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Abstract
Lead-free (1-x)K0.5Bi0.5TiO3-xBiFeO3 ceramics
with x = 0.1-0.4 were prepared by a conventional
solid-state reaction. X-ray diffraction coupled
with Rietveld refinement confirmed main
perovskite phase with pseudo-cubic structure.
Temperature-dependent dielectric measurements
revealed broad dielectric anomalies and frequency
dispersion, indicating relaxor behaviour. At
100 kHz, the highest room-temperature relative
permittivity of 925 was obtained at x = 0.2. The
highest maximum and remanent polarisation
were obtained at x = 0.3 with 30 and 16 µC
cm−2, respectively. This work demonstrates a
new lead-free solid solution for dielectric and
ferroelectric applications.

Keywords: lead-free, KBT-BF, dielectric, ferroelectric,
relaxor.

1 Introduction
Lead-based ferroelectric ceramics, particularly
Pb(Zr,Ti)O3 (PZT)-based materials, have been widely
used in sensors, actuators, transducers and dielectric
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devices because of their excellent piezoelectric
and ferroelectric properties [3]. However, the
toxicity of lead and increasingly strict environmental
regulations [2] have driven the development
of lead-free alternatives capable of delivering
comparable electric field-induced strains for actuator
applications [1]. This has led to considerable
interest in lead-free perovskite ceramics, especially
Bi-contained and alkali-based systems, which can
provide a strong polarisation response while avoiding
the environmental and health concerns associated
with Pb-based compounds.

Potassium bismuth titanate, K0.5Bi0.5TiO3 (KBT), is an
attractive lead-free ferroelectric owing to its tetragonal
ferroelectric character, thermal stability and relatively
high ferroelectric transition temperature, typically
reported at approximately 380 ◦C [4]. Nevertheless,
pure KBT is difficult to optimise as a dense,
single-phase ceramic, partly because the volatility of K-
and Bi-containing species during high-temperature
processing can lead to non-stoichiometry, defect
formation and increased dielectric loss [5, 6]. BiFeO3

(BF) is another important lead-free perovskite,
known for its intrinsically high transition temperature
(830 ◦C) and large spontaneous polarisation (>
100 µC/cm2) [6, 7]. Combining KBT with BF
therefore offers a route to lead-free ceramics with
improved thermal stability and enhanced polarisation
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response [8, 9].

The functional potential of KBT–BF ceramics is
closely linked to their composition-dependent phase
behaviour. A composition of 0.4KBT–0.6BF has
been identified as being close to the morphotropic
phase boundary, showing a remanent polarisation,
Pr, of about 52 µC cm−2 and retaining piezoelectric
properties up to 300 ◦C [8]. This combination
of large polarisation and high-temperature stability
suggests that KBT–BF is a promising parent system for
further compositional modification aimed at dielectric
and capacitor-related applications. More recently,
Wang et al. [10] investigated the energy-storage
performance of 0.6KBT–0.4BF-based ceramics through
defect engineering and relaxor tuning, reporting a high
maximum polarisation (Pmax) of approximately 60 µC
cm−2 and a remanent polarisation (Pr) of 35 µC cm−2;
however, performance was found to be constrained
by Fe-valence fluctuation and Bi2O3 volatilisation
during sintering, which increase oxygen-vacancy
concentration and leakage current. Fisher et al. [6]
reported that KBT–BF ceramics are difficult to sinter
to high density and therefore investigated reactive
sintering as an alternative route for preparing KBT–BF
ceramics. These issues are closely related to Bi/K
volatilisation, oxygen vacancies and mixed Fe valence
states, which can promote leakage current and
extrinsic conductivity [5, 6, 11].

Mn addition has been reported to suppress
conductivity and reduce dielectric loss by modifying
the defect chemistry of BF-containing perovskites
and related Bi-based perovskites [6, 12]. This is
important for obtaining dielectric and ferroelectric
behaviour. In 0.4KBT–0.6BF, the addition of 0.5mol%
MnO reduced dc conductivity by approximately
two and three orders of magnitude and produced
a well-defined Arrhenius activation energy of
1.21 eV, consistent with Mn-induced acceptor
defect levels and suppression of Fe-related polaron
conduction [6]. A similar Mn-induced conductivity
suppression mechanism has also been reported
in related Bi-based perovskite systems such as
BiFeO3–BaTiO3, where Mn acts as an acceptor
dopant to reduce leakage current [13]. Similarly,
1 at% Mn-doped NBT–BT single crystals showed
enhanced resistivity and improved electromechanical
properties, with reported d33, kt and k31 values of
483pCN−1, 0.556 and 0.397 respectively [12]. In
this work, (1-x)K0.5Bi0.5TiO3–xBiFeO3 ceramics
modified with small amounts of Mn were prepared
by a conventional solid-state reaction route.

The phase structure, dielectric properties and
ferroelectric response were investigated to study the
composition–structure–property relationship.

