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compositions with fine tuned properties using selective 
dopants, which contains 60 wt% of lead. But, the toxicity 
of lead leads to health hazards and environmental pollution 
[3–5]. Hence, a lot of research activities have been reported 
on lead-free piezoelectric ceramics with an objective to 
find an alternate material to PZT with comparable proper-
ties [2].

Researchers predict that sodium bismuth titanate 
(NBT) may become a possible substitute to PZT in deed 
of its high ferroelectric nature (Pr = 38 µC/cm2), Curie tem-
perature (Tc = 320 °C), medium piezoelectric coefficient 
(d33 = 73pC/N) and reasonable depolarization temperature 
(Td = 120 °C) [2–8]. But its high coercive field (Ec = 73 kV/
cm) is still a major drawback for application in functional 
devices.

Randall et  al. [9], Shabbir et  al. [10] and Suchomel 
et  al. [11] have explored (1 − x)Bi(Mg1/2Ti1/2)
O3–xPbTiO3 (BMT–PT) and (1 − x)Bi(Mg1/2Zr1/2)
O3–xPbTiO3(BMZ–PT) as high temperature piezoelectric 
solid solutions and showed that these systems have sig-
nificantly higher Curie temperature (TC) than PZT making 
them superior for high temperature piezoelectric applica-
tions. But these systems contain PbTiO3 (PT). Wang et al. 
[12], Ullah et al. [13] and Ruth et al. [14] have reported that 
(Na0.5Bi0.5)TiO3–Bi(Mg0.5Ti0.5)O3 [(1 − x)NBT–xBMT] 
lead-free piezoelectric ceramics possess enhanced piezo-
electric coefficient (d33) and high Curie temperature. In 
(1 − x)(Na0.5Bi0.5)TiO3–Bi(Mg0.5Ti0.5)O3 highest piezo-
electric coefficient (d33) is obtained for x = 0.04 mole frac-
tion of BMT substitution in NBT [12–14]. Also, Ruth et al. 
[15] proposed that (1 − x)(Na0.5Bi0.5)TiO3–xBi(Mg0.5Zr0.5)
O3 [(1 − x)NBT–xBMZ] solid solution exhibits enhanced 
piezoelectric coefficient, better ferroelectric properties 
and high transition temperature. In (1 − x)(Na0.5Bi0.5)
TiO3–xBi(Mg0.5Zr0.5)O3 [(1 − x)NBT–xBMZ] solid 

Abstract  Sodium bismuth titanate–bismuth magnesium 
zirconate–bismuth magnesium titanate (NBT–BMZ–BMT) 
lead-free ternary ceramics are prepared by solid-state reac-
tion method. Consequence on structural, dielectric, ferro-
electric properties and piezoelectric coefficient is investi-
gated. Single phase rhombohedral R3c phase is retained in 
all poled samples. Coercive field decreases due to minimum 
homogeneous strain (δ) which facilitates domain reorienta-
tion and domain switching. Reduced homogeneous strain is 
the key factor which lowers the coercive field and enhances 
the dielectric constant. NBT–BMZ–BMT ternary ceram-
ics reduces the coercive field and possesses high remnant 
polarization, dielectric constant and piezoelectric coeffi-
cient—the important requirement in functional devices.

1  Introduction

Piezoelectric ceramics are considered as functional materi-
als, due to the unique coupling of electrical and mechanical 
stimulants and its tremendous applications in commercial 
and technological equipments such as piezoelectric motors, 
printing machines, thread guides, frequency filters, ultra-
sound imaging, high-power ultrasonic transducers, motors, 
transformers and positioning systems [1, 2]. Majority of the 
devices employ the well-known piezoelectric PZT based 
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solution, highest piezoelectric coefficient and ferroelectric 
properties are obtained for x = 0.01 mole fraction of BMZ 
substitution.

