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ABSTRACT

Purpose: The work focuses on preparing and characterising BNT-based ceramics via a solid-
state method. To investigate the phase, microstructure, and physical and electrical properties
of BNT-based ceramics.

Design/methodology/approach: Lead-free piezoelectric bismuth sodium titanate — bismuth
potassium titanate — stronsium zirconate (BNT-BKT-SZ) ceramics were fabricated by the solid-
state reaction method. The effect of sintering temperature with soaking times of 2, 4, and
6 h at 1150°C on structural, microstructure, density, porosity, and electrical properties was
examined. The phase formation of the ceramics was examined using X-ray diffraction (XRD).
Scanning electron microscopy (SEM) (JEOL JSM5910LV) was employed to investigate ceramic
microstructure. The bulk density and mechanical properties of the sample were measured using
Archimedes’ method, respectively. The electrical properties of ceramics, such as dielectrics,
ferroelectrics, and piezoelectrics, were investigated.

Findings: XRD showed all samples had a single perovskite structure and no secondary phase.
All sintered samples at different temperatures have a coexisting phase boundary between the
rhombohedral phase and the tetragonal phase. The sintered ceramic at 1150°C with a soaking
time of 4 h shows a maximum density of 5.89 g/cm3. In addition, the temperature at which the
sintering process is carried out substantially impacts the electrical characteristics. Dielectric
and electric field-induced strain (S,,,5) properties that sintered at 1150°C with a soaking time of
4 h exhibited the highest values of 4.489 and 0.39% (ds3* of 650 pm/V), respectively.
Research limitations/implications: The impact of the coercive field on the electrical
breakdown characteristics of ceramics should be investigated further in the course of research
that has to be carried out.

Practical implications: The characterisation confirmed the effects of sintering temperature
on the physical, phase, microstructure, and electrical properties of BNT-based ceramics.

Originality/value: Such research demonstrates a suitable sintering temperature for producing
BNT-BKT-SZ. The mechanical and electrical properties of a material are dependent on its sintering
parameters. The ceramic system is suitable for piezoelectric and/or energy storage applications.

© Copyright by International OCSCO World Press. All rights reserved. 2024 RESEARCH PAPER In
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1. Introduction

The piezoelectric ceramic material can instantly change
the form of the energy it receives from a mechanical source
into either electrical or mechanical form [1-4], and it has
been widely used in many fields such as sensors,
transducers, actuators, energy harvesters, and micro-electro-
mechanical systems (MEMS) [3-11]. However, concerns
have been expressed about the#oxicity of lead, which is the
main component of piezoelectric ceramics. Therefore, many
scientists are now focusing on developing piezoelectric
ceramics which do not contain lead [12,13]. Lead-free
piezoelectric ceramics include many systems, for instance,
BioAsNaoAsTiO3 (BNT), BaTiO3 (BT), and Bio(sKo(sTiO3
(BKT) [14-16]. BNT ceramic is an excellent choice for
usage in piezoelectric applications due to its high Curie
temperature (7¢ 320°C), acceptable dielectric response, high
piezoelectric response, and high electric energy density and
hug strain under a high electric field because the
polarizability of the Bi** ion is identical to the Pb*" ion.
Nevertheless, BNT presents a highly coercive field (E.),
making the poling process difficult [17-20]. In piezoelectric
ceramics like PZT materials, both rhombohedral and
tetragonal ferroelectric phases coexist, and the morphotropic
phase boundary (MPB) plays a crucial role.