2 Experimental procedure
Lead-free (1-x)K0.5Bi0.5TiO3–xBiFeO3 (KBT–xBF)
ceramics, where x = 0.1, 0.2, 0.3 and 0.4, were
prepared by a conventional solid-state reactionmethod.
Analytical-grade K2CO3 (≥ 99.0%, Sigma-Aldrich),
Bi2O3 (≥ 99.9%, Thermo scientific), TiO2 (≥ 99.9%,
Sigma-Aldrich), Fe2O3 (≥ 98%, Thermo scientific)
and Mn2O3 (99%, Sigma-Aldrich) were used as
starting raw materials. A small amount of 0.1wt%
Mn was added to suppress the extrinsic conductivity.
All chemicals were mixed stoichiometrically and
homogenised by vibration milling in propan-2-ol for
24 h using yttria-stabilised zirconia milling media.
The resulting slurry was dried overnight, and the
dried powder mixture was calcined at 900 ◦C for 4 h.
The calcined powders were subsequently re-milled.
After drying, the powders were mixed with 10wt%
polyvinyl alcohol (PVA) binder and uniaxially pressed
into pellets with a diameter of approximately 10mm
under a pressure of 150–200MPa. The green pellets
were heated at 550 ◦C for 2 h to remove the binder,
followed by sintering at 1065–1075 ◦C for 2 h with a
heating rate of 3 ◦Cmin−1.

Phase formation and crystallographic characteristics
of the sintered ceramics were examined by X-ray
diffraction (XRD). Prior to XRD measurements, the
sintered pellets were crushed into fine powders.
Diffraction patterns were collected using a PANalytical
X’Pert PRO PW3050/60 diffractometer with Cu Kα
radiation (λ = 1.54 Å). Data were recorded over a
2θ range of 10–90◦ with a step size of 0.0167◦ and
a counting time of 139.7 s per step. The XRD data
were used to identify the phase structure and assess
possible phase evolution or lattice distortion in the
KBT–BF ceramics. Pattern refinement and peak fitting
of the XRD data were carried out using TOPAS 6
to determine the crystallographic parameters of the
sintered ceramics.

For dielectric and ferroelectric measurements, both
sides of the sintered pellets were coated with silver
paste (Sunchemical, UK) as electrodes and fired at
500 ◦C for 30min. Excess silver electrodes around the
pellet edges were carefully removed to avoid electrical
short-circuiting. The electroded samples were placed
between platinum wires in a Carbolite Gero furnace
and connected to an HP 4284A Precision LCR meter.
Temperature-dependent dielectric measurements
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Figure 1. XRD patterns of KBT-xBF ceramics, where x = 0.1–0.4.

Table 1. Lattice parameter of KBT–xBF ceramics, where x = 0.1–0.4.

Composition x = 0.1 x = 0.2 x = 0.3 x = 0.4

a = b = c (Å) 3.9497(2) 3.9523(1) 3.9558(2) 3.9588(1)

were performed from 25 to 550 ◦C at a heating rate of
1 ◦Cmin−1, at frequencies of 1, 10 and 100 kHz. The
relative permittivity was calculated from themeasured
capacitance using the standard parallel-plate capacitor
relationship, and the dielectric constant and dielectric
loss were evaluated as functions of temperature and
frequency. The ferroelectric polarisation–electric field
(P–E) response was characterised under a sinusoidal
electric-field waveform, with the instantaneous
polarisation determined by integrating the current
response as a function of time [14]. The ceramic
samples were measured at a frequency of 1Hz.

3 Results and Discussion
Figure 1 presents the X-ray diffraction patterns of
the KBT–xBF ceramics (x = 0.1–0.4). The principal

diffraction peaks can be indexed to a pseudo-cubic
perovskite structure. This indicates that the perovskite
phase is retained across the investigated composition
range. A few weak XRD peaks are also present,
which may be associated with impurity phases caused
by volatilisation of K- and Bi-containing species
during high-temperature sintering. Such volatilisation
can produce local non-stoichiometry and favour the
formation of minor secondary phases [15–17].

Rietveld refinement was performed using Topas, and
best fit was obtained using a cubic Pm3̄m model.
Within the present XRD pattern, no pronounced peak
splitting or symmetry change was observed with
increasing BF content. The samples can therefore be
described using an average pseudo-cubic structure. As
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Figure 2. Temperature-dependent relative permittivity (εr) and dielectric loss (tan δ) of KBT–xBF measured at
frequencies of 1, 10 and 100 kHz: (a) x = 0.1, (b) x = 0.2, (c) x = 0.3 and (d) x = 0.4.

summarised in Table 1, the refined lattice parameter
increases gradually from 3.9497(2) Å for x = 0.1
to 3.9588(1) Å for x = 0.4. This trend indicates
expansion of the pseudo-cubic unit cell with increasing
BF content. The increase in pseudo-cubic lattice
parameter with increasing BF content was rationalised
using Shannon effective ionic radii. The ionic radius
of high-spin Fe3+ (0.645 Å, CN=6) is larger than
that of Ti4+ (0.605 Å, CN=6) [18]. The substitution
of the larger Fe3+ for Ti4+ at the B-site leads to an
increase in the average B-site ionic radii. Therefore,
the lattice expansion is consistent with compositional
modification and the incorporation of Fe into the B-site.