Several reports reveal that preferred piezoelectric, elec-
tromechanical, dielectric and ferroelectric properties can 
be achieved in ternary systems such as BNT–BKT–BT [16, 
17], BNT–BKT–KNN [18, 19], BNT–BKT–NN [20, 21], 
BNT–BKT–BM [22]. Therefore, in the present work our 
objective is to know the changes in ferroelectric, dielectric 
properties namely remnant polarization (Pr), coercive field 
(Ec) dielectric constant (εr) and piezoelectric coefficient 
(d33) in NBT–BMZ–BMT ternary system.

In the present work, (1 − x − y)(Na0.5Bi0.5)
TiO3–xBi(Mg0.5Ti0.5)O3–yBi(Mg0.5Zr0.5)O3 ternary ceram-
ics is synthesized by solid state reaction method. Mole frac-
tion of BMZ is kept constant as y = 0.005 mole fraction and 
the mole fraction of BMT is varied (i.e. x) up to x = 0.025. 
Effect of substitution on electrical properties is studied in 
relation with structural parameters. Also, a comparative 
study is carried out to study the major structural factor 
which influences the electrical properties in NBT–BMT, 
NBT–BMZ and NBT–BMT–BMZ systems. The indispen-
sable factor for softening coercive field is analyzed in rela-
tion to intrinsic parameter homogeneous strain and rhom-
bohedral lattice distortion. Moreover, NBT–BMZ–BMT 
ternary system was not reported to the best of author’s 
knowledge.

2 � Experimental

Conventional solid-state reaction method was used to 
synthesize NBT–BMZ–BMT ternary system. Flow chart 
(Fig. 1) shows the various steps followed for the prepara-
tion of ceramics. Using Archimedes principle densities of 
the pellets were found and the relative density of the pellets 
is above 96% of the theoretical density.

Powder X-ray diffraction, Raman spectra, frequency 
dependent dielectric, ferroelectric properties and piezoelec-
tric constant (d33) were measured for NBT–BMZ–BM|T 
ternary system using the same condition and instruments 
which was reported in NBT–BMT and NBT–BMZ solid 
solutions [14, 15].

3 � Results and discussion

X-ray diffraction patterns of (1 − x − y)NBT–xBMT–yBMZ 
ternary poled ceramics with different mole fractions of 
BMT such as x = 0, 0.005, 0.015 and 0.025 respectively 
are shown in Fig. 2. All the peaks are indexed to pseudo-
cubic phase. No unindexed peaks are noticed and hence the 
synthesized ceramics are phase pure. Absence of impurity 

peaks reveals that the samples are in single phase. Remark-
able features of rhombohedral structure is doublet nature 
of {110}pc peak and well-defined splitting of {111}pc and 
{211}pc peaks. Clear separation of {111}pc and {211}pc 
peaks (shown as encircled in Fig.  2) and bifurcation of 
{110}pc peak indicates that the poled ceramics are in rhom-
bohedral phase as reported by Rao and Ranjan [23]. Pres-
ence of a weak peak referred to be superstructure reflec-
tion at a diffraction angle of around 2θ = 38.28° is a unique 
feature of R3c space group similar to Aksel et al. [24] and 
Jones et  al. [25] investigations. Couplet nature of {110}pc 
peak, distinct cleavage of {111}pc and {211}pc peaks and 
superstructure reflection are ascertained in poled samples 
up to x = 0.025  mole fraction. Hence the poled ceram-
ics retains rhombohedral R3c structural symmetry up to 
x = 0.025 mole fraction.

Change in peak intensity and d-spacing between {111} 
and {11−1} planes prompts rhombohedral lattice distor-
tion and homogeneous strain of the lattice. Rhombohedral 
lattice distortion is calculated using the formula δr = (9/8) 
(d111/d−111 − 1). Homogeneous strain is deviation of the 
angle α from 90° and is found as δ = π/2 − α [26]. Figure 3 
shows the rhombohedral lattice distortion and homogene-
ous strain of NBT–BMT–BMZ ternary poled ceramics. It 
is found that both parameters decrease gradually on substi-
tution of BMT in NBT–BMZ ceramics.

