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The (1−x)(0.94Bi0.5Na0.5TiO3–0.06BaTiO3)–xKTaO3(BNBT–xKT) lead-free ferroelectric ceramics were produced using the tra-
ditional solid-state sintering technique, and the phase structure, surface morphology, electrical properties were all thoroughly 
examined. Every ceramic has a single perovskite structure and there is no second phase, as shown by the XRD patterns and Raman 
spectra. Scanning electron microscopy revealed that all samples displayed dense microstructure and cubic grain. In addition, KT 
encourages grain growth due to the oxygen vacancies induced by doping or volatilization of ions at high temperatures. The Tm 
of the ceramics decreases with increasing doping levels due to oxygen vacancies acting as dipoles upon the addition of KT, and 
the dielectric loss of all samples is low at ambient temperature. In comparison to the pure BNBT ceramic’s bipolar strain value 
of 0.12%, the BNBT–2KT ceramic achieved a maximum bipolar strain of ~0.506% and unipolar strain of ~ 0.430% with the 
corresponding d33* up to 538 pm/V under 80 kV/cm field. Performance significantly improved as a result of this. A test of the 
correlation between temperature and ferroelectric properties shows that the largest strain value of the BNBT–2KT ceramic occurs 
at ambient temperature and that the phase change from ferroelectric to relaxor is complete. Additionally, it is discovered that the 
BNBT–3KT ceramic can sustain a stable strain across a broad temperature range, suggesting that it has good temperature stability. 
The aforementioned findings demonstrate that lead-based ceramics may be replaced with BNBT–xKT ceramics.
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1. � Introduction

For a range of applications, including energy storage systems, 
actuators, transducer devices, and sensors,1,2 piezoelectric 
ceramic materials are adaptable, playing a significant part in 
the building of national security systems, scientific research, 
industrial production, and many other disciplines that are 
directly tied to people’s daily lives,3–5 with Pb(ZrxTi1−x)O3 
(PZT) being the most actively investigated and utilized mate-
rials, due to their superior electromechanical characteristics 
at the system’s morphotropic phase boundary (MPB),6,7 and 
their high Curie temperature (Tc > 300°C), which enables a 
wider range of working temperatures.8 However, because of 
their high PbO content, which will impact the environment 
and human health during preparation, use, and waste dis-
posal, several nations across the world have banned the use 
of PZT.9,10 Many scholars are currently devoted to develop 
lead-free piezoelectric ceramics with excellent performance, 
among which bismuth sodium titanate (BNT) offers a lot of 
potential to replace lead-based ones.

BNT is a relaxor ferroelectric material with a rhom-
bohedral structure that exhibits high maximum polariza-
tion (Pmax), high Curie temperature (Tc), and low dielectric 
constant (εr) at ambient temperature.11 However, pure BNT 

ceramics have the disadvantages of high coercive field (Ec), 
low strain, and high remnant polarization (Pr). According to 
the previous investigations, electro-strain is mainly related 
to three factors: lattice strain, phase transition, and domain 
change (including the motion of domain walls and domain 
switching).12 At present, the construction of phase boundaries 
and the generation of polar nanoregions (PNRs) by chemi-
cal doping are ideal methods to improve strain properties.12 
Bi0.5Na0.5TiO3–BiFeO3,

13 Bi0.5Na0.5TiO3–SrTiO3,14–16 
Bi0.5Na0.5-TiO3–CaTiO3,17 Bi0.5Na0.5TiO3–NaNbO3,18 
Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3,19 Bi0.5Na0.5TiO3–(K0.5Na0.5)-
NbO3,20 Bi0.5Na0.5TiO3–BaTiO3

21 and other BNT-based solid 
solutions were created to improve electrical characteris-
tics, and it was discovered that they had large field-induced 
strain and high permittivity.22 The binary system consisting 
of rhombohedral (R3c) BNT and tetragonal (P4bm) BaTiO3 
(BT), referred to as BNBT, has received considerable atten-
tion among these materials because of enhanced ferroelec-
tric and piezoelectric characteristics at the MPB around x = 
0.06–0.07,23–25 but it still has some properties that are inferior 
to lead-based ceramics. Researchers have doped based on 
BNBT to further enhance performance. Zhang et al.26 com-
bined KNN with BNBT to produce a ternary system with a 
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strong strain response of ~0.45 %. Li et al.27 doped Nb2O5 
into (Bi0.5Na0.5)0.94Ba0.06TiO3, which demonstrated a giant 
electro-strain of ~0.478 % under 70 kV/cm electric field at 
ambient temperature, while the normalized strain reached up 
to 654 pm/V. Wang et al.28 found that under a 65 kV/cm field, 
the giant bipolar strain (Smax) was about 0.501% in their study 
of (1−x)(Bi0.5Na0.5)0.94Ba0.06TiO3–xAgNbO3 ceramics.

