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Abstract 
In the present communication, lead-free ceramics having composition 0.98(K0.5Na0.5NbO3)-

0.02(Bi0.5Na0.5TiO3) were synthesized by a high-temperature solid-state reaction route. The Rietveld 
refinement for the 0.98KNN-0.02BNT reveals an MPB with phase fraction Amm2 (87.76 %) and Pm-3m 
(12.27%). The SEM study predicted a mean diameter of 0.98KNN-0.02BNT grains as 0.52 µm ± 0.19. 
The 0.98KNN-0.02BNTceramic displayed a typical hysteresis loop with a remnant polarization (Pr) 
of 7.0 μC⸳cm-2, saturation polarization (Ps) of 16 μC⸳cm-2, and a coercive field (Ec) of 26 kV⸳mm-1. 
The electrical, Raman spectra, dielectric, and hysteresis loop study supported a morphotropic phase 
boundary. The synthesized KNN-BNT lead-free material can be an excellent material for designing 
new devices like ultrasonic transducers and piezo-actuators. 

1. Introduction 
 

For numerous reasons, lead-free materials are preferable to lead-
based materials. To begin with, lead is very poisonous and presents 
serious health concerns to both individuals and the environment. Its 
usage can cause lead poisoning, particularly in children, resulting 
in developmental disorders and other health consequences. Second, 
lead-free products are more environmentally friendly and sustainable, 
decreasing pollution and harm to ecosystems. Furthermore, since 
international legislation and public awareness discourage the use of 
lead, lead-free alternatives are becoming increasingly important for 
compliance and commercial acceptance. Lead-free materials frequently 
provide equivalent higher performance, making them a safer and 
more practical alternative in a variety of applications, ranging from 
electronics to sensors, without sacrificing functionality or safety. Lead-
free piezoelectric ceramics are undergoing evaluation for potential 
applications in ultrasonic transducers [1] and piezo-actuators [2], 
demonstrating exceptional electroacoustic [3] performance that rivals 
that of commercial PZT ceramics. 

Potassium sodium niobate (KNN) and bismuth sodium titanate (BNT) 
are two promising lead-free piezoelectric ceramics that have attracted 
significant attention due to their potential to replace lead zirconate 
titanate (PZT), a widely used piezoelectric material that contains lead, 
a toxic heavy metal. These ceramics, KNN (K0.5Na0.5NbO3) and 
BNT (Bi0.5Na0.5TiO3), have high piezoelectric properties and can be 
considered to replace lead zirconium titanate [4-7]. Above 690K, KNN 
stabilizes in cubic-symmetry (Pm3m) and tetragonal-symmetry (P4mm) 
within 470 K to 690 K temperature. The tetragonal phase transforms 

into an orthorhombic phase (Amm2) and a rhombohedral phase 
(R3m) when KNN is cooled below 470K and 110K respectively [8]. 
The structural alteration of BNT with heat becomes complex when 
compared with KNN. In the study by Jones & Thomas, it was discovered 
that the material undergoes a phase transformation between 573 K 
and 593 K, transitioning from the R3c symmetry (low-temperature-
ferroelectric-phase) to the P4bm symmetry (high-temperature-phase) 
[6]. At a temperature of 813 K, a transition known as a morphotropic 
phase boundary (MPB) occurs, marking the shift from ferroelectric to 
paraelectric phases, which is a critical point on the phase diagram [9], 
where the crystal structure quickly changes is where all of them have 
high piezoelectric characteristics. The KNN system exhibits a diffuse 
polymorphic phase transition, resulting in a polymorphic phase boundary 
(PPB) between the orthorhombic and tetragonal phases, extending 
down to room temperature [10,11]. When the second component is 
added to a based system, the position of the PPB shifts gradually 
and continuously to low temperature, forming a gradient line to the 
composition axis, in contrast to an MPB in a PZT system, which is 
situated within a limited range of compositions and nearly orthogonal 
to the composition axis [5,12,13]. While both PPBs and MPBs can induce 
phase coexistence, PPBs exhibit a greater sensitivity to temperature 
variations in the crystal structures of nearby compositions. An MPB 
indicates a change in symmetry as a function of composition, while 
a PPB represents a change in symmetry as a function of temperature. 

The proposed lead-free KNN-BNT ceramic material is expected 
to exhibit immense potential for innovative device applications 
such as ultrasonic transducers and piezo-actuators due to its unique 
MPB composition and favorable electrical characteristics. This novelty 
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marks a significant stride in the realm of functional materials, paving 
the way for the development of advanced technologies relying on 
piezoelectric properties and morphotropic phase boundaries. 

In this work, the KNN-BNT was synthesized using a solid-state 
reaction technique. The material's properties, such as structural, 
morphological, and electrical properties were evaluated. The lead-
free material investigated in this study can be an excellent base for 
devices such as ultrasonic transducers and piezo-actuators. 
 