Room temperature Raman spectra of (1 − x − y)
NBT–xBMT–yBMZ ternary poled ceramics is shown in 
Fig. 4. Raman spectrum is deconvoluted using Lorenztian 

function equation I = y0 +
10
∑

1=0

2Ai

�

Γi

4(�−�ci)2+Γ2

i

, Ai is area of 

the peak, ωci is peak center, Γi full-width at half-maximum 
of ith mode, y0 is constant background. Raman spectrum is 
deconvoluted into sum of nine Lorenztians, one Lorenztian 
with center at 0  cm−1 for laser line to the raising back-
ground below 90 cm−1 and constant background.

The irreducible representation for rhombohedral (R3c) 
phase of NBT is Γ30 = 5A1 + 5B1 + 10E. 4A1 + 9E modes 
are both Raman and IR active and 5B1 modes are silent. 
One A1 + E modes are acoustic modes. Because of the long 
range Columbic force, all the optical modes split into lon-
gitudinal optical (LO) and transverse optical (TO) modes 
polarizations [27].

Kriesel and Bouvier [28] have reported that modes at the 
low wave number region below 150 cm−1, are referred to be 
dominated by vibrations involving A-site cations (Na/Bi), 
mid wave number region (250–350  cm−1) is attributed to 
vibrations associated with the BO6 (TiO6) octahedral and 
the high-wave number modes are dominated by vibrations 
of O2− anions involving the most rigid cation–oxygen bonds 
inside the BO6 octahedra of the perovskite. Similar broad 
peaks are obtained in BMT substituted NBT–BMZ system 
as previously reported systems which are the characteristic 
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nature of relaxor ferroelectrics [27–30]. Vibrational modes 
in the frequency range 109–134  cm−1 are dominated by 
Bi–O vibrations while the modes in 155–187  cm−1 are 
dominated by Na–O vibrations. TiO6 vibrations are domi-
nated in the frequency range 246–401 cm−1. Oxygen atom 
vibrations are predominantly contributed to phonon fre-
quencies in the range of 413–826  cm−1 [28–30]. No sig-
nificant change in frequency modes and intensity is noticed 
in BMT substituted NBT–BMZ ceramics. Presence of all 
these vibrational modes is a signature to rhombohedral 
structural symmetry and confirms the structure observed 
from XRD of NBT–BMZ–BMT poled ceramics.

Frequency dependent dielectric constant (εr) and dielec-
tric loss of (1 − x − y)NBT–xBMT–yBMZ poled ceramics 
are shown in Figs. 5 and 6. Figure depicts that the dielectric 

constant and loss decreases as the frequency increases 
(Figs. 5, 6). Decrease in dielectric constant is a known fact 
that polarization does not occur simultaneously under the 
application of electric field. However, it is due to the inertia 
of dipoles and the delay in response towards the impressed 
alternating electric field which leads to decrease in εr and 
tan δ. At low frequencies, contribution from space charge 
polarization is dominant and hence dielectric constant is 
maximum. But as frequency increases, polarizations with 
large relaxation time cease to respond to the applied elec-
tric field and hence dielectric constant decreases. Presence 
of sharp lower kink in the dielectric constant and upper 
kink in the tan δ curve (shown as encircled in Figs. 5, 6) 
suggests the resonance peak at these frequencies [31]. 
Decrease of tan δ with the increase in frequency after 

Fig. 1   Steps involved in solid 
state reaction method
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maximum tan δ value can be explained by Debye formula 
[32]. According to this formula tan δ is inversely propor-
tional to frequency which explains the decrease in tan δ 
with the increase in frequencies beyond maximum [32, 
33]. Room temperature dielectric constant decreases as the 
mole fraction of BMT substitution increases in NBT–BMZ 
solid solution. But a small increase in dielectric constant 
is seen for x = 0.025 mole fraction of BMT. An increase in 
dielectric loss is seen up to x = 0.015 mole fraction of BMT 
substitution, but a significant decrease in dielectric loss is 
noticed for x = 0.025 mole fraction of BMT in NBT–BMZ 
system.

