in a ball mill using a zirconia grinding medium. The dry
mixtures were then passed through a 300 um nylon filter and
calcined at 850 °C for 3 h in closed alumina crucibles with
heating and cooling rates of 5 °C/min. The powders were
milled one more for 24 h after calcination, and 1 weight%
of a binder was added (Ciba Glascol HA4: Ciba Specialty
Chemicals, Bradford, UK). Powders that had been sieved
were compressed into pellets with a diameter of 10 mm and
a thickness of about ~ 1.5 mm at 100 MPa in a steel die,
then cold isostatic pressed at 200 MPa. The heat was applied
at a rate of 50 °C/h to 550 °C, then 300 °C/h to sintering
temperatures of 1050-1080 °C with a dwell time of 4 h.
This process burned away the binder.

With the use of X-ray powder diffraction (XRD, Bruker
D8, Cu, K, ~ 1.5406 A’) and a scan speed of 1°/min, the
phase purity of crushed sintered pellets was examined.
Using the X’pert Highscore Plus software, a refinement
based on peak profile fitting was done to determine unit cell
characteristics [32]. For three pellets of each composition,
the densities of sintered ceramic pellets were calculated
geometrically. Relative densities were then calculated by

comparing these findings to theoretical densities calculated
from unit cell parameters and the anticipated cell contents.
The sintered pellets were reduced to a thickness of about
~1 mm for electrical characterizations, and silver paste
(Agar Scientific) was applied to both faces before being
burned in a furnace at 550 °C for 10 min. Using an imped-
ance analyzer (HP Agilent, 4192 A Hewlett Packard, Santa
Clara, CA), the relative permittivity and dielectric loss tan-
gents were determined from 25 to 600 °C at various fre-
quencies. A Radiant Technologies LC precision analyzer
(Radiant Technologies Inc., Albuquerque, New Mexico)
and a contact-type displacement sensor (Millitron; Model
140), respectively, were used to record the polarization-
electric field and strain-field responses at room temperature
(frequency =1 Hz).

3 Results and discussion
3.1 Structural properties

The XRD patterns for crushed sintered pellets of (K, 45Bi 55)
Mgg 02 Tip 95— Nb,) O3 with x=0.00 — 0.05 ceramics at
room temperature are depicted in Fig. 1. The XRD pat-
terns show perovskite structure for x<0.02 with a mixed
tetragonal plus pseudocubic perovskite phase. When Nb-
content increased to x=0.03, an extra peak appeared in the
perovskite structure. These extra peaks were identified as
being due to bismuth titanate, Bi,Ti;O,, [33, 34]. Regarding
the appearance of Bi,Ti;0, as a second phase when the Nb
content increased to x=0.03, it is important to note that the
formation of additional phases can occur due to composi-
tional changes and structural transformations. In this study,
the increased Nb content led to a change in the local struc-
ture, resulting in the formation of Bi,Ti;0,, as a secondary

Fig. 1 (a) XRD patterns for i L
KBT-BMTNbx ceramics with x (a)
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phase. The specific mechanisms behind this phase forma-
tion are still under investigation and would require further
analysis to provide a more detailed explanation. Thus, com-
positions x=0.03, 0.04, and 0.05 confirm that the crystal
structure transforms into a single cubic phase.

Furthermore, the positions of the diffraction peaks in the
Nb-doped KBT-BMT ceramics exhibit gradual variations
compared to the parent KBT-BMT. Initially, the pure KBT-
BMT ceramic displays two distinct peaks, namely (001)
and (100)y, around 22.5°, and a single (111); peak near
39.5° indicating a predominantly tetragonal (T) symmetry.
However, with Nb-doping, these doubly split peaks grad-
ually merge, along with the merging of (1 1 1) and (111)
peaks near 39.5°. This merging indicates a structural phase
transition from a distorted tetragonal to a mixed tetragonal
pseudocubic symmetry. Similar behavior has been reported
for Pb substitution at the Bi site in BiFeO; [35]. Figure 1(b)
provides an enlarged view of the range between 26 of 22°
and 23°, clearly demonstrating the merging of the (001) and
(100) peaks.

To discuss in detail the lattice structure parameters, the
crystal structure refinements were performed for Nb-doped
KBT-BMT ceramics by using the biphasic structural model
based on the R (R3c) and T (P4mm) phases for the crystal
structure investigation. Figure 2 depicts the change in lattice
parameters (ar, ct, and ac) of the samples with varying Nb-
content levels. The tetragonal lattice parameters a = 3.9083
A, cr = 3.9788 A, cubic lattice parameter a. = 3.9283 A,
and tetragonality c/a; = 1.018 were used for pure samples.

