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Abstract
Environmentally friendly piezoceramics  Bi1/2(Na0.78K0.22)1/2Ti1-x(Fe1/2Nb1/2)xO3 (BNKT-FN) with FeNb (FN) ratios 0, 0.01, 
0.02, 0.03 and 0.04 were synthesized via conventional solid-state reaction (CSSR). X-ray diffraction (XRD) analysis revealed 
that the FN complexes were completely dissolved in BNKT perovskite and the structural transition occurred from ferroelec-
tric to relaxor state. The average grain sizes for x = 0, 0.01, 0.02, 0.03 and 0.04 were found to be 0.34 μm, 0.35 μm, 0.38 μm, 
0.32 μm and 0.39 μm, respectively. It is observed that the grain size increased with the addition of FN, except for x = 0.03. 
The coercive field (Ec) and remnant polarization (Pr) of the system were decreased with increasing FN concentration and 
the highest Ec of 21.1 kV/cm and Pr of 29.2 μC/cm2 were noted for the base pure sample. In addition, the increase of FN 
content steadily broadened the dielectric anomaly at maximum dielectric constant temperature (Tm) in the BNKT-FN system. 
Consequently, unipolar normalized strain (Smax/Emax) was found to be enhanced monotonically achieving the highest value 
of around 654 pm/V (x = 0.02). These properties suggest that the investigated system could be a promising eco-friendly 
candidate for piezoelectric actuators and many other applications requiring high piezoelectric induced strain.
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Introduction

For the electromechanical actuator, the essential property is 
the electric field-induced strain (EFIS) in the piezoelectric 
materials. Lead zirconate titanate Pb(Zr,Ti)O3 (PZT) is the 
main piezoelectric material widely used for piezoelectric 
actuators, sensors, and transducers. Pb-based relaxor fer-
roelectrics, such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) 
and  Pb1−xLax(Zr1−yTy)1−x/4O3 (PLZT) systems show a high 
electromechanical strain and are widely used in actuator 

applications.1–4 Nonetheless, due to environmental concerns 
about lead oxide toxicity, scientists/researchers have placed 
a strong emphasis on eco-friendly functional ceramics with 
a high strain response. Eco-friendly  Bi1/2Na1/2TiO3 (BNT)-
based piezoelectric ceramics are suggested to be a favora-
ble Pb-free material on account of their high electric field-
induced strain (EFIS) level.5–8 BNT is a perovskite and has 
remnant polarization, Pr = 38 μC/cm2 with a large coercive 
field of Ec = 73 kV/cm. BNT has a rhombohedral structure, 
excellent dielectric properties and a high Curie temperature 
(Tc ~ 320°C). But the disadvantage of BNT is its large coer-
civity (Ec = 73 kV/cm), because of which its electric poling 
is quite difficult.9,10 Therefore, BNT was deemed unsuitable 
for practical use in devices in the first place. Consequently, it 
was substitued with other perovskites such as  Bi1/2K1/2TiO3 
(BKT). Furthermore, the BNT and BKT alloying, making 
(1 − x)BNT-xBKT binary systems, display a morphotropic 
phase boundary (MPB) in the range 0.16 ≤ x ≤ 0.20 and 
results in enhanced piezoelectric and ferroelectric charac-
teristics compared with other Pb-free materials. The partial 
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substitution of  Na+ by  K+ results in high EFIS response and 
excellent ferroelectric properties.7,8

BNKT was further doped with a single element on 
the A-site and/or B-site (cations) by, for instance,  La2O3, 
 Nb2O5, and by perovskites, such as  BaTiO3, for the pur-
pose of decreasing the coercivity and enhancing the strain 
properties.11–13 Pham et al.5 studied the effect of Nb on 
 Bi1/2(Na0.82K0.18)1/2TiO3 system and obtained a remarkable 
strain value of 0.47% with a Nb ratio of 3.0 mol.%. Ta-doped 
BNT-BKT ceramic alloys were also investigated and found 
to have a high strain.14 The addition of these new additives 
is expected to have an impact on the EFIS and piezoelectric 
behavior of Pb-free BNT-based ceramics. Electromechanical 
strain is one of the core parameters for piezoelectric devices 
such as actuators and sensors.15,16 Thus, BNT-based systems 
can be projected to perform as potential eco-friendly piezo-
electric materials.