Figure  7 shows the temperature dependent die-
lectric constant and tangent loss of (1 − x − y)
NBT–xBMT–yBMZ poled ceramics at 10  kHz. 
Two dielectric anomalies, in the region 150–220 °C 
and 310–380 °C are noticed due to ferroelectric to 

antiferroelectric transition and antiferroelectric to parae-
lectric phase transition with a Curie temperature respec-
tively [34, 35] (Fig. 7a). Also a diffused phase transition 
is observed, which is a characteristic feature of perovskite 
based relaxor ferroelectrics due to the presence of differ-
ent ionic radii and oxidation state cations namely Bi3+, 
Na+ in the A-site and Mg2+, Zr4+ and Ti4+ ions in the 
B-site of NBT [36–38]. The Curie temperature is found 
to be elevated to higher temperature from 320 to 345 °C 
in BMT substituted NBT–BMZ ceramics. Dielectric con-
stant maximum at Curie temperature is highly enhanced 
for x = 0.025  mole fraction of BMT substitution. Die-
lectric loss as a function of temperature indicates that 

Fig. 2   X-ray diffraction patterns of (1 − x − y)NBT–xBMT–yBMZ 
ternary poled ceramics with x = 0, 0.005, 0.015 and 0.025

Fig. 3   Homogeneous strain (δ) and lattice distortion (δr) of 
(1 − x − y)NBT–xBMT–yBMZ poled ceramics with various x 

Fig. 4   Raman spectra of (1 − x − y)NBT–xBMT–yBMZ poled ceram-
ics with various x 

Fig. 5   Frequency dependent dielectric constant of (1 − x − y)NBT–
xBMT–yBMZ poled ceramics with various x 
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substitution of BMT in NBT–BMZ ceramics drastically 
reduces the loss factor and at x = 0.025 mole fraction of 
BMT substitution dielectric loss becomes minimum (as 
shown in Fig.  7b). Hence, from Fig.  7 it is found that 

dielectric constant is increased and tangent loss is greatly 
reduced for x = 0.025 mole fraction of BMT substitution.

Room temperature (a) P–E hysteresis loop and (b) 
remnant polarization and coercive field of (1 − x − y)
NBT–xBMT–yBMZ poled ceramics are shown in Fig.  8. 
Well saturated single loops are obtained for all mole frac-
tions which indicate the ferroelectric nature of the samples 
(Fig. 8a). Both spontaneous polarization (Ps) and remnant 
polarization (Pr) increases on BMT substitution. On the 
other hand, the coercive field gradually decreases on BMT 
substitution (Fig. 8b) in NBT–BMZ solid solution. Reduc-
tion of coercive field in BNT–BMZ–BMT is similar to 
substitution of BKT in BNT–BT solid solution as reported 
earlier [16, 17].

Figure 9 shows the piezoelectric coefficient of (1 − x − y)
NBT–xBMT–yBMZ poled ceramics as a function of 
mole fraction at room temperature. Piezoelectric coeffi-
cient (d33) increases on BMT substitution in NBT–BMZ 
ceramics. Highest piezoelectric coefficient is obtained for 
x = 0.025 mole fraction of BMT substitution in NBT–BMZ 
solid solution.

The major result drawn from the present work is that 
coercive field decreases in NBT–BMZ–BMT ternary sys-
tem without reduction in remnant polarization (Pr) and 
piezoelectric coefficient (d33). Homogeneous strain (δ) is 
the key intrinsic parameter which play a major role in the 
reduction of coercive field (Ec) in NBT–BMZ–BMT ter-
nary system which maintains the rhombohedral structure 
symmetry. High dielectric constant and low dielectric loss 
is the principal requirement for energy storage devices 
such as capacitors to enhance the capacitance, increase the 
charge-storage efficiency and to minimize dissipation of 
stored energy into heat and further to reduce the draining 
of the stored charge [39]. Also, large remnant polarization 
and reduced coercive field is the principal requirement for 
ferroelectric memory devices [40]. Substitution of BMT 
(x = 0.025  mole fraction) in NBT–BMZ system decreases 
the coercive field and dielectric loss than all other composi-
tions. Moreover, the dielectric constant and remnant polari-
zation are enhanced. A comparative bar diagram represent-
ing the electrical properties of NBT-based system shows 
enhancement in properties than binary systems.