2.  Synthesis and experimental techniques 

 
Solid state reaction technique was utilized to form the ceramics. 

At first, the careful ratio of various oxides and carbonate was taken by 
measurement in a weight balance (M/S Mettler Toledo, USA). Analytical 
grade of powders of high purity (>99%) was procured from Thermo 
Fisher, USA, and was poured in an agate mortar pestle. The oxides 
and carbonates such as K2CO3, Na2CO3, Nb2O5, Bi2O3, and TiO2 
were used. The powder was subjected to wet grinding using methanol 
for 2 h. Then the homogenous mixture was transferred to an alumina 
crucible and placed inside a furnace. The calcination temperature of 
the sample was 900℃ for 4 h (heating rate 5℃⸳min-1). Then the 
powder was grinded finely and blended with PVA as a binder. The 
powders were then pressed using a pelletizer (4 × 106 N⸳m-2 axial 
pressure) and disc shape pellets (diameter:12 mm) were obtained. 
The sintering of the green pellets was carried out by placing them 
in the furnace at 1100℃ for 4 h (heating rate 5℃⸳min-1). For dielectric 
and ferroelectric measurements a high-purity silver paste was used 
to paint it upon both opposite sides of the pellet making it a metal-
dielectric-metal arrangement. The required chemical reaction for the 
synthesis of 0.98KNN-0.02BNT is as follows: 

 
0.245(K2CO3) + 0.25(Na2CO3) + 0.49(Nb2O5) + 0.005(Bi2O3) + 0.02(TiO2) 
 → [0.98(K0.5Na0.5NbO3) - 0.02 (Bi0.5Na0.5TiO3)] + 0.495(CO2) 

 
 A schematic diagram illustrating the synthesis of 0.98KNN-

0.02BNT is presented in Figure 1(a). 
 

 

Figure 1. (a) Schematic representation for synthesis, (b) XRD spectra, and 
(c) Raman spectra of 0.98KNN-0.02BNT  

The XRD measurement of ceramic was carried out using a powder 
X-ray diffractometer (M/S Rigaku Ultima IV, Japan) and the step size 
was set at 2 degrees/min. Raman spectra were traced using a Raman 
spectrometer (M/S Thermo Scientific Nicolet, USA) with a 532 nm laser. 
Polarizations vs. electric field (P–E) hysteresis loops at room temperature 
were traced by employing Radiant Precision Premier II, USA. The 
surface morphology of the material was studied by the scanning 
electron microscope (M/S Hitachi S-4900, Japan). An impedance 
analyzer (M/S Hioki IM3470) was used to measure the dielectric 
parameters of ceramics at room temperature and different frequencies. 
The dielectric parameters include the dielectric constant, the dielectric 
loss, and the impedance magnitude. 
 
3.  Results and discussion 
 
3.1  Structural analysis 
 

Figure 1(b) illustrates the Rietveld-refinement fitting of XRD 
diffraction patterns of 0.98KNN-0.02BNT, derived using (10°≤ 2θ 
≤ 80°). An Amm2+Pm-3m structural model was employed to analyze 
the fitting. It is established that the cell parameters of KNN are 
always described by either orthorhombic) (JCPDS 00-065-0275) or 
monoclinic (JCPDS 77-0038) [14] unit cells [8,15,16], with a change 
in the indexes. Considering the width of the 002 peak to be nearly 
twice that of the 200 peak, a monoclinic symmetry was considered. 
The emergence of the monoclinic perovskite phase with space group 
Pm signifies the morphotropic phase transition, marking a shift 
between the orthorhombic phase with space group Amm2 and the 
cubic phase with space group Pm-3m [17,18]. This transition arises 
from crystal lattice deformation and distortion induced by BNT 
substitution. The structural analysis was performed considering the 
crystal system Amm2+ Pm-3m, utilizing lattice parameters that reflect 
the crystal lattice deformation and distortion. The fitting results yielded 
slightly better values using Amm2+Pm-3m, with Rp = 22.7%, Rwp 
= 25.8%, and Re = 6.78%. The Rietveld refinement for the 0.98KNN-
0.02BNT reveals an MPB with phase fraction Amm2 (87.76 %) and 
Pm-3m (12.27%) with unit cell volume of 126.77 Å3 and 60.106 Å3 
perfectly fits.  