The displacement of B-site cations and oxygen anions 
causes polarization in a perovskite ferroelectric.17–20 The 
replacement of B-site cations can reduce the ferroelectric 
behavior of ceramics, modify the nano-domain size, and fur-
ther affect the strain response.11–14,20 Scientists have focused 
on the replacement of cations at the B-site of BNT-based 
ceramics in order to get high strain by the disruption of the 
long-range dipole structure,21–23 which significantly changes 
the electric balance.

Recently, researchers focused on a new approach (i.e 
introducing complex ion doping of the material) to study 
the influence of complex cations on strain properties in 
BNT-based lead-free materials. For instance, the influence 
of the chemically complex cations  (Fe1/2Me1/2)4+ (Me = Sb, 
Nb and Ta) on the strain of 0.99  Bi1/2(Na0.8K0.2)1/2TiO3-0
.01  SrTiO3 system was studied by Liu et al.24. In another 
report, Li et  al.,25 studied the replacement of complex 
cations  (Al1/2Sb1/2)4+ of 0.935 BNT-0.065  BaTiO3 at the 
B-site and observed a large value of strain (0.46%) at an 
applied field of 80 kV/cm. Complex cations can effectively 
increase the B-site compositional disorder and disrupt the 
long range ferroelectric pattern. The very high strain value 
of 602 pm/V was obtained in  (Fe1/2Nb1/2) doped BNBT 
ceramics, due to the  (Fe1/2Nb1/2)4+ complex ion substitu-
tion of titanium  (Ti4+) at the B-site in  (Fe1/2Nb1/2) doped 
 (Bi1/2Na1/2)0.935Ba0.065TiO3 ceramics.26

Moreover, because combined  Fe3+ (0.645 Å and CN = 6) 
and  Nb5+ (0.60 Å and CN = 6) have nearly the same ionic 
size of  Ti4+ (0.605 Å and CN = 6), the  (Fe1/2Nb1/2)4+ com-
plex ion will occupy the B-site and replace  Ti4+ in the per-
ovskite.26 Accordingly, incorporation of  (Fe1/2Nb1/2)4+ can 
distort the crystal lattice, and consequently, a high strain may 
be obtained in the BNT–BKT ceramics. Therefore, distur-
bance of the long ferroelectric pattern, as well as an increase 
in the strain, is likely. Given the significance of the complex 
ion, we proposed to use it as dopant for the BNKT system. 

 Bi1/2(Na0.78K0.22)1/2TiO3 was chosen as the base composi-
tion because it has a tetragonal structure close to MPB of 
BNT–BKT and a high dynamic piezoelectric strain response 
(d33

* ≈ 291 pm/V).8
Therefore,  Fe1/2Nb1/2 (FN) was used as a dopant for the 

planned system  Bi1/2(Na0.78K0.22)1/2Ti1–x(Fe1/2Nb1/2)xO3 
(BNKT-FN) (x = 0, 0.01, 0.02, 0.03, 0.04) and the influence 
of FN ion on the structure, and the electrical and piezo-
electric response were examined in detail. Note that FN sits 
the in B-site of BNKT. The rationale of the current studies 
is two-pronged: (i) fabrication and sintering of BNKT-FN 
ceramics by conventional solid-state reaction (CSSR) and 
(ii) their electrical characterization to unravel their piezo-
electric, ferroelectric, and dielectric properties.

Experimental

Piezoelectric BNKT-FN ceramics were synthesized by 
CSSR for all above indicated stoichiometric ratios (x = 0, 
0.01, 0.02, 0.03, 0.04). The raw materials in preparation 
included  Na2CO3,  Bi2O3,  TiO2, and  K2CO3 (99.90% High 
Purity Chemicals, Japan),  Fe2O3, and  Nb2O5 (99.9% Cerac 
Specialty Inorganics, USA). To remove moisture, ceramics 
were dried at 100°C for 24 h followed by weighing the start-
ing raw materials for the considered stoichiometric ratios. 
First, ball milling was carried out in bottles containing zirco-
nia balls and ethanol for 12 h. The samples were again dried 
at 100°C for 24 h and then ground to a very fine size. Cal-
cination was done at a temperature of 850°C for a duration 
of 2 h. Grinding of ceramics was again performed followed 
by second ball milling and drying at the same conditions as 
mentioned above. After grinding, powders were crushed and 
mixed with PVA (polyvinyl alcohol) solvent and then com-
pacted at an optimum pressure of 100 MPa into disk-shaped 
pellets with a diameter of ≈ 10 mm. The pellets are densi-
fied at 1150°C for 2 h in crucibles. X-ray diffraction (XRD) 
of polished disks was done using a Rigaku XRD system 
model RAD III, with a step size of 0.02°. Monochromatic 
line  CuKα (λkα = 1.54178 Ǻ) was utilized.

