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In this work the X-ray diffraction, scanning electron microscopy, Raman and dielectric studies of lead free perovskite
(1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–xNaNbO3 (0 6 x 6 1.0) ceramics, prepared using a standard solid state reaction method,
were investigated. X-ray diffraction studies of all the ceramics suggested the formation of single phase with crystal structure
transforming from rhombohedral-tetragonal to orthorhombic symmetry with the increase in NaNbO3 content. Raman spectra
also confirmed the formation of solid solution without any new phase. Dielectric studies showed that the phase transition is
of diffusive character and diffusivity parameter decreases with increasing NaNbO3 content. The compositional fluctuation was
considered to be the main cause of diffusivity.
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1. Introduction

Ceramics with perovskite ABO3-type struc-
tures have received considerable attention due
to their excellent functional properties and tech-
nological relevance. They are widely used in
various electronic and microelectronic devices,
such as capacitors, piezoelectric transducers,
pyroelectric detectors/sensors, memory, electro-
optic, magneto-electric devices, SAW substrates,
MEMS, etc. [1]. Though the materials used for
the fabrication of such devices, mostly lead-based,
such as lead titanate, lead magnesium niobate, lead
zirconate titanate (PZT), etc. have so long been of
paramount importance due to the absence of proper
alternatives, there is a global concern nowadays to
develop environment-friendly lead-free materials
which should have either superior or comparable
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properties compared to their lead based coun-
terparts [2–8]. One of the major concerns in
the replacement of lead ions with non-lead ions
retaining essential ferroelectric as well as piezo-
electric properties is high polarizability, i.e. a
large crystal radius, high effective number of
electrons and presence of lone pair electrons in
the outer shell. Fortunately, bismuth (Bi) has high
polarizability (>5 Å3) [9]. Also, it is non-toxic
and has no harmful effect on environment. Hence,
Bi-based compounds seem to be the most likely
replacement to the lead-based materials [6, 10].
It is observed that among the Bi-based systems,
(1 – x)(Bi1/2Na1/2)TiO3–xBaTiO3 is considered
to be one of the potential lead-free candidates
for dielectric and/or piezoelectric applications. It
exhibits a rhombohedral-tetragonal morphotropic
phase boundary (MPB) around 0.06 6 x 6 0.08
with remarkable piezoelectric and electro-
magnetic properties [11–14]. Besides, sodium
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niobate (NaNbO3) is a dielectric material hav-
ing a perovskite-type structure, exhibiting large
number of successive phase transitions and is
one of the most complex perovskite ferroelectric
materials [15–17]. At room temperature it shows
antiferroelectric behavior, with a Curie temperature
of 360 °C [18, 19].

Recently, the dielectric and relaxor behav-
ior of BaTiO3–NaNbO3 [20], A0.5Bi0.5TiO3–
NaNbO3 (A = Li, Na, K, Ag) [21], BaSnO3–
NaNO3 [22], Sr0.5NbO3–LiNbO3–NaNbO3 [23],
(Bi0.5Na0.5)0.94Ba0.06(Ti1−5x/4Nbx)O3 [24] and
(Bi0.5Na0.5)0.935Ba0.065Ti(1−x)NbxO3–0.01SrZrO3
[25] ceramic solid solutions have been studied.
Xu et al. [26] have studied the phase transi-
tions, formation enthalpies and implications
for general perovskite energetics with special
reference to SrTiO3–NaNbO3 solid solution,
while magnetic and ferroelectric phase transi-
tions studies in BiFeO3–NaNbO3 system were
carried out by Raevski et al. [27]. Besides, mi-
crostructural, Raman and dielectric properties
of (1 – x)NaNbO3–xBiCrO3 biphase ceramic
system have been studied by Hsiao et al. [28].
Furthermore, the electrical properties of a
number of solid-solutions of BaTiO3 [29, 30],
(A0.5Bi0.5)TiO3 (A = Na, K) [31, 32], SrTiO3 [33],
AgNbO3–KNbO3 [34], Bi(Zn0.5Ti0.5)O3 [35],
BaTiO3–Bi(Zn1/2Ti1/2)O3 [36], Ba0.8Ca0.2TiO3–
Bi(Mg0.5Ti0.5)O3 [37], CaZrO3 [38], with
NaNbO3 have been reported recently. However,
no report to the best of authors’ knowledge, has
so far been presented on the non-lead pseudo-
binary Ba0.06(Na1/2Bi1/2)0.94TiO3–NaNbO3
solid-solution system and this fact motivates
this research. Both Ba0.06(Na1/2Bi1/2)0.94TiO3
and NaNbO3 are typical perovskite-type com-
pounds and could be expected to form a solid
solution. The elements present at A-site in
Ba0.06(Bi1/2Na1/2)0.94TiO3 have ionic radii
r(Ba+2

