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2 Institute of Technology, University of the National Education Commission, Krakow, Poland

3 Faculty of Science and Technology, Institute of Materials Engineering, University of Silesia in Katowice, Poland

Abstract. In this article, the influence of processing conditions, dopant type and poling temperature on the microstructure and piezoelectric
behavior of lead-free K0.5Bi0.5TiO3 (KBT) ceramics is presented. Base KBT samples and those doped with Sr, Ca and Mn were synthesized
via a solid-state reaction route, and examined with respect to their structural characteristics and electromechanical response. Particular emphasis
was placed on elevated-temperature poling and its interaction with grain morphology and defect chemistry. SEM observations were used to
identify dopant-dependent microstructural variations, while measurements of the d33 coefficient provided insight into how these factors influence
efficiency of the poling process. The study demonstrates the importance of jointly optimizing synthesis parameters, dopant selection and poling
conditions when tailoring the functional properties of KBT-based piezoelectric ceramics.
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1. INTRODUCTION

In the era of rapid development in smart materials technol-
ogy, piezoelectric ceramics are increasingly used in micro-
electromechanical systems (MEMS), sensors, actuators and
energy-conversion devices [1–5]. Their functional performance
depends strongly on microstructure, domain configuration and
the presence of defects or dopants, all of which influence elec-
tromechanical coupling [3, 6–9]. In polycrystalline materials,
grain size, porosity and local structural distortions play a key role
in determining dielectric and piezoelectric behavior [3, 10–13].
Although lead-based systems such as PZT and PMN-PT ex-
hibit exceptionally high piezoelectric coefficients [2, 6, 11, 14],
increasing ecological and regulatory pressure has intensified
research into lead-free alternatives. Compounds such as BNT,
BZT and BZT-BCT demonstrate promising properties [15–19],
yet they often require complex processing routes or compo-
sitional optimization to reach performance levels compara-
ble to lead-based materials. Among environmentally friendly
perovskites, potassium bismuth titanate K0.5Bi0.5TiO3 (KBT)
stands out due to its stable ferroelectricity, high Curie temper-
ature and potential for further modification through controlled
doping and processing [20–22]. Electric-field poling remains an
essential step in activating the piezoelectric response in ceramic
materials such as PZT [14, 23–26]. However, in lead-free sys-
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tems including KBT the efficiency of poling depends strongly
on microstructure and defect chemistry. Temperature, sintering
conditions and dopant type influence grain growth, porosity and
domain mobility, thereby affecting the achievable d33 values.
The combined impact of preparation route, dopant selection (Sr,
Ca, Mn) and poling temperature on the resulting d33 coefficient
in KBT ceramics remains insufficiently understood. Existing
studies typically investigate these factors separately, leaving a
gap in understanding their synergistic effects. The aim of this
work is to systematically evaluate how grinding time, sintering
conditions and selected dopants influence the microstructure
and piezoelectric properties of KBT ceramics, with particu-
lar emphasis on the enhancement of the d33 coefficient under
elevated-temperature poling. To the best of our knowledge, no
systematic study has simultaneously evaluated the influence of
preparation route, dopant chemistry and elevated-temperature
poling on the piezoelectric response of KBT ceramics.

2. PREPARATION OF K0.5BI0.5TIO3 MATERIAL

K0.5Bi0.5TiO3 (KBT) is a lead-free perovskite-type material
(ABX3) in which the A-site is occupied by larger cations such
as K+ or Bi3+, while the B-site contains smaller transition-metal
ions such as Ti4+ or Mn3+/4+. The oxygen octahedra (BX6)
form a typical perovskite framework widely used in functional
materials, including energy-related applications [27]. KBT ex-
hibits two structural phase transitions at approximately 683 K
(cubic → pseudocubic) and 573 K (pseudocubic → tetrago-
nal), and its Curie temperature (∼ 643 K) is lower than that of
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PbTiO3 or Bi4Ti3O12 [20, 28]. Grinding time is known to in-
fluence microstructural homogeneity, leading to more uniform
grain size distribution [21, 22]. In this work, undoped KBT
and KBT doped with 0.5 mol% of Sr, Ca and Mn were syn-
thesized using a conventional solid-state reaction route. High-
purity precursors (TiO2 ≥ 99.0%, Bi2O3 ≥ 99.9%, K2CO3,
SrCO3 ≥ 99.9%, CaCO3 ≥ 99.9%, MnO2 ≥ 99.9%) were mixed
in stoichiometric proportions. Potassium carbonate, due to its
hygroscopic nature, was pre-heated to remove moisture. For the
base KBT, powders were milled for 2, 4 and 12 hours, cal-
cined at 1173 K, re-milled, pressed at 100 MPa and sintered
at 1318 K. The resulting samples were labelled KBT (2h + 2h),
KBT (4h + 4h) and KBT (12h + 12h). For the doped materials
(KBT:Sr, KBT:Ca, KBT:Mn), the synthesis involved three sin-
tering stages at 1073 K, 1253 K, and 1303 K, combined with in-
termediate milling steps. All samples were pressed at 100 MPa.
The final ceramics achieved relative densities of 96–98%, con-
firmed by the Archimedes method [29–31].