As illustrated in Fig. 1, the doped ternary system’s relaxor 
ferroelectric can be separated into four regions. As the tem-
perature increases, the relaxor phase and ultimately the par-
aelectric phase gradually replace the long-range ordered 
ferroelectric phase. Below the relaxor-ferroelectric transition 
temperature (TF–R) (Region I), there exist long-range ordered 
ferroelectric phases, and due to their strong interactions, they 
display large hysteresis and low strain responses. The strain 
is small due to the low dynamic characteristic of the nan-
odomain structure that exists between the relaxor-ferroelec-
tric transition temperature and the relaxor temperature (Tf) 
(Region II). And the PNRs between the relaxor temperature 
and the Burns temperature (TB), however, have smaller size, 
higher dynamic characteristics, and weaker correlation that 
can quickly react to changes in the electric field to produce 
low strain hysteretic and large strain (Region III).29–32 Above 
the TB, the ferroelectric properties of the ceramics disappear 
and turn into a paraelectric phase (Region IV).

The fundamental component chosen for this work was 
0.94(Bi0.5Na0.5)TiO3–0.06BaTiO3, and KTaO3 was modified 
to form ternary ceramics following the information provided 
above. Systematic research was done on the crystal structure, 
dielectric, and ferroelectric characteristics.

2. � Experimental

Adopting the traditional solid-state sintering technique, a 
series of (1−x)(0.94Bi0.5Na0.5TiO3–0.06BaTiO3)–xKTaO3 

(BNBT–xKT, x = 0.01,0.02,0.03,0.04) ceramics were pro-
duced. The following substances were employed in the 
experiment: BaCO3(99%), K2CO3(99%), TiO2(99%), 
Na2CO3(99%), Bi2O3(99.9%), Ta2O5(99.99%). All medica-
tions were weighed by the stoichiometric ratio, and followed 
by a 24-h ball milling process in anhydrous ethanol. Then 
the powder was dried overnight at 70°C and was calcined for 
2 h at 850°C in an air atmosphere for secondary ball milling. 
After drying again, 8wt% PVA was added for granulation and 
sieved with a 150 μm screen. Then, the discs with a diame-
ter of 10 mm and a thickness of 1 mm were pressed on one 
side under 8 MPa pressure. To prevent the volatilization of 
ions, these prepared samples were placed in the correspond-
ing powder and sintered for 2 h under 1120°C–1180°C. The 
polished and silver paste-coated sintered ceramics were then 
heated for 10 min at 600°C to create electrodes.

X-ray diffractometer (XRD 6100, Shimadzu, Japan) and 
Raman spectra (LabRAM HR Evolution, Horiba, Japan) 
were used to detect the crystalline structure and phase purity 
of the samples, and the microstructure and grain size were 
evaluated using a scanning electron microscope (SEM, JEOL 
6610, Japan). The permittivity and dielectric loss of the sam-
ple were determined with an LCR instrument (E4980AL, 
Keysight, USA). Ferroelectric test equipment (TF Analyzer 
2000E, aixACCT, Aachen, Germany) was used to analyze 
the strain curves, leakage current, and polarization hysteresis 
loops in a silicone oil environment.