Microstructural exploration was performed using a field-
emission scanning electron microscope (FE-SEM) Hitachi 
S-4200. The 1-mm-thick pellets were polished to enable 
measurement of electrical properties. Electrodes on both 
disk surfaces were printed using silver paste through a screen 
and annealed at 700°C for 30 min. Temperature-dependent 
dielectric properties were obtained at temperatures ranging 
from room temperature to 500°C with a heating rate of 5°C/
min by using an HP4192A impedance analyzer. The polari-
zation hysteresis loops P-E were obtained at a frequency 
of 2 Hz at room temperature using a Sawyer–Tower cir-
cuit which applied an electric field of AC waveform. The 
electromechanical measurement was done at a frequency of 
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200 mHz by an in-house linear variable differential trans-
ducer (LVDT) of model MCH-331 & M401 by Mitutoyo Co.

Results and Discussion

Phase Assemblage and Bulk Microstructural 
Analysis

To find the phase structure of the synthesized BNKT-FN 
ceramics, an X-ray diffraction (XRD) study was performed 
in the 2θ range from 20° to 60° as depicted in Fig. 1a. Pure 
perovskite phase was obtained with no unwanted second-
ary phase for the system being investigated. Moreover, the 
incorporation of the FN amount affected the phase structure 
of the BNKT compound. Undoped BNKT-FN ceramics have 
a tetragonal structure, shown by the two split peak (002)/
(200) at a 2θ of nearly 46.5° which is also evident from 
the (010)/(100) peak splitting at 2θ ~ 22°.6,10 However, with 
the addition of FN, the intensity of the (002) peak gradu-
ally weakened. The decrease of (002) peak intensity was 
observed with increasing FN concentration. The variation 
of lattice parameters with FN concentration is shown in 
Fig. 1b. Lattice constant a is increased, and lattice constant 
c is decreased with increasing of x, while the c/a ratio is 
decreased, which may suggest a tetragonal (ferroelectric) 
to pseudocubic (relaxor) phase transformation as usually 
noticed in BNKT-based ceramics. The crystal structure as 
observed in the XRD was further confirmed by full pat-
tern refinement as shown in Fig. 1c. For samples x = 0 and 
0.02, the data could be indexed to the two-phase tetrago-
nal and cubic mixture ( P4mm + Pm3m) . However, a single 
cubic phase with space group Pm3m was detected for sam-
ple x = 0.04. Therefore, it was confirmed that the structure 
transformed from a mixed tetragonal-cubic phase to a single 
cubic phase when the FN amount was increased to x = 0.04. 
All the samples showed the best fitting with an excellent 
goodness-of-fit factor (χ2 ≤ 3.83).

Structural modifications of this type were also found with 
the partial Nb replacement of the B-site in the BNKT-based 
compound.11 Doping BNKT ceramics with Fe resulted in 
enhancement of static piezoelectric coefficient (d33) from 
125 pC/N to 148 pC/N, and the depolarization temperature 
(Td) was also increased from 76°C to 118°C.27

FE-SEM images and histogram of the deduced grain size 
distribution of BNKT-FN piezoelectric material with ratios 
x = 0, 0.02, 0.03, and 0.04, sintered at 1150°C for 2 h are 
displayed in Fig. 2. It can be seen that all samples have dense 
microstructures with a few visible pores, while grains appear 
with clear grain boundaries. The micrograph of pure BNKT-
FN ceramics comprises cubic and round-shaped grains. The 
grain morphology changes to a more regular round shape 
as the FN ratio increases. The average grain sizes for x = 0, 