3. MEASURING STATION AND RESULTS

The samples were polarized using a standard high-field proce-
dure with an applied electric field of 1.5 kV/mm and a poling
time of 10 minutes. The process was carried out at 523 K, se-
lected to remain below the Curie temperature while allowing
increased dipole mobility. The description of the measurement
configuration has been limited to information necessary to re-
produce the experiment.

The measurements were performed using a YE2730A piezo-
electric meter, which is used to directly measure the piezo-
electric constant d33 for piezoelectric ceramics, polymers and
single crystals. Longitudinal coefficient d33 represents the in-
duced electric displacement along the poling axis (axis 3) per
unit of applied stress in the same direction. In contrast, d31 and
d32 describe the response along axis 3 when the stress is applied
along axes 1 or 2, respectively. The device measures d33 values
over a very large measuring range, with a high level of resolution
and reliability. Measurement accuracy varies by ±2% of the d33
value in the range from 1 to 200 pC/. Before polarizing the sam-
ples, their orientation was initially checked at ambient tempera-
ture (295 K). In all cases it was 0 pC/N, which meant anisotropy
of the electric dipole arrangement. The samples were placed be-
tween high-voltage electrodes in a Teflon fixture (Fig. 1). After

Fig. 1. Diagram of the station for polarization of piezoelectric materials
in an electric field and elevated temperature: 1 – temperature controller
with timer, 2 – chamber, 3 – electrode holder, 4 – electrode, 5 – sample

poling, the samples were cooled to room temperature under the
applied field, after which the d33 value was measured. Then the
d33 parameter was measured several times in different places
of the sample. The average results are presented in Table 1.
The next step was to introduce the polarizing system together
with the sample into a chamber with regulated temperature and
annealing time set at 10 minutes. After reaching the target tem-
perature (below the Curie point), high voltage was switched on.
After the set time had elapsed, the chamber power supply was
disconnected and the system went into cooling mode with the
HV switched on. After complete cooling to ambient tempera-
ture, the d33 value was read again several times. The average
results are presented in Table 2. Measurement parameters: sam-
ple thickness: from 1 mm to 3 mm; diameter 10 and 15 mm;
electric field intensity 1.5 kV/mm; polarization time: 10 min
at 523 K. Polarization voltage was maintained until completely
cooled.

In the case of measurements of the d33 parameter for samples
polarized at ambient temperature, a reduction of the d33 value by
several percent was observed in relation to the maximum value
read in the first seconds of the measurement. Table 2 presents
the average results of measurements of the d33 parameter for the
samples polarized at the temperature of 523 K. In contrast to
the samples polarized at ambient temperature, the fluctuations
of the d33 parameter value were insignificant (0.5–1 pC/N), but
a significant increase in its value was observed.

Table 3 presents the values of the d33 parameter increase for
samples polarized at 523 K relative to 295 K. The largest in-

Table 1
Changes of the d33 parameter for the base and doped samples polarized at ambient temperature

Material KBT 2h + 2h KBT 4h + 4h KBT 12h + 12h KBT:Sr KBT:Ca KBT:Mn

d33 [pC/N] 19.1 21.0 17.1 40.1 27.0 28.2

Table 2
Changes of the d33 parameter for the base and doped samples polarized at elevated temperature

Material KBT 2h + 2h KBT 4h + 4h KBT 12h + 12h KBT:Sr KBT:Ca KBT:Mn

d33 [pC/N] 39.4 32.0 25.1 53.0 37.0 35.0
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Table 3
Differences in the d33 parameter values for base and doped KBT materials polarized under various temperature conditions (523 K and 295 K)

Material KBT 2h + 2h KBT 4h + 4h KBT 12h + 12h KBT:Sr KBT:Ca KBT:Mn

Δ d33 [%] 119.0 52.4 47.0 75.4 29.0 24.1

crease in relative value was observed for KBT 2h + 2h taking
into account the base samples, and for KBT:Sr with respect to
the doped samples. To explain the stronger enhancement of d33
in Sr-doped KBT as compared to Ca or Mn-doped KBT, we ob-
serve that the isovalent A-site Sr2+ ion optimizes the tolerance
factor and reduces A-site random fields. This facilitates domain
wall mobility during poling. The smaller Ca2+ ion increases oc-
tahedral tilts and elastic pinning, whereas the Mn2+ ion, acting
as an acceptor, typically forms defect-dipole complexes (Mn-
VO) that stabilize domain walls and limit the extrinsic contribu-
tion to d33. Together with microstructural differences (grain size
and densification), these effects are consistent with the trend
observed in [21, 22]. Poling at 523 K (below the tetragonal-to-
pseudocubic transition temperature of∼ 573 K in KBT) reduces
the coercive field and increases domain wall/dipole mobility.
This enables more complete alignment and a higher remanent
polarization after cooling. Accordingly, the measured d33 in-
creases with poling temperature within the range of 295–523 K
(Fig. 2), which is consistent with the reported structural and
dielectric softening of KBT as it approaches the transition tem-
perature [32].