3. � Results and Discussion

Figure 2 exhibits XRD patterns and Raman spectra images of 
BNBT-xKT ceramics. In Fig. 2(a), the XRD patterns clearly 
show identical diffraction peaks for all components of the 
sample, indicating that the modifier KT has effectively moved 
into the BNBT lattice position and formed a single per-
ovskite solid solution without a second phase. The enlarged 
R3c characteristic (111) peak at 39° < 2θ < 41° and P4bm 
characteristic (200) peak at 46° < 2θ < 47° were depicted in 
Figs. 2(b) and 2(c). It showed a single broad peak with no 
discernible shoulder or peak splitting, demonstrating that all 
ceramics had a pseudocubic structure, which is effectively a 
cubic non-polar phase with a fairly uniform distribution of 
R3c and P4bm symmetries of PNRs,33–35 The result of the 
pure BNBT is consistent with several previous studies.33–35 
With increasing KT doping content, the peak slightly shifts 
to a lower angle of 2θ, which can be interpreted as the effect 
of lattice expansion caused by Ta5+ ions (0.64 Å) with a larger 
ion radius replacing Ti4+ (0.605 Å)36,37 at B-site is greater than 
that caused by the smaller ionic radii of the K+ ions (1.33 Å) 
entering A-site to replace Na+ (1.39 Å), Bi3+ (1.38 Å), and 
Ba2+ (1.61 Å)36 at the same time.38,39

Figure 2(d) displays the Raman spectra for BNBT-xKT 
ceramics, and they may be divided into four sections that 
correspond to the following four modes: the vibrations of 
the A-site cation between 100 cm−1 and 200 cm−1, the B-site 

Fig.  1.  Schematic diagram of phase structure of ternary system 
relaxor ferroelectric ceramics.
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between 200 and 400 cm−1,40 the TiO6 octahedron between 
450 cm−1 and 750 cm−1,41 as well as the overlap of A1  
(longitudinal optical) and E (longitudinal optical) above 
750 cm−1.42–44 As the doping content rises, the Raman peak 
becomes sharper and changes to the short-wavelength direc-
tion, indicating effective diffusion of the K+ and Ta5+ ions 
into the BNBT lattice, which alters the vibration of the A-site 
and B-site and raises the disorder degree of the perovskite 
structure.

Ceramic samples’ surface and grain size are depicted in 
Fig. 3. As shown in Figs. 3(a)–3(e), all the samples exhibit a 
dense and uniform microstructure without any visible pores, 

and the grains reveal a cubic-type shape. Figure 3(f) demon-
strates that the grain size increases as the doping level rises. 
This trend may be explained by the oxygen vacancies pro-
duced by acceptor doping or high-temperature volatilization 
of ions, two processes that are known to aid in mass trans-
portation during the sintering process and promote grain 
growth.39,45

Figure 4 illustrates the temperature dependence for fre-
quencies at 1 kHz, 10 kHz, 100 kHz, and 1 MHz of the 
dielectric constants (εr) and loss tangent (tanδ) of BNBT–xKT 
ceramics from ambient temperature up to 450°C. Images 
of  all samples show two dielectric anomalies, Ts and Tm. 

Fig. 2.  XRD patterns in the 2θ range of (a) 20°–90° (b) 39°–41° (c) 45.5°–47.5° and (d) Raman spectra of BNBT–xKT ceramics.

Fig. 3.  (a)–(e) Scanning electron microscope images and (f) the change of grain size of BNBT–xKT samples.
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The first one at a lower temperature with the large frequency 
dispersive of Ts may be caused by the thermal activation pro-
cess of PNRs,28,46 independent of phase transition. According 
to theory, the size of PNRs should correlate directly with the 
degree of frequency dispersion.47 The second anomaly, Tm, is 
the temperature that corresponds to the maximum permittivity 
and has no frequency dependence, suggesting the relaxor fer-
roelectric phase to paraelectric phase transformation is a dif-
fuse phase transition.11,27,48–50 Recently, it has become widely 
accepted that the origin of Tm results from two sequential pro-
cesses that happen when the measuring temperature is raised: 
(1) a transition from R3c to P4bm PNRs, and (2) relaxation 
of these P4bm PNRs that are emerging from R3c.39,51 Tm and 
Ts decrease with increasing concentration as a function, being 
related to the generated oxygen vacancies, which behave as 
defect dipoles when KT is added.52 The phenomenon indi-
cates KT as a modifier makes the domain transition easier 
and promotes the diffusion phase transition of ceramics.53 

It can be observed from Fig. 4 that all samples have a low 
dielectric loss.

Figure 5 demonstrates the bipolar strain (S–E) curves, 
leakage current (J–E) curves, and polarization hysteresis 
(P–E) loops of BNBT–xKT ceramics under an 80 kV/cm 
electric field. It can be seen that the pure BNBT exhibits typ-
ical ferroelectric characteristics with a saturated hysteresis 
loop, which is Ec of 36.37 kV/cm, Pmax of 54.23 μc/cm2, and 
Pr of 48.60 μc/cm2. In accordance, the strain curve for BNBT 
has the shape of a butterfly, with a negative strain (Sneg) of 
0.125% and a positive strain (Spos) of 0.120%.