0.01, 0.02, 0.03 and 0.04 were found to be 0.34 μm, 0.35 μm, 
0.38 μm, 0.32 μm and 0.39 μm, respectively, which indicates 
a grain size increase with the FN content, except for x = 0.03. 
The incorporation of low melting point FN components may 
increase the speed of ion diffusion, which resulted in grain 
size increase. Another reason may be because the ionic size 
of combined  Fe3+ (0.645 Å) and  Nb5+ (0.60 Å) is nearly 
the same as that of  Ti4+ (0.605 Å); thus, the  (Fe1/2Nb1/2)4+ 
complexion will occupy the B-site and replace  Ti4+ in the 
perovskite.26 Then, titanium and oxygen vacancies will be 
created. The oxygen and B-site vacancies in the oxide com-
pound are helpful for mass transport during sintering.26 The 
variation of the average grain size is listed in Table I.

Electrical Characterization

Dielectric Response

Figure 3 displays the relative permittivity εr) versus tem-
perature (εr-T) and tangent loss versus temperature (tanδ-T) 
curves of the poled BNKT-FN system at various frequen-
cies. εr at room temperature (RT) was found to increase with 
increasing FN amount. Permittivity at RT and frequency 
of 1 kHz were found for all samples and given as 1160 for 
x = 0, 1485 for x = 0.01, 1637 for x = 0.02, 1933 for x = 0.03 
and 1760 for x = 0.04. Permittivity maxima were found to 
decrease with the incorporation of FN and Td was shifted 
to room temperature as the doping amount was increased.

According to recent reports, Td is the thermal evolution of 
polar nanoregions (PNRs) and can result in a material trans-
formation from ferroelectric to relaxor.28 From the figure, it 
can be seen that the absence of prominent Td in the current 
system at higher ratios could predict that the Td peak is near 
to RT, which reveals that the relaxor behavior of these com-
pounds increased with increasing FN.28

On the other hand, maximum permittivity temperature 
(Tm) remained nearly unchanged with FN doping ratio. In 
addition, enhancing of FN content steadily widened the 
anomaly at Tm signifying that BNKT-FN ceramics display 
the characteristic of diffusing phase transition, and hence, 
increased with the addition of FN content. The obtained 
permittivity behavior was in good agreement with those 
observed by Pham and Patterson et al. in the BNKT-based 
ceramics.29,30

Below 250°C, dielectric loss was found to be very small 
of values on the order of 0.01 and remained the same for all 
FN ratios with minor dispersion. However, at temperatures 
above 250°C, the dielectric loss was enhanced to values on 
the order of 0.036, which can be ascribed to thermally stimu-
lated conductivity, particularly prominent at small frequen-
cies (1 and 10 kHz).11,31 This phenomenon can be described 
as the space charges in Bi-based systems with those hav-
ing A-site deficiency creating charge vacancies because the 
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evaporation of cations at the A-site at large sintering tem-
peratures may cause an increase of loss.6,8 From the discus-
sions, it can be noted that the BNKT-FN system, which has 
a normal ferroelectric state (NF), is gradually transformed 
to a non-polar or relaxor phase when the FN ratio reached 
x = 0.02.

The diffusivity parameter of all samples was calculated 
in order to analyze the relaxation in the dielectric constant. 
Figure 4 presents the relationship between log(1/ε−1/εm) 
and log(T−Tm) which gives diffusivity or degree of disor-
der (γ) at 1 kHz for the BNKT-FN ceramics.

Fig. 1  (a) XRD plots of the BNKT-FN (x = 0, 0.01, 0.02. 0.03 and 0.04) system and (b) variation of lattice parameters and tetragonality with FN 
content and (c) Rietveld refinement of samples x = 0, 0.02 and 0.04.
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The formula log(1/ε−1/εm) = logK+ γlog(T−Tm) is used 
to describe the nature of diffusivity (γ).32 The maximum 
dielectric constant (εm) in the formula will be the highest 
value of dielectric permittivity at Tm, while K is a constant. 
γ is a material constant that depends on the dopant amount 
and structure of the compound. For γ = 1, the ceramic can 
be described to be normal ferroelectric while the ceramics 
will be said to be a model relaxor ferroelectric for γ = 2.33,34