4.00

Fig. 2 Lattice parameters for

The introduction of Nb-doping, a; = 3.9286 A, c; = 3.9398
A, ac =3.9294 A, and c1/a; = 1.003 were used for x=0.01
compositions. The reduction in tetragonality suggests that
the crystal structure is approaching the cubic-like phase
because of the local structural heterogeneity induced by the
Nb>*-donor doping. The increasing and decreasing devel-
opments of the lattice parameters of the crystal structure
prove a good agreement with the XRD peak configuration.
The cubic lattice parameters a. = 3.9350 A for composition
x=0.02 were changed into 3.9411 A for x=0.05 composi-
tion with slight variation. This indicates that the cubic phase
becomes more prevalent at high Nb content in the KBT-
BMT ceramics, and materials exhibit relaxor-ferroelectric
behavior [36-38]. Chemical modification is a traditional
method to customize the functional properties of the mate-
rial. However, the selection of the base composition and
chemical modifier is beneficial for improving their func-
tional properties [39—41].

The SEM images demonstrate the effects of Nb concen-
tration in KBT-BMT on the grain size and porosity of the
samples. Figure 3 displays SEM micrographs for polished
and thermally etched surfaces. The linear intercept approach
was used to determine the grain size for each composition
[42, 43]. The micrographs of each composition clearly indi-
cate a somewhat dense structure, but the distribution of
grain sizes is not uniform. In the case of the pure sample,
the average grain size was estimated to be approximately
1 pm, while for the sample with x=0.03, it was approxi-
mately 2 pum. The compositions with x=0.03 exhibit dense

tetragonal (T) and cubic (C)
phases as a function of x for
KBT-BMTNbx ceramics
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Fig.3 (a-d) SEM micrographs (a)
of polished and thermally etched
surfaces for x = (0.00—0.03) as a
function of Nb-content

LEMAS 2.0kV 6.9mm x30.0k SE(UL)

(¢)

LEMAS 2.0kV 7.2mm x30.0k SE(UL)

and compact microstructures, suggesting the potential for
high electromechanical properties in this optimal composi-
tion. However, it should be noted that a few pores are pres-
ent in this composition. Some literature reported that these
pores may have formed due to the slow diffusion rate of
Zr** (0.720 A), which can be attributed to its larger ionic
radius compared to Ti** (0.605 A) [12, 44]. Furthermore,
as the concentration of Nb increases, the grain size of KBT-
BMT also increases, ranging from approximately 1 to 2 um,
as discussed before. This observation suggests that higher
concentrations of Nb act as inhibitors for grain growth, pos-
sibly due to the more refractory nature of Nb,O;. It is worth
noting that the grain size is significantly influenced by the
sintering temperature and plays a crucial role in enhancing
the ferroelectric, piezoelectric, and dielectric properties [45,
46]. Furthermore, the relative densities of all samples, deter-
mined using the Archimedes principle [47, 48], were found
to be above 95%. Therefore, the microstructure evolution,
including the average grain size and level of densification,
was identified as one of the main key factors contributing
to the improved electromechanical performance of eco-
friendly ceramic materials.

3.2 Dielectric properties
The relative dielectric permittivity (¢,) and tangent loss
(tand) versus temperature measured at various frequencies

are presented in Fig. 4. All sample compositions showed
frequency dispersion typical of a relaxor-ferroelectric

@ Springer
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[49-51]. The addition of Nb content, lowered the 7, and
&, The results depicted in Fig. 5 indicate that the tempera-
ture at which the 7, and ¢, occur for the undoped ceram-
ics were 336 °C and 6250, respectively. However, for the
x=0.03 composition, these values decreased to 240 °C and
2840, respectively, at a frequency of 1 kHz. The decrease
in T, observed could potentially be attributed to the pres-
ence of local structural heterogeneity or an increase in the
disordering of A4-site cations. This statement gains further
significance when considering the remarkable characteris-
tics of the unmodified KBT-BMT ceramic, which include
an exceptionally high 7, and a significant ¢,. However, with
the introduction of Nb>* doping, the temperature-dependent
dielectric constant gradually becomes broader and shows
frequency dispersion, indicative of a diffused phase transi-
tion characteristic of relaxor-ferroelectrics. This relaxor-like
behavior can be attributed to atomic-scale local structure
heterogeneity or domain miniaturization induced by the
incorporation of La** as a donor dopant [52]. In previous
studies on PZT ceramics, it has been reported that substitut-
ing the lone pair ion (Pb**) with a non-lone pair ion (La>")
disrupts polar coupling, resulting in a shift of 7}, towards
lower temperatures [53]. Similarly, in KBT-BMT ceram-
ics, it is plausible that the substitution of the lone pair ion
(Bi**) with the non-lone pair ion (Nb>*) weakens the lone
pair activity, leading to a decrease in 7. This reduction in
T, flattens the thermodynamic energy profile and facili-
tates ferroelectric polarization switching under an applied
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electric field, ultimately contributing to the achievement of
high piezoelectric performance [54].