Raman spectra are applied here to identify local symmetry and 
understand the movements of molecular frameworks [19]. Six normal 
vibrations vi characterize the movements of molecular frameworks 
(NbO6) with cubic-Oh-symmetry [20]: 

 
τvib = A1g(Raman) + Eg(Raman) + 2Tiu(IR) + T2g(Raman) + 2T2u(silent) 

 
The Raman spectrum of KNN exhibits characteristic peaks 

corresponding to the internal vibrations of the NbO6 octahedra. These 
peaks can be assigned to the following vibrational modes: 

v1: Nb-O bond stretching vibration, with A1g symmetry. 
v2: Doubly degenerate Eg vibrations of O-Nb-O bonds. 
v3: Triply degenerate T1u vibration of Nb-O bonds. 
v4: Triply degenerate T1u vibration of O-Nb-O bonds (bending mode). 
v5: Triply degenerate T2g vibration of O-Nb-O bonds (bending mode). 
v6: Triply degenerate T2u vibration of O-Nb-O bonds (bending mode). 
The Raman active normal modes of KNN are 8A1 and 4A2, based on 

the Pm space group. The KNN-BNT systems were also investigated 

(a) 
 
 

(b) 
 
 

(c) 
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by Raman spectroscopy (Figure 1(c)) in the range of 100 cm-1 to 

1200 cm-1 at room temperature. The NbO6 group in 0.98KNN-0.02BNT 
shows a symmetric non-degenerated v1 stretching mode at around 
853 cm-1. The v2 stretching mode is doubly degenerated and splits 
into two peaks at 611 cm-1 and 547 cm-1. The most prominent peak 
at 260 cm-1 corresponds to the triply degenerated v5 bending mode 
of the NbO6 group. The spectra on the side of 0.98KNN-0.02BNT 
are consistent with these vibrational modes. The different Raman-
active modes are in agreement with the literature [21]. 

Raman spectra for the systems in this communication can be 
categorized into four distinct regions: (i) Peaks between 100 cm-1 
to 200 cm-1 can be ascribed to Na-O and Bi-O bond vibrations. 
For example, the peak at 137 cm-1 of 0.98KNN-0.02BNT is lined to 
Na/K-O bond vibrations. This means that there are regions in the 
material that have a very small size, in the order of nanometers. If these 
regions were larger, the phonon would not last long enough to produce 
a clear Raman signal. (ii) The dominance of the Nb/Ti-O vibrational 
modes (A1) could be ascribed to the second one around  260 cm-1, (iii) 
The Raman peaks in the 450 cm-1  to 700 cm-1 range can be ascribed 
to the vibration of the NbO6 or TiO6 octahedral and (iv) The peaks 
beyond 700 cm-1 could be ascribed to the overlap of A1&E(LO) bands 
[21,22]. The presence of different Bi3+ and Na+ ions causes A-site 
disorder, which in turn leads to overlapping peaks, resulting in broad 
peaks. 
 
3.2  Morphological analysis 
 

The morphological study of 0.98KNN-0.02BNT is obtained by 
scanning electron microscope. The SEM image of 0.98KNN-0.02BNT 
with particle size distribution is shown in Figure 2(a). There was no 
particle clumping and all the elements were evenly dispersed. The 
mean value of the size of 0.98KNN-0.02BNT is 0.52 µm with a 
standard deviation of 0.19. Energy dispersive spectroscopy (EDS) 
with elemental percentage composition is shown in Figure 2(b) which 
was used to trace the mole fraction of each element, indicating that 
there were no traces of impurities. The elemental color mapping of 
0.98KNN-0.02BNT is shown in Figure 2(c), which indicates the 
existence of elements including Nb, K, O, Na, Bi, and Ti which are 
all easily distinguishable. EDS spectra confirms that elements At% 
are as follows: O=60.58, Na=9.23, K=9.19, Ti=0.63, Nb=20.17 and 
Bi=0.20.  
 
3.3  Polarization-Electric field (PE) loop 
 

The Polarization-Electric field (PE) loop evaluation was carried out 
at 26℃, 1 Hz, and 4 kV. The 0.98KNN-0.02BNT ceramic displayed 
a typical hysteresis loop (Figure 3), with a remnant polarization (Pr) 
of 7.0 μC⸳cm-2, saturation polarization (Ps) of 16 μC⸳cm-2 and a coercive 
field (Ec) of 26 kV⸳mm-1. This is because of the replacement of the 
predominant order of the ferroelectric (FE) phase by the order of 
the antiferroelectric (AFE) phase [23,24] and also because of the 
MPB-phase transformation from rhombohedral/orthorhombic to 
pseudo-cubic [25]. 
 

 

Figure 2. (a) Surface micrograph with size distribution, (b) EDS spectra 
with elemental percentage composition, and (c) Elemental color mapping of 
various elements of 0.98KNN-0.02BNT.   

 

 

Figure 3. Polarization-Electric field (PE) loop of 0.98KNN-0.02BNT. 
 