Fig. 2. Influence of polarization at elevated temperature on the d33
parameter value for base and doped samples

A significant effect of temperature on the value of the d33
parameter was observed – increase (24.1–119.0%). Due to sig-
nificant differences in the d33 parameter values depending on
the production process and doping, microscopic observations of
sample fractures were also performed using a scanning electron
microscope to reveal their morphology. SEM images presented
in Fig. 3 illustrate the fracture structure of selected samples:
base material (a) and doped materials (b, c, d). These images
were captured under identical sintering conditions – 1318 K for
the base material and 1303 K for the doped samples, with sinter-
ing time of 6 hours. The microstructure’s shape and form play

a crucial role in determining the material’s physical and elec-
trical properties, notably the piezoelectric coefficient d33. The
elevated-temperature poling (523 K) led to significant improve-
ments in piezoelectric performance, particularly in the samples
doped with Sr. This can be attributed to the enhanced mobil-
ity of domain walls at higher temperatures, which allows for
more efficient polarization. The temperature-dependent behav-
ior observed in this study is consistent with theoretical models,
which suggest that higher poling temperatures reduce the en-
ergy barriers for domain reorientation, thereby facilitating better
alignment and polarization of the domains.

When analyzing the shape and size of the grains, it can be
noticed that in the case of the base and Mn-doped samples, the
grains are smaller than in the Ca and Sr-doped samples. The
largest grains were observed for the Sr-doped sample. In this
case, Sr doping promotes grain growth. There are fewer grain
boundaries, which facilitates sample polarization (highest 33).

(a)

(b)
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(c)

(d)

Fig. 3. SEM microstructure images for the tested materials: (a) base
KBT, mag. 20k×; (b) KBT:Ca, mag. 20k×; (c) KBT:Mn, mag. 60k×;

(d) KBT:Sr, mag. 20k×

In this case, domain mobility is the highest among the tested
samples. Ca and Mn doping inhibits grain growth. In this case,
there is a larger number of grain boundaries, which renders po-
larization of the structure more difficult due to the local increase
in stresses in the crystal lattice. It is worth noting that the grains
exhibit the highest homogeneity as compared to the other tested
materials. Domain mobility for these samples is limited. Dur-
ing measurements of the d33 coefficient, it was observed that
its value shows significant variation depending on the location
of the measuring point, i.e. the distance from the center of the
sample.

The tests were carried out on ceramic discs with a diameter
of 15 mm and a thickness of 2 mm by moving the piezometer
electrodes along the selected diameters, starting from the edge.
The sample was placed in a specially prepared location, using
3D printing technology (FDM – Zortrax M200).

As a result, an approximate map of spatial distribution of the
d33 coefficient on the sample surface was obtained. Example
results are shown in Fig. 4a and 4b. Measurements were made

along four diameters spaced 45◦ apart. The missing measure-
ment points were reconstructed by the software approximation
method.

(a)

(b)

Fig. 4. (a) Example of d33 value distribution – 3D; (b) 2D

The obtained d33 distribution for the KBT base sample polar-
ized at ambient temperature shows inhomogeneity, with values
ranging from about 6 to 19 pC/N. In particular, on one part of
the edge, results could be observed that were significantly differ-
ent from the others. This may have been related to the process
of forming the sample into a disc. Despite the use of a uni-
form electric field during the polarization process, differences
were observed that may result from local microstructural inho-
mogeneities of the material. As a sintered ceramic, the tested
sample is characterized by heterogeneous polycrystalline struc-
ture (Fig. 3), which may affect the piezoelectric properties.

4. CONCLUSIONS

Based on the measurements carried out, it can be concluded that
each of the three applied variants of modification of the tested
materials: production method, addition of dopants and increase
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of temperature during the polarization process, had a significant
influence on the level of the piezoelectric coefficient d33 value.
Temperature values were selected so as not to exceed the Curie
point. Studies indicate that thermal processes, such as different
sintering temperatures and additives (e.g. strontium, calcium,
manganese), have a significant influence on the piezoelectric
properties of KBT (Tables 1–3). The microstructure of poly-
crystalline materials such as KBT plays a key role here. Control
of the microstructure, including grain size and porosity, through
thermomechanical processes opens up possibilities in shaping
the functional properties of these materials. Studies have con-
firmed that the temperature for polarization in an electric field
has a significant effect on the d33 values, which emphasizes
the need for precise control of thermal parameters in the po-
larization process of piezoelectric materials. The measurements
performed showed that the distribution of the d33 coefficient in
the tested ceramic samples is non-uniform. Despite the applica-
tion of a uniform electric field during the polarization process,
the d33 value varies spatially within a single sample, suggest-
ing the presence of local microstructural inhomogeneities. Such
variability may result from the polycrystalline structure typical
for ceramic materials, including, among others, non-uniform
porosity distribution, grain orientation or local structural defects
visible in SEM images (Fig. 3). The findings of this study may
be significant for the development of high-performance, lead-
free piezoelectric materials. The optimization of doping and
poling conditions offers significant potential for advancing the
application of KBT ceramics in piezoelectric sensors, actuators
and energy harvesting devices, particularly in environmentally
friendly technologies.
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