Many researchers have modified the piezoelectric
capabilities of BNT ceramics using bismuth potassium
titanate (BKT). Binary BNT-BKT systems exhibit a high
piezoelectric coefficient close to the morphotropic phase
boundary (MPB). At a BKT concentration of 15 to 20 mol%,
the BNT-BKT at the MPB region demonstrated the
coexistence of tetragonal and rthombohedral phases [21-23].
Improvements in the piezoelectric performance of BNT
ceramics are promising but still do not compare with PZT
materials. Other modifications to the BNT-BKT solid
solution have been developed to increase its electrical
properties. Afifi et al. [24] investigated BNT-BKT-SrZrO3
film and the content of BKT in energy storage. They
concluded that at a BKT concentration of 17.5%, the energy
storage efficiency and recoverable energy storage density
increased to 39.9% and 3.27 J/cm?, respectively. Magbool et
al. [25] studied the effect of SrZrOs; on the piezoelectric
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properties of BipsNagsTiO3; ceramic. By modifying BNT
with SrZrOs, they increased the piezoelectric performance
of the material, achieving maximum residual polarization of
32 pC/cm? and piezoelectric constant 102 pC/N at 5% of SZ
content. They also reported that BNT-SZ9 showed the
maximum strain value induced by an electric field (Syax =
0.24%) corresponding to the normalized strain (ds;" = 340
pm/V). Hao et al. [26] investigated the effect of SrZrOs-
doped BNKT20 ceramic on piezoelectric and ferroelectric
properties. They concluded that with increasing SZ content,
the ferroelectric rhombohedral and tetragonal phases in
BNKT ceramic changed to the relaxor pseudocubic phases,
leading to a field-induced strain improvement with a
maximum value of ~0.39% and d3;" ~488 pm/V. Several
studies have modified BNT-based ceramics with BKT,
KNN, BT, ST, and SZ, as well as ion doping. These
additions improved the electrical properties of ceramics
without a lead component. However, studies of the
temperature and time of the sintering process are lacking.
The BNT-BKT presented a morphotropic phase boundary
(MPB), and SZ addition to BNT showed enhanced
piezoelectric properties.

Therefore, such research focused on the influence of
sintering time on the electrical properties of the
79(Bi()(5Na0A5TiO3)—20(Bi0(5K0A5TiO3)—1(SI'ZI'O3); 79BNT-
20BKT-1SZ ceramic during sintering at soaking times of 2,
4, and 6 h. Ceramics using the solid-state reaction process
79BNT-20BKT-1SZ were synthesised, and their structural,
microstructural, dielectric, P-E hysteresis loop and
piezoelectric characteristics were investigated and described
in extensive detail.

2. Experimental

Na2C03, Ti02, BizO}, SI‘CO}, KzCO}, and ZrO, were
used as reagent grade raw materials to create the
0.79(Big.sNagsTiO3) + 0.20(Bio.sKosTiO3) + 0.01(SrZrO3)
ceramic using a solid-state reaction. The starting
components were weighed using the appropriate chemical
formula and then ball-milled using zirconia balls in ethanol
for 24 h. The slurry was dried in an air oven at 100°C before
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calcination at 900°C for two#hours. The powder was
combined with a few drops of 4% PVA glue and then
subjected to uniaxial pressing to form discs (diameter 10 mm
and thickness 1.2 mm). The green pellets were sintered at
1150°C with soaking times of 2, 4, and 6 h.

X-ray diffraction (XRD) analysis verified the expected
phase structure for these ceramics, and Archimedes’ method
was used to determine their density and porosity. The
microstructure was inspected using a scanning electron
microscope (SEM). For electrical characterisation, each
sample was first polished and then coated on both sides with
a silver paste before baking at 600°C for 30 min. The
temperature dependence of the dielectric constant was
determined from 30 to 500°C using an LCR meter. The
ferroelectric and piezoelectric properties of the samples
were measured using the Precision 10KV HVI-SC
Workstation (Radiant Technologies, Inc.)

3. Results and discussion

Figure 1(a-c) displays the SEM images showing the
surface morphology of the 79BNT-20BKT-1SZ ceramic.
The micrographs revealed that the grains of all the samples
had well-defined and consistent shapes with dense
morphology. Fig. 1(d-f) shows the gain size distributions of

the 79BNT-20BKT-1SZ ceramic. All the samples had a
uniform normal distribution of grain sizes. It can be
observed that thr average grain size of the sintered samples
changed to 0.84 £ 0.21 pm, 1.02 + 0.30 um, and 1.05 + 0.38
pwm after soaking times of 2, 4, and 6 h, respectively (Tab. 1).
Sample density increased at longer soaking times, reaching
the maximum value of 5.89 g/cm® when the ceramic was
sintered at 1150°C for 4 h. The density reduced#with
increasing soaking time up to 6 h, caused by the loss of
volatile alkali metal oxides due to exposure to higher
temperatures [27]. Results showed that the porosity
decreased with increasing soaking time to 6 h. The influence
of grain size on porosity is probably the case because of the
correlation between the irregularity of grains and the
subsequent increase in porosity as particle size decreases
[28-30].