 
 

(a) 
 

(b) 
 

(c) 
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3.4  Electrical analysis 
 

The dielectric study of ceramic samples reveals the change in 
polarization. It is possible to confirm the dielectric constant identified 
in the transfer function directly by reorienting the dielectric material 
and neutralizing charge on the electrodes. Assessing the frequency 
dependence of the dielectric constant is a common method for 
evaluating the suitability of dielectric materials for device applications. 
The dielectric constant and dielectric loss characteristics for 0.98KNN-
0.02BNT are shown in Figure 4(a) and Figure 4(b) respectively. 
This would be implied for oxide materials, considering the dielectric 
characteristics decreased with frequency [26-28]. Several polarization 
effects, such as interfacial polarization, electronic, and ionic are 
encountered by the materials at low frequencies. Here, the observed 
dielectric constant at 100 Hz was 1100.26 and at 100 kHz it was reduced 
to 830.65, which signifies the above statement. Grain boundaries and 
grains have important roles at low and high frequencies, respectively 
[29,30]. In the lower frequency range, the Maxwell-Wagner interfacial 
polarization[31] and Koop’s phenomenology theory [32] may also be 
useful in explaining the rise in the dielectric constant value. With 
increasing frequency, polarization effects gradually diminish, leading to 
a decline in the dielectric constant value. In this region, interfacial 
polarization plays a more significant role in determining the dielectric 
constant due to its enhanced contribution at lower frequencies, where 
electronic polarization dominates. Consequently, as the frequency 
rises, dielectric loss decreases. This phenomenon is attributed to the 
lagging of polarization processes (e.g., orientation, space charge, and 

ions) behind the applied field at higher frequencies. The dielectric 
loss reduction is a consequence of this behavior [33,34]. 

Figure 4(c) shows an electrical conductivity (σAC) plot within the 
frequency range of 100Hz-100kHz. The frequency has a considerable 
influence on σAC. According to the apparent power-law [σ(𝛚𝛚)= 𝛚𝛚n 
(0.6 < n < 1)], the σAC values increase with frequency. But here, the σAC 

remains constant from the lower to the higher frequency range. A slight 
increase of σAC was observed at 100 kHz.  The hopping mechanism 
always satisfies the behavior of the σAC, where the AC conductivity, 
in general, rises with the rise in the frequency count [35,36]. 

Figure 4(d) and Figure 4(e) show the real part of impedance (Z’) 
and imaginary part of impedance (Z’’) values (frequency dependent) 
used to evaluate the resistive properties of 0.98KNN-0.02BNT. 
Figure 4(f) shows the real vs. imaginary parts of the impedance of 
0.98KNN-0.02BNT at room temperature. The impedance of the sample 
was determined by analyzing the output response resulting from the 
application of an alternating current signal. Essentially, this approach 
is particularly effective for analyzing the relaxation process, distinguishing 
grain boundaries from bulk boundaries, determining the nature of 
charge carriers, and investigating the polarization effects of materials 
[37]. The Z’ value is considered higher in the low-frequency range 
and gradually decreases as frequency increases. This lower Z’ value 
represents a rise of σAC at high frequency. At higher frequencies, 
the presence of Z’ indicates the discharge of space-charges. This 
factor affects the σAC, for which the barrier properties are reduced 
[38,39].

 

 

Figure 4. (a) Dielectric constant vs. frequency, (b) Dielectric loss vs. frequency, (c) AC conductivity vs. frequency, (d) Real parts of the impedance vs. frequency, 
(e) Imaginary parts of the impedance vs. frequency, (f) Real vs. Imaginary parts of the impedance of 0.98KNN-0.02BNT at room temperature. 

 
 

 
 

(a) 
 
 

(b) 
 
 

(c) 
 
 

(d) 
 

 

(e) 
 
 

(f) 
 
 



Structural and electrical properties of 0.98(K0.5Na0.5NbO3)-0.02(Bi0.5Na0.5TiO3) ceramics 
 

J. Met. Mater. Miner. 33(4). 2023   

5 

4.  Conclusions 
 

The KNN-BNT (0.98KNN-0.02BNT) was synthesized using a 
solid-state reaction technique. The material properties, such as structural, 
morphological, and electrical properties were evaluated. The surface 
morphology shows the presence of grain and grain boundaries. The 
elemental colour mapping on the surface of the pellet confirms that 
there are no impurities present in the sample. The ferroelectric properties 
of the sample are being investigated. Higher frequencies lead to a 
reduction in the dielectric constant and dielectric loss. The dielectric 
constant value of 1100.26 was observed at 100Hz. The impedance 
spectra are used to evaluate the resistive properties. The lead-free 
material investigated in this study can be an excellent base for several 
devices, such as energy harvesters, energy storage or solar cells, 
ultrasonic transducers, and piezo-actuators. 
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