Hysteresis occurs in ferroelectric materials due to the 
motion of the domain walls, which is influenced by defects, 
such as oxygen vacancies and metal ion vacancies, which 
serve as pins to the domain walls.54,55 In Figs. 5(a)–5(e), with 
KT’s degree of doping rising, the P-E loops show a shrink-
ing trend, and the waist contraction phenomenon of BNBT–
0.02KT is the most obvious, both Pr and Ec decreased, which 

(a) (b)

(c) (d)

Fig. 4.  Effect of temperature on loss tangent (tan δ) and dielectric constant (εr) for BNBT–xKT ceramics at 1 kHz, 10 kHz, 100 kHz, and 
1 MHz frequency.
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is correlated with the destruction of microscopic ferroelectric 
structures and the formation of PNRs.56 The relaxor behavior 
of samples and domain wall pinning by defects are respon-
sible for the observed slim hysteresis loops.55 Additionally, 
Fig. 5 shows that Pmax is a function of concentration and 
declines as the amount of doping substance increases, indi-
cating that the modification of KT makes the transformation 
of ferroelectric and relaxor ferroelectric phases irreversible. 
This is contrary to the change of grain size with doping con-
tent, demonstrating that the projected increase from grain 
expansion appears to have a smaller effect than the polariza-
tion decline that results from the major electric dipole–dipole 
exchange interactions.55

According to the switching of domains and the trans-
formation to the relaxor phase being affected by an electric 
field,57,58 the S–E curves of BNBT–xKT (x = 0.02, 0.03, 0.04) 
show a sprout shape rather than a butterfly shape, and the Sneg 
disappears. The positive strain initially rises and subsequently 
falls with the content increase, reaching the maximum strain 
(0.506%) at BNBT–0.02KT ceramics. The results show that 
the relaxor ferroelectric phase can change into long-range 
ordered ferroelectric domain under an applied electric field, 
resulting in a large strain.59,60 The reduction in Spos at x≥0.02 
shows that the ferroelectric and relaxor phase transition at the 
same field is more difficult than it is for other compositions, 
due to the increase in the free energy difference.61

The J–E curve represents the ferroelectric domain transi-
tion.62 A single current characteristic peak (P1) that is indic-
ative of the typical ferroelectric and can be attributed to the 
polarization inversion of the ferroelectric domain emerges at 
Ec in J–E curves of the pure BNBT and BNBT-1KT ceramics. 

In addition, the peak P2 in the curve of BNBT–2KT is gen-
erated as ordered ferroelectric domains transit the relaxor 
ferroelectric phase. The peaks P3 and P4 are observed for 
BNBT–3KT and BNBT–4KT, which are related to the long-
range ordered ferroelectric domain formed by disordered 
PNRs.63

The unipolar strain curves and change in d33* of BNBT-
xKT ceramics are depicted in Fig. 6. A linear strain effect 
with some hysteresis can be seen in the pure BNBT ceramic, 
which relates to the intrinsic piezoelectric response.28 It can 
be observed that the value of strain grows initially and sub-
sequently drops, with the increasing doping content, which 
changes in the same way as the unipolar strain. For BNBT-
2KT ceramic, the maximum value of S is ~0.430%, and the 
normalized strain d33* (Smax/Emax)64 is ~538 pm/V. This has 
to do with the ferroelectric phase and ergodic relaxor phase 
coexisting.65

Based on the analysis mentioned above, temperature’s 
impact on the hysteresis and strain curves of BNBT–xKT 
(x = 0, 0.02, and 0.03) ceramics were investigated, which is 
depicted in Fig. 7. Moreover, Fig. 8 illustrates the change of 
strain value at 30°C, 50°C, 70°C, 90°C, and 110°C.