As shown in Fig. 4, the observed γ values are 1.58, 1.75, 
1.71, 1.65 and 1.67 for x = 0, 0.01, 0.02, 0.03 and 0.04, 
respectively, representing a clear deviation by using the 
Curie–Weiss law for which γ = 1. The behavior confirms the 
manifestation of disarranging of dipoles in the investigated 
compound BNKT-FN.35 Hence, the normal ferroelectric 
which has a long-range translational pattern was found to 
be interrupted by symmetry-breaking chemical disorder, and 
resulted in dielectric relaxation.36,37

According to the findings of this study, the observed 
relaxor behavior may be related to Bi, Na, and K occupying 
the A-sites in pure and (FeNb)/Ti ions at the B-sites of the 
BNKT-FN system.

Ferroelectric Response

Figure 5a exhibits polarization electric field (P-E) loops of 
the BNKT-FN piezoelectric compound. The detailed sum-
mary of the ferroelectric properties of the BNKT-FN sys-
tem, such as remnant polarization (P

r
) at E = 0 kV, coercive 

field 
(

E
c

)

 and maximum polarization 
(

Pmax

)

 at 70 kV/cm 
are presented in Fig. 5b. For the undoped composition, the 
ferroelectric hysteresis loop has P

r
 29.2 μC/cm2, maximum 

polarization Pmax of 42.2 μC/cm2 and coercive field (Ec) of 
21.1 kV/cm were observed. However, P

r
 first increased for 

x = 0.01 and then decreased for x > 0.01 while E
c
 was found 

to be decreased with the doping of FN concentration. The 
variation of the ferroelectric parameters is listed in Table I. 
The decrease in Pr with increasing FN content might be 
correlated to the growth of polar nano-regions induced by 
compositional disorder at the expense of long-range polar 
order.6 Therefore, the undoped BNKT-FN system which 
has a normal ferroelectric state (NF) is now gradually trans-
formed to a non-polar or relaxor phase when the FN ratio 
reached x = 0.02.

Fig. 2  Microstructural micrographs of the BNKT-FN system, with x = 0, 0.01, 0.02, 0.03 and 0.04.

Table I  Physical and electrical 
properties of BNKT-FN 
ceramics sintered at 1150°C

d*33 is for normalized or dynamic strain

BNKT-FN Grain size
(μm)

γ εmax Tm (°C) ε d33
(pC/N)

Pr
(μC/cm2)

Pmax
(μC/cm2)

Ec
(kV/cm)

d*33
(pm/V)

0 0.34 1.58 6461 291 1160 120 29.2 42.2 21.1 254
0.01 1.75 5388 296 1485 130 32.0 49.3 16.4 363
0.02 0.38 1.71 5129 298 1637 50 17.1 40.0 14.2 654
0.03 0.32 1.61 4989 301 1933 25 10.0 39.08 13.3 435
0.04 0.39 1.65 4538 301 1760 16 6.2 20.0 10.0 309
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These characteristics demonstrate that the addition of 
FN content with an applied electric field disrupted long-
range ferroelectric order, resulting in a relaxor or non-polar 
phase.6,8,11 However, with the increasing amount of FN con-
centration to x = 0.02, the relaxor phase dominated, and the 
conversion from relaxor to ferroelectric level seems rather 
difficult due to drastic reduction in the maximum polariza-
tion of BNKT-FN piezoelectric ceramics.

Electromechanical Response

Figure 6 displays the bipolar electric field-induced strain 
plots of the piezoelectric BNKT-FN ceramics. The fer-
roelectric to relaxor transformation with increasing FN 
amount from undoped to critically doped composition can 
be well explained by bipolar strain. The unmodified sam-
ple, i.e. BNKT, exhibited a typical butterfly curve which has 
a negative strain value 

(

Sneg = 0.05%
)

 and is increased to 
(

Sneg = 0.13%
)

 for the sample x = 0.01 which can be related 
to the switching in the backward direction of domains, 
which again shows ferroelectricity in the sample.32–37 A 
big decrease in the negative strain to 