Table 1.
Density and microstructural properties of the 79BNT-
20BKT-1SZ ceramic

Dwell time, Density, Porosity, Grain size,
h g/em’ % mm
2 5.62+0.03 3,70+ 0.12 0.84+0.21
4 5.89+0.02 0.97+0.06 1.02+0.30
6 5.75+0.03 1.99+0.63 1.05+0.38

Counts (%)
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Grain size (um)
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Grain size (um)

Fig. 1. SEM images and grain size distribution histrograms of the 79BNT-20BKT-1SZ ceramic sintered at 1150°C with

soaking times of (a),(d) 2 h; (b), (e) 4 h; and (c), (f) 6 h
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Fig. 2. (a) XRD patterns, (b) expanded magnification of (111) peaks, and (c) expanded magnification of the 79BNT-20BKT-

1SZ ceramic sintered at various soaking times

Figure 2 (a) displays the XRD patterns of the 79BNT-
20BKT-1SZ ceramic during the sintering process at soaking
times of 2, 4, and 6 h. No secondary phases were detected in
the studied range, indicating that all the ceramics were the
pure perovskite phase and formed a homogeneous
perovskite-structured solid solution. The XRD patterns of all
the sintered samples showed a mixed rhombohedral and
tetragonal structure. The splitting of the (111)/ (111) peaks at
around 40 degrees, indicating the rhombohedral phase, and
the splitting of the (002)/(200) peaks at about 46 degrees,
indicating the tetragonal phase, corroborated such a finding.
The percentages of rhombohedral and tetragonal phases
(%R and %T) were calculated by integrating the intensities
of the XRD peaks, with results shown in Figure 3. The
rhombohedral fraction increased in the sample sintered at
four h, consistent with the apparent splitting of the
(111)/(111) peaks. On further increasing the soaking times to
6 h, the structure changed from a mixed phase to a
tetragonal-rich phase and the (111) and (111) peaks merged
into a single (111) peak. The longer sintering process
volatilized the alkali metal oxides, which resulted in the
structural alterations discussed earlier [27].

The relationship between the temperature and the
dielectric constant of the 79BNT-20BKT-1SZ ceramic
sintered at 1150°C, with soaking times of 2, 4, and 6 h, was
measured at frequencies ranging from 1 kHz to 1 MHz at 25
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to 500°C, with results shown in Figure 4. All the samples
displayed two types of dielectric anomalies at each tested
frequency [31-33]. Below 200°C, a phenomenon known as
depolarization (74) occurred in the dielectric constant,
whereas the second (about 300°C) was the maximum
dielectric constant (7,). The dielectric properties as &max,# 4,
and 7, values are listed in Table 21

=
<

- Tetragonal (%4T)
- Rhombohedral (%6R)

80+

60+

s
=
L

The relative volume fractions (%)
=2
|

2 4 6
Soaking times (h)

Fig. 3. Ratios of phases R and T of the 79BNT-20BKT-1SZ
ceramic sintered at 1150°C with soaking times of 2,4, and 6 h
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Fig. 4. Dependence of the dielectric constant (&) and dielectric loss (tan d) on temperature for the 79BNT-20BKT-1SZ ceramic

sintered at 1150°C with soaking times of 2, 4, and 6 h

Table 2.
Dielectric properties of the 79BNT-20BKT-1SZ ceramic

Table 3.
Ferroelectric and piezoelectric properties of the 79BNT-

Dwell time, h Emax, at 1 kHz Tw, °C Ta, °C 20BKT-1SZ ceramic
2 3566 305 112 Soaking Py, Py, E., Strain,
4 4489 310 90 time, h uC/em?  uClem? kV/em %
6 3870 308 38 2 4.3 25.7 8.7 0.31
4 22 37.6 16.5 0.39
The dielectric loss increased as the soaking time 6 6.6 32.0 13.9 0.36

increased, while the dielectric constant increased with
increasing sintering time. The sample sintered for four h
showed the highest dielectric constant, with a maximum
value of 4489.