It can be observed in Figs. 7(a) and 7 (b) that the pure 
BNBT ceramic exhibits ferroelectricity throughout the heat-
ing process from ambient temperature to 110°C. The S–E 
curve changes from butterfly to sprout type, the Spos increases 
while the Ec decreases as the temperature rises, and the P–E 
loop shows a shrinking trend, which can be explained by the 
presence of TF–R during the heating process, the tempera-
ture at which the ferroelectric phase transitions to relaxor 
phase.28,66,67 It demonstrates that the pure BNBT ceramic is a 

Fig. 5.  The bipolar strain curves, leakage current curves, and hysteresis loops of BNBT–xKT ceramics under 80 kV/cm electric field.
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non-ergodic relaxor phase at room temperature.68 Figures 7(c) 
and 7(d) show the characteristics of the BNBT–2KT ceramic. 
Since room temperature, its S–E curves show a sprout shape, 
and P–E curves also show obvious waist shrinkage, which 
indicates that the BNBT–2KT ceramic attains an ergodic 
relaxor state at ambient temperature.28 The Pmax and Spos 
decrease with the rising temperature, while the Sneg almost 
disappears at high temperature, indicating that the large strain 
values always occur near the temperature of ferroelectric and 

relaxor phase transition. In addition, the phenomenon can be 
attributed to an increase in the non-polar region containing 
dynamic PNRs while the reduction of polar region.69 For the 
BNBT–3KT ceramic, it can be seen in Figs. 7(e), 7(f) and 8 
that its P–E and S–E curves are highly overlapped, and the 
change of strain value is less than 10%, indicating that it has 
a stable ergodic relaxor phase during the heating process, and 
displaying a steady strain response over a wide temperature 
range.

(a) (b)

Fig. 6.  (a) Unipolar strain and (b) the normalized strain d33* of BNBT–xKT ceramics.

Fig. 7.  Temperature’s impact on the hysteresis and strain curves of (a), (b) BNBT–0KT, (c), (d) BNBT–2KT, and (e), (f) BNBT–3KT.
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Figure 9 shows the local structural changes of BNBT–
xKT ceramics during polarization and depolarization pro-
cesses. The pure BNBT is a non-ergodic relaxor that can 
make an irreversible transition to the long-range ordered fer-
roelectric phase under an electric field, which is field-forced 
polar domain growth.35,67,70–75 Electric field influence on 
the local structure will be diminished by the local random 
field augmentation brought on by KT doping,76,77 and the 
effect will get smaller as the doping content increases.73–75 
Increased ergodicity and essentially comparable free energy 
for the ergodic relaxor phase and non-ergodic relaxor phase 
characterize the BNBT–2KT ceramic. Under the influence of 
an applied electric field, the metastable ferroelectric structure 
can be established,76–80 leading to a significant electrostrictive 

effect.81–84 BNBT–2KT can quickly resume its original state 
after the external electric field unloads because of its intense 
local random field. In addition, PNRs have higher dynamic 
properties and smaller sizes as a result of the high substitu-
tion content of BNBT–3KT and BNBT–4KT. Hence, electric 
field energy is required to force the growth of domains, which 
further complicates local ordering and makes it more difficult 
to generate large strains.81–84

4. � Conclusion

The BNBT–xKT ternary system ceramics were obtained 
by the traditional solid-state sintering technique. The phase 
structure, microstructure, and electrical characteristics of 
the ceramics were researched thoroughly. According to the 
research results, all samples have single perovskite structure, 
and the introduction of KT causes growth in grain size. At 
room temperature, the relaxor behavior of the ternary system 
ceramics can be observed. For the BNBT–2KT ceramic, its 
hysteresis loop shows an obvious waist shrinkage phenome-
non, and the large bipolar strain is 0.506% while the unipo-
lar strain and its corresponding d33* are respectively 0.430% 
and 538 pm/V at 80 kV/cm electric field. During the heat-
ing process of 30°C–110°C, BNBT-3KT ceramic obtained 
highly overlapped strain curves and hysteresis loops, which 
indicates good thermal stability. Furthermore, the tempera-
ture dependence of strain and hysteresis demonstrates that 
at ambient temperature, the BNBT–2KT and BNBT–3KT 
ceramics establish an ergodic relaxor state. These results 
indicate that BNBT–xKT ceramics have better properties 
than pure BNBT, like low coercive field, low remnant polar-
ization, low dielectric loss, high dielectric constant, and large 
electro-strain. Consequently, BNBT–xKT ceramics are an 
ideal replacement for lead-based ceramics and possess the 
potential for application in strain sensors.
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