Figure 2 shows the temperature-dependent dielectric
permittivity (εr) and dielectric loss (tan δ) of KBT–xBF
ceramics measured at 1, 10 and 100 kHz. All
compositions exhibit broad dielectric anomalies and

frequency dispersion, indicating relaxor behaviour.
This behaviour is likely related to compositional
disorder on both the A-site and B-site sublattices,
which can generate local structural heterogeneity
and polar nano-regions. The coexistence of K+/Bi3+
on the A-site and Ti4+/Fe3+ on the B-site is
expected to disrupt long-range ferroelectric order
and broaden the dielectric transition. At lower
temperatures, εr increases gradually with temperature
for all compositions. On further heating, broad
maxima are observed, followed by a decrease in
εr at higher temperatures. The dielectric loss
remains comparatively low at lower temperatures but
increases rapidly at elevated temperatures, particularly
at lower frequency. This increase in tan δ is
characteristic of thermally activated charge transport
and may be associated with oxygen vacancies, Bi/K
volatilisation-induced defects and Fe-related electronic
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Figure 3. (a) Temperature-dependent relative permittivity (εr) and dielectric loss (tan δ) of KBT–xBF measured at
100 kHz; (b) Bipolar P–E loops for KBT–xBF at 60 kV cm−1.

conduction.

Figure 3(a) compares the dielectric response at
100 kHz. At room temperature, the permittivity
remains in the range of approximately 803–925, with
x = 0.2 showing the highest value (εr = 925), while
x = 0.1 gives the lowest value (εr = 803). The
room-temperature dielectric loss is relatively low (<
10%), with tan δ values in the range of 0.073–0.087
across all compositions. With increasing temperature,
all compositions exhibit relatively broad dielectric
curve rather than a sharp transition, suggesting relaxor
behaviour. The maximum permittivity decreases
gradually with increasing x, from 4700 for x = 0.1 to
2559 for x = 0.4. At elevated temperatures, dielectric
loss increases markedly at 400 ◦C for x = 0.2–0.4.

Figure 3(b) shows the bipolar P–E hysteresis loops
of the KBT–xBF ceramics at 60 kV cm−1. The P–E
loop for x = 0.1 is very slim with Pmax = 22 µCcm−2

and Pr = 4 µCcm−2. The other three compositions
show higher Pmax and Pr values than x = 0.1, with
the highest value obtained at x = 0.3, as detailed
in Table 2. The Pmax increases from 22 µCcm−2

for x = 0.1 to 30 µCcm−2 for x = 0.3 and then
decreases to 26 µCcm−2 for x = 0.4. A similar trend
is also observed for the Pr. These results indicate that
the composition with x = 0.3 exhibits the highest
polarisation. However, slight round edges were
observed at the highest field for x = 0.3, indicating
a conductive behaviour that is possibly due to the
formation of oxygen vacancies.

4 Conclusion
(1-x)K0.5Bi0.5TiO3–xBiFeO3 ceramics with x = 0.1–0.4
were prepared by a conventional solid-state reaction.

Table 2. Important parameters from P–E loops for
KBT–xBF at 60 kV cm−1.

Composition
|Pmax|

(µCcm−2)
|Pr|

(µCcm−2)
|Ec|

(kVcm−1)

0.9KBT–0.1BF 22 4 10
0.8KBT–0.2BF 27 14 20
0.7KBT–0.3BF 30 16 24
0.6KBT–0.4BF 26 11 18

XRD analysis confirmed that the main reflection
is perovskite pseudo-cubic structure, with weak
secondary reflections attributed to minor impurity
phases associated with K/Bi volatilisation during
sintering. The refined pseudo-cubic lattice parameter
increased from 3.9497(2) Å for x = 0.1 to 3.9588(1) Å
for x = 0.4, indicating expansion of the perovskite
unit cell with increasing BF content. Dielectric
measurements revealed broad anomalies and
frequency-dependent behaviour, consistent with
a diffuse and relaxor-like response. At 100 kHz,
the room-temperature relative permittivity was
approximately 803–925, while tan δ remained between
0.073 and 0.087. Ferroelectric P–E loop results showed
slim hysteresis loops, indicating relaxor behaviour.
The highest polarisation was obtained for x = 0.3,
with Pmax = 30 µCcm−2, Pr = 16 µCcm−2 and
Ec = 24 kV cm−1. Overall, this work demonstrates
a fundamental composition–structure–property
relationship in KBT–BF ceramics.
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