For all fabricated ceramics compositions, Fig. 6 showed
a linear increase with frequency for temperature, which cor-
responds to the maximum ¢, and 7,,. Temperature values
for pure composition shifted from 340 °C at a frequency
of 1 kHz to 375 °C at a frequency of 1 MHz. When Nb>*
was substituted in the ceramic system, similar trends for the
growth of 7, with frequency increase were seen. At ambi-
ent temperature, the tand value for x=0.02 composition
was 0.06 and reduced to 0.02 at 350 °C. This suggests that
losses are caused by space charge effects, which involve

Nb content (mol%)

the migration of O vacancies in undoped materials [55-57].
Because Ti-ions are more highly polarizable than Mg and
Nb-ions, then the lower value of ¢, may be the result of pos-
sible Ti-ion replacement by Mg and Nb-ions.

In order to validate the relaxor-ferroelectric behavior of
the system, the degree of diffuseness factor (y) was deter-
mined by analyzing the dielectric curves using the modified
Curie-Weiss law [14, 58, 59]. In the case of normal ferro-
electrics, the value of vy is typically 1, whereas, for relaxor-
ferroelectrics, it tends to be closer to 2. By performing the
calculations, we obtained y values of 1.78, 1.70, 1.65, and
1.58 for compositions with x=0.00, 0.01, 0.02, and 0.03,
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respectively. These values indicate a progressively decreas-
ing degree of diffuseness, providing further evidence for the
relaxor-ferroelectric behavior of the system.

3.3 Ferroelectric and piezoelectric properties

Figure 7 illustrates the polarization versus electric field (P-
E) responses of ceramic materials measured at room tem-
perature under an applied electric field of 50 kV/cm. The
addition of Nb (KBT-BMTNb,) noticeably influenced the
polarization and coercive field of the base ceramics. The
KBT-BMTND, ceramic with x=0.00 exhibited typical fer-
roelectric behavior, with a crystal structure located between
mixed tetragonal and pseudocubic phases, as confirmed
by XRD measurements. This resulted in a high P, P,
and a large coercive field (E.). The pure sample displayed
a wide lossy dielectric typical loop [8, 39, 40], indicating

@ Springer

ferroelectric behavior characterized by long-range order
that preserves polarization after the removal of the applied
electric field.

In contrast, the P-E loops in the Nb-doped samples
became more constricted as the Nb concentration increased.
Consequently, the P,, P,,, and E- values decreased (as shown
in Table 1), indicating a transition towards a more charac-
teristic relaxor-ferroelectric behavior. For example, the P,
values decreased from 14.28 pC/cm? at x=0.01 to 5.76
uC/cm? at x=0.05 composition, while the E. decreased
from 18.80 kV/cm to 10.70 kV/cm as x increased from 0.01
to 0.05 compositions. The P-E hysteresis loops became
slimmer with Nb-doping, resulting in continuous decreases
in both P, and E.. Consequently, the dominant long-range
ferroelectric phase in undoped KBT-BMTNDb, ceramics was
disrupted by the presence of Nb, leading to the formation
of a relaxor-ferroelectric phase. Additionally, at x>0.01,
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Fig. 7 The polarization versus 30
electric field (P-E) loops at
10-60 kV/cm for Nb-doped
BMTNbx (x=0.00, 0.01, 0.02,
0.03, 0.04 and 0.05) ceramics at
1 kHz

N
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Table 1 Polarization hysteresis electrical parameters of (K 45Big s,)
(Mg 2 Tip 95 Nb,) O3 with x=0.01-0.0.05 ceramics

Composition (x) P, (uC/em?) P, (uC/cm?) Ec (kV/
cm)
0.01 25.22 14.28 18.80
0.02 26.94 12.95 15.43
0.03 23.30 10.82 15.40
0.04 22.38 8.43 13.06
0.05 19.53 5.76 10.70

the formation of a relaxor-ferroelectric phase and pseudo-
cubic phase contributed to a continuous decrease in the P-E
hysteresis loops and dielectric constant of KBT-BMTNbx
ceramics. Similar behavior has been previously reported in
other BF-based ceramics [30, 60, 61].