(

Sneg = 0.02%
)

 and a 
simultaneous increase in the positive strain (S = 0.36%) for 
x = 0.02 was observed. EFIS study was clearly in agreement 

with that observed in the polarization study (Fig. 5). The 
increased value of the bipolar strain can be attributed to 
the co-occurrence of two phases, i.e. ergodic and noner-
godic.36,37 It was suggested that ergodicity is reversible and 
can be simply transformed to a ferroelectric state when an 
electric field is applied.32–39 With a further increase in FN 
ratios, the value of strain dropped drastically and showed a 
paraelectric nature. The decrease in strain value suggests that 
the conversion from an ergodic phase to a ferroelectric phase 
is hard because the sample composition (3 mol.% FN) is 
far away from the state zone where two phases coexist.40–42

Figure 7 displays field-induced unipolar strain curves of 
BNKT-FN ceramics with x = 0–0.04 at an applied electric 
field of 55 kV/cm. It was observed that the strain improved 
significantly with enhancing FN amount up to critical com-
position, i.e. x = 0.02, but then decreased when the FN ratio 
was further increased. Undoped BNKT-FN ceramics exhib-
ited a strain value of 0.16%. The strain level increased stead-
ily up to 0.20% for 1 mol.% FN content; however, abruptly 
increased to 0.36% for the FN amount of 2 mol.% and then 
dropped with further increasing of FN content. Normalized 
strain Smax/Emax calculated from the ratio of the maximum 
strain 

(

Smax

)

 to the maximum electric field 
(

Emax

)

 for all 
BNKT-FN compositions are summarized in Fig. 7b. The 

Fig. 3  Dielectric constant of the BNKT-FN (x = 0, 0.01, 0.02, 0.03 and 0.04) system at selected frequencies of 1, 10 and 100 kHz.
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observed normalized strain for unmodified BNKT-FN 
ceramic was 266 pm/V, which increased to 654 pm/V for 
2 mol.% FN-modified BNKT-FN ceramics. The observed 
normalized strain value is significantly higher than that 
previously reported for BNT-based ceramics.6,7 The com-
parison of the current strain value with the strain values of 

other BNKT-based6,43–50 ceramics is shown in Table II. In 
sample x = 0, strain produced under an electric field is not 
recoverable and may be attributed to rhombohedral lattice 
distortion. These findings show that high strain with the 
incorporation of FN (x = 0.02) is a consequence of a revers-
ible phase transition between a ‘nonpolar’ phase at zero field 

Fig. 4  Plots of the diffusivity (γ) at 1 kHz for the BNKT-FN ceramics.

Fig. 5  (a) Polarization (P-E) loops and (b) ferroelectric properties  (Pr,  Pm, and  Ec) of BNKT-FN ceramics.
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and a field-induced ferroelectric phase. Another reason may 
be due to the combined effects of the intrinsically high pol-
ing strain and the presence of a nonpolar phase which can be 
easily transformed to a ferroelectric state when an electric 
field is applied because of its comparable free energy as 
explained in the reports.51,52 The partial substitution of the 
higher ionic size of combined  Fe3+ (0.645 Å), and  Nb5+ 
(0.60 Å) to the smaller ionic size of  Ti4+ (0.605 Å) at the 
B–site. These characteristics describe that partial replace-
ment of the complex-ion  (Fe1/2Nb1/2)4+ for  Ti4+ caused a 
local disruption in the crystal lattice as found in most of 

the Bi-based perovskites.42,53,54 This distortion resulted in a 
ferroelectric to nonpolar phase transition in the system. For 
x > 0.02, the strain is dropped due to its paraelectric state, 
where polarization is almost non-existent.

Figure 8 displays the relationship of d33 with FN content. 
d33 was found to increase when the doping amount was 0.01 
and then decreased for further doping of FN. The highest value 
was noted to be 132 pC/N. As static d33 is related to both die-
lectric constant (ε) and spontaneous polarization (Ps), so the 
degree of polarization can affect the static d33.55 Improvements 
in d33 for the x = 0.01 ceramics can also be attributed to the 

Fig. 6  (a) Bipolar strain loops and (b) variation of  Smax and  Sneg with FN content.

Fig. 7  (a) Unipolar strain and (b) variation of normalized strain as a function of FN content.
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low coercive field Ec, which makes the poling more efficient. 
Therefore, the high d33 is attributed to the maximum Pr, Ps and 
the relatively low Ec of the sample x = 0.01. For further doping, 
these ferroelectric parameters weakened and so  d33 is dropped.