Such an approach improved densification while
simultaneously reducing porosity, ultimately leading to an
improvement in the dielectric constant. In most cases, a
higher density improves the dielectric properties of a
material (thus reducing the porosity) by sintering at a high
temperature. Alkathy et al. [34] reported that G. Arlt’s
theory explained the relationship between grain size and
dielectric constant using the formula Gd"*(in the range of
grain size 1-10 mm). The phase composition of the 4 h
sample was extremely similar to the MPB area, which is
another factor that contributed to this sample having the
greatest dielectric constant. 7; values decreased with
increasing dwell times. It may result from an ergodic relaxor
(ER) phase ferroelectric order instability [35]. Obilor et al.
[2] reported enhanced strain values when 7, is near room
temperature.

Figure 5 shows the P-E hysteresis loops of the 79BNT-
20BKT-1SZ ceramic sintered at different sintering times
measured at 1 kHz under different electric fields. All P-E
hysteresis loops in the sintered samples were asymmetric.
Increased sintering time was accompanied by a rise in the
coercive field (£.) and the remnant polarization (P,). The E.
and P, values measured at 70 kV/cm (1 kHz) are given in
Table 3.

Volume 126 Issue 2 April 2024

The P-E hysteresis loops showed that the remnant
polarization, coercive field, and shape were influenced by
sintering times. The P, and P values increased as sintering
time increased from 2 h to 4 h, reaching a maximum of 22
mC/cm? and 37.6 mC/cm? at a soaking time of 4 h. The
increase in P, and P, values as soaking time increased was
due to the density increase [36], which had a beneficial
impact on the ferroelectric properties of the material.
Ceramics sintered at 1150°C with a soaking time of 6 h
showed a slight decrease in P, and P, values because the low
density that occurred during the sintering process impacted
the value of the residual polarization [31,34]. Similar
behaviour was seen in E., with the highest value of 16.5
kV/cm in the sample sintered for 4 h.

Figure 6 shows the bipolar strain-electric field (S-E)
loops of the 79BNT-20BKT-1SZ ceramic recorded at room
temperature (RT) in a 60 kV/cm electric field at 1 kHz. The
maximum strain (Sya) is listed in Table 3. All samples
showed a butterfly-shaped loop. The observed asymmetry in
the S-F loops at 4 h and 6 h soaking times was due to the
internal bias field with the motion of domains and domain
walls [37,38]. The maximum strain of the sample sintered at
4 h was larger than the other samples.

The large strain value measured in this study was caused
by a phase transition between the ergodic relaxor (ER)
and ferroelectric (FE) phases (MPB region), which can
occur in either direction. This transition was the cause of the
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Fig. 5. P-E hysteresis loops of the 79BNT-20BKT-1SZ ceramic sintered at soaking times of (a) 2 h, (b) 4 h, and (c) 6 h
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Fig. 6. Electric field-induced strain curves of the 79BNT-20BKT-1SZ ceramic sintered at soaking times of (a) 2 h, (b) 4 h, and

(c) 6h

significant strain value [30, 39-42]. For many piezoceramics,
including the ones under investigation, this can lead to a very
large maximum apparent strain (Smax). An increase in the
degree of ergodicity may be connected to the most
significant strain and the lowest and/or disappearing
negative strain value. This was demonstrated by pinching
the P-E loop. As a result of such an event, the strain was
maximally high, and the negative strain value was minimal
or non-existent. The P-E loop exhibited an inward pinching
motion, thereby demonstrating such a phenomenon.

4. Conclusions

The impact of sintering times on density, porosity, and
electrical properties such as dielectric, ferroelectric, and
piezoelectric were studied. A solid-state reaction technique
was used to successfully manufacture the 79BNT-20BKT-
1SZ ceramic. The XRD analysis results suggested that each
ceramic had only one perovskite structure. Sintering under

RESEARCH PAPER

soaking time affected the dielectric, ferroelectric, and piezo-
electric characteristics of such a ceramic. A suitable sintering
time results in improved dielectric properties. The highest
dielectric constant, which reached a maximum value of 4489,
was found in the sample sintered with a dwell time of 4 h.
Moreover, a large electric-induced strain (Sya = 0.39%) with
high ds;" (650 pm/V) was also reported for the same condition.
The 79BNT-20BKT-1SZ ceramic sintered at 1150°C under
4 h soaking time showed promise as a lead-free ceramic for
piezoelectric applications involving energy storage.
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