The decrease in the P, P, and E. with increasing Nb
content in the KBT-BMT ceramics can be attributed to the
disruptive influence of Nb on the dominant long-range fer-
roelectric phase. The incorporation of Nb likely leads to a
conversion of the material towards a relaxor-ferroelectric
phase, altering the crystal structure and overall ferroelec-
tric properties. This disruption and conversion result in the
observed reduction in P-E hysteresis loops and dielectric
constant in the Nb-doped ceramics.

Figure 8 depicts the strain caused by an electric field for
Nb-modified KBT-BMT ceramics with x=0.00 — 0.05. A
typical butterfly shape loop with a noticeable negative strain
(Sheg) Was obtained for compositions at x<0.03 which is a
characteristic of a ferroelectric material [62, 63]. However,

20 0 20 40 60
Electric field (kV/cm)

for x>0.04 the S, is low, which indicates an increasing
degree of relaxor contribution [64, 65]. The pure KBT-BMT
ceramic reveals a high strain of ~0.35% at 50 kV/cm elec-
tric field. Electric field-induced strain values were lowered
by the addition of Nb to just 0.25 and 0.12% at 50 kV/cm
for x=0.01 and 0.03 compositions, respectively. With fur-
ther Nb inclusion, an electrostrictive response was produced
with a maximum strain of 0.19% for x=0.04.

In terms of practical applications, there has been signifi-
cant research interest in the advancement of lead-free piezo-
electric materials. This research primarily revolves around
the exploration of solid solution systems that possess phase
boundaries between distinct ferroelectric phases [25]. An
extensively studied system in this regard is the binary solid
solution between K,/,Bi,,TiO; and Na,,,Bi,,TiO; (KBT-
NBT) [66]. They demonstrate that significant electrome-
chanical strains and a high piezoelectric coefficient can be
achieved at the intersection of the pseudocubic and tetrago-
nal phases. The newly developed KBT-BMTNbx material
exhibits large S,,,, and high d33*, making it a promising candi-
date for actuator and sensor applications at elevated temper-
atures. Consequently, the pure (K 43Bij 50)(Mgg 02T 93)O3
composition shows a large normalized strain (Sp,,/E\.x)
value of 700 pm/V even at a low electric field of 5 kV/mm.

To investigate the piezoelectric charge coefficient (ds3),
the samples underwent poling in silicon oil baths at a tem-
perature below 80 °C, while being subjected to an applied
electric field ranging from 40 to 60 kV/cm. The obtained d;;
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Fig.8 The Electric field induced

0.5 p—

bipolar strain (S—E) curves of
KBT-BMTNbx ceramics for com-
positions at x=0.00 — 0.05
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value was observed to be 133 pC/N for the x=0.00 compo-
sition, gradually decreasing to 23 pC/N with the increasing
content of Nb, i.e. x=0.05. This finding is significant for the
development of new materials with practical applications in
various fields.

4 Conclusion

Using a traditional solid-state reaction method, we success-
fully synthesized a lead-free piezoelectric ceramics sys-
tem known as (K 44Bij 50)(Mgg 02 Tiy 95—, Nb,)O5. Through
X-ray diffraction (XRD) analysis at room temperature, we
observed that the ceramic samples exhibited a mixed phase,
combining both tetragonal and pseudocubic structures, for x
values up to 0.01. However, as the Nb content increased to
x > 0.02, a transition to a cubic structure occurred. Remark-
ably, our investigations revealed impressive properties
for the KBT-BMTNbx composition. We achieved a large
normalized strain value of 700 pm/V, indicating excellent
piezoelectric performance. The piezoelectric sensor coeffi-
cient, dy;, was measured to be approximately 133 pC/N, and
the remnant polarization (P,) reached around 17.5 pC/em?.
Additionally, we obtained a maximum electromechanical
strain of approximately 0.35% and a maximum temperature
(T,,) of approximately 336 °C. Furthermore, this study high-
lighted the effect of Nb content on dielectric loss (tand). As
the Nb content increased, the tand significantly decreased,
dropping from 0.06 for x=0.00 to 0.02 for x=0.02 at a

@ Springer
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temperature of 350 °C. In addition, the maximum strain val-
ues were 0.35% for x=0.00 and 0.22% for x=0.02 compo-
sition were observed.

In summary, the main objective of our study was to
achieve desirable properties, such as P, ds3, ds3*, S, and
reduced dielectric loss (tand), while simultaneously achiev-
ing an elevated 7., all within a KBT-based system. Our
findings demonstrate the potential of the KBT-BMTNbx
ceramic system for various practical applications in the field
of piezoelectrics.
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