The observed high d33 can thus be attributed to the large 
Prand ε of the BNKT-FN compound.

Figure 9a shows the variation of energy storage density and 
energy loss with FN content.

Using the following equations, we obtained the energy 
density for BNKT-FN system from the field dependent 
polarization.56

(1)Wtotal = ∫
Pmax

0

EdP

Table II  The comparison of dynamic strain values of other BNKT-based ceramics with the strain of current work

Year Ceramics system Smax (%) Emax
(kV/mm)

Smax/Emax
(pm/V)

Reference

2021 BNKT-FN 0.36 5.5 654 Current
2014 BNKTNbx-BST, x = 0.02 0.38 6 634 6
2014 BNKT-BST-Lax, x = 0.02 0.39 6 650 43
2014 Bi1/2(Na0.80K0.20)1/2TiO3-0.05Ba(Ti0.90  Sn0.10)O3 0.36 5.5 649 44
2012 Bi0.5(Na0.78K0.22)1/2(Ti1−xZrx)O3, x = 0.03 0.43 7 614 45
2012 Bi1/2(Na0.78K0.22)1/2TiO3-0.01(Bi1/2La1/2)AlO3 0.40 7 579 46
2015 0.96[{Bi1/2Na0.84K0.16)}1−x−yLixMgy(Ti1−zNbz)  O3]–0.04SrTiO3 0.28 5 560 47
2011 0.975[Bi1/2(Na1−xKx)1/2TiO3]–0.025BiAlO3, x = 0.22 0.33 6 533 48
2016 (1 − x)(Bi1/2Na1/2TiO3–Bi1/2K1/2TiO3–BaTiO3)–xCaZrO3 0.35 7 500 49
2013 BNKT-CZ 0.37 6 603 50

Fig. 8  Change in piezoelectric constant (static  d33) with FN content.

Fig. 9  (a) Variation of energy density with FN content, (b) Variation of efficiency with FN content.
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where Wtotal is the energy density and also energy loss and 
West is the energy storage density, while showing the energy 
storage efficiency (η). Figure 9a shows the variation of Wtotal, 
West, and η with FN ratio at 60 kV/cm. Figure 9b displays 
the change in loss with respect to FN content at an applied 
field of 60 kV/cm.

With the increasing of FN content, the energy storage 
density increases at first and then dropped for further doping. 
The optimal energy density was found around 0.68 J/cm3 at 
FN ratio 0.03. The monotonical improvement of energy den-
sity due to the slim P-E loops with high Pmax-Pr value and 
energy density decreased with further decrease of Pmax.56,57 
The energy loss was also found to vary with FN content 
doping. The loss was also monotonically decreased with FN 
content and then increased with additional FN doping.

Similarly, the energy storage efficiency (η) exhibited a 
gradual enhancement with increasing FN content. The high-
est η of 42% was obtained at x = 0.03, which may be due to 
the slim P-E loop with the lowest Pr and Ec. Sample with 
x = 0.03 is the optimal sample for the energy storage density.

Conclusions

I n  s u m m a r y ,  p i e z o e l e c t r i c  c e r a m i c s 
 Bi1/2(Na0.78K0.22)1/2Ti1-x(Fe1/2Nb1/2)xO3 (BNKT-FN) with 
x = 0, 0.01, 0.02, 0.03, 0.04, were fabricated by CSSR. The 
FN content increase gradually broadened the dielectric 
anomaly at 

(

T
m

)

, suggesting that FN content induced a tran-
sition from a ferroelectric state to a nonpolar phase. P

r
 and 

E
c
 were found to decrease with increasing FN concentration 

which resulted in pinched hysteresis loops. A high normal-
ized strain (d33

* = Smax/Emax = 654 pm/V) was obtained at 
2 mol.% of FN content. The optimal energy density was 
found around 0.68 J/cm3 at FN ratio 0.03. The high energy 
storage efficiency η of 42% was obtained at x = 0.03, which 
may be due to the slim P-E loop with the lowest P

r
 and 

E
c
 . The x = 0.03 is the optimal sample for the energy stor-

age density. Based on the results of the investigation, this 
system appears to be a promisi,ng environmentally friendly 
candidate for piezoelectric and energy-storage applications.
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