Figure 10 shows the electrical properties of NBT–BMT, 
NBT–BMZ and NBT–BMT–BMZ poled ceramics. Table 1 
gives the dielectric constant (εr), remnant polarization 
(Pr), piezoelectric coefficient (d33), coercive field (Ec) and 
homogeneous strain (δ) of (1 − x)NBT–xBMT, (1 − x)
NBT–xBMZ and (1 − x − y)NBT–xBMT–yBMZ lead-free 
piezoelectric solid solutions for the mole fraction which 
possess the better properties. From Fig. 10, it is found that 
in ternary system the coercive field is reduced than all the 
binary substitutions. It is evident that NBT–BMZ–BMT 
ternary system shows enhanced dielectric constant than 

Fig. 6   Frequency dependent tan δ of (1 − x − y)NBT–xBMT–yBMZ 
poled ceramics with various x 

Fig. 7   Temperature dependent a dielectric constant, b tan δ of 
(1 − x − y)NBT–xBMT–yBMZ poled ceramics with various x 
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other systems. At x = 0.025 mole fraction of BMT substitu-
tion the dielectric constant is enhanced and dielectric loss 
is drastically reduced (Figs. 5, 6, 7). For the same compo-
sition the remnant polarization is increased and the coer-
cive field is lowered. Decreased coercive field leads to low 
hysteresis loss. Therefore the hysteresis loss is decreased at 
x = 0.025 mole fraction of BMT substitution than all other 
compositions. In ferroelectric ceramics low hysteresis loss, 
dielectric loss and enhanced dielectric constant are the pre-
requisite for storage devices [39, 40]. Hence these ceramics 
can be used for energy storage devices such as capacitors.

Piezoelectric researchers disclosed homogeneous strain 
as a decisive parameter for understanding the properties 
of piezoelectric ceramics in a complex manner [26]. From 

Table  1, it is noticed that comparably the homogeneous 
strain is decreased for NBT–BMZ–BMT ternary ceramics 
than the other two systems. Therefore, it is perceived that 
minimal homogeneous strain is the key for softening the 
coercive field in piezoelectric ceramics.

Lattice distortion and homogeneous strain plays a dom-
inant role in enhancing the electrical properties of piezo-
electric ceramics. But homogeneous strain is the basic 
intrinsic parameter which softens the coercive field and 
increases the dielectric constant in piezoelectric ceramics. 
Decrease in strain enhances the mobility of domains which 
in turn leads to decrease in coercive field. Hence substitu-
tion of BMT in NBT–BMZ ceramics softens the coercive 
field and enhances the dielectric constant.

This work provides a scope to soften the coercive field 
and enhanced dielectric constant with low loss in non-MPB 
based systems without deteriorating other electrical prop-
erties which is an essential requirement for application in 
functional devices.

4 � Conclusion

NBT–BMZ–BMT ternary ceramics are synthesized 
by solid state reaction. Synthesized samples are phase 
pure and exhibits rhombohedral R3c symmetry. In 
NBT–BMZ–BMT ternary ceramics, the dielectric, fer-
roelectric and piezoelectric properties are enhanced. 
Interestingly, in NBT–BMZ–BMT ternary ceramics coer-
cive field is reduced by increased mobility and improved 
domain switching without considerable decrease in rem-
nant polarization and piezoelectric coefficient. Enhanced 
properties are achieved in NBT–BMZ–BMT due to small 

Fig. 8   a P–E hysteresis loop of (1 − x − y)NBT–xBMT–yBMZ poled ceramics with various x. b Remnant polarisation (Pr) and coercive field 
(Ec) of (1 − x − y)NBT–xBMT–yBMZ poled ceramics with various x 

Fig. 9   Piezoelectric constant (d33) of (1 − x − y)NBT–xBMT–yBMZ 
poled ceramics with various x 
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homogeneous strain. Therefore low homogeneous strain is 
the fundamental intrinsic parameter for softening of Ec in 
lead-free NBT-based systems.
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