XII) = 1.61 Å, r(Na+2
XII) = 1.03 Å and

r(Bi+3
VIII) = 1.39 Å. So, the average ionic radius of

A-site is 〈rA〉 = 1.234 Å. Also, the ionic radius
of B-site is 〈rB〉 = r(Ti+4

VI ) = 0.605 Å. Transi-
tion metal Nb in NaNbO3 has the ionic radius
r(Nb+5

VI ) = 0.69 Å. Hence, the involved degree

of ionic radius mismatch for the substitution of Nb
at A- or B-site is ∆rA = |〈rA〉− r(Nb+5

VI )| = 0.544 Å
and ∆rB = |〈rB〉 − r(Nb+5

VI )|= 0.095 Å. Thus,
Nb+5

VI is more likely to be incorporated into the
B-site of the BNBT matrix. Inclusion of Nb
into B-site also ensures less stress in the lattice
as compared to that into A-site. Furthermore,
to understand the structure of a material and
comparison of similar ions on the same site,
Goldschmidt tolerance factor is considered to be
a useful tool in determining the correct trends,
when used with proper coordination numbers.
Considering the tolerance factor, the coulombic
and strain interactions and the charge balance,
the possible B-site substitution material for the
solid solution of Ba0.06(Na1/2Bi1/2)0.94TiO3
and NaNbO3 is formulated as
Ba0.06(1−x)Na(0.47+0.53x)Bi0.47(1−x)Ti1−xNbxO3.
Therefore, it is of interest to study the
structural and electrical properties of such
Ba0.06(Na1/2Bi1/2)0.94TiO3–NaNbO3 ceramic sys-
tem. Accordingly, in the present work, structural
(X-ray), microstructural (SEM and EDS), optical
(Raman and IR spectroscopy) and dielectric studies
of (1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–xNaNbO3
(abbreviated hereafter as BNBT-NN) ceramic
system with different compositions (0 6 x 6 1.0)
have been carried out.

2. Experimental
Ba0.06(Na1/2Bi1/2)0.94TiO3 (BNBT) and

NaNbO3 (NN) powders were synthesized by using
the solid state reaction method. Reagent grade
(>99.9 % purity) BaCO3, Na2CO3, Bi2O3, TiO2
and Nb2O5 were used as starting materials. The
starting materials were prepared after removing
absorbed water completely at 200 °C for one hour.
The mixed powders were calcined at 1140 °C and
850 °C respectively for 5 h in air. Completion of
reaction and the formation of desired compounds
were checked by X-ray diffraction (XRD) tech-
nique. In the present study, the solid solutions
of BNBT and NN with different compositions
(x = 0.05, 0.10, 0.25, 0.50, 0.75, 0.90 and 0.95)
were prepared and were compacted into thin
(∼1.5 mm) cylindrical disks with an applied
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uniaxial pressure of 5000 kg. The samples were
finally sintered between 1180 °C and 870 °C for
4 h. The sintered pellets were polished carefully to
ensure the parallel and flat surfaces.

The XRD data were obtained on sintered pel-
lets of BNBT-NN with an X-ray diffractometer
(X’Pert PRO, PANalytical) at room temperature,
using CuKα radiation (λ= 1.5405 Å), over a range
of Bragg angles (10° 6 2θ6 70°) with a scanning
speed of 5.08° min−1. The dimensions of the unit
cell, h k l values and space group of all the spec-
imens, were obtained using the software X’Pert
Highscore Plus. The Raman spectra were obtained
using a single monochromator micro-Raman spec-
trometer (Renishaw inVia Raman Microscope) and
excitation wavelengths were provided by a diode
laser with an exciting wavelength of 785 nm. The
dielectric constants and dielectric loss were mea-
sured between 500 °C and 40 °C with a cool-
ing rate of 10 °C/min using a computer-controlled
Alpha high resolution dielectric analyzer (NOVO-
CONTROL Technologies, GmbH & Co. KG, Ger-
many) on a symmetrical cell of Ag|Ceramic|Ag
type, where Ag is an air drying silver conductive
paint (SPI, Structure probe, Inc.) coated on either
side of the pellets.

3. Results and discussion
3.1. Structural and microstructural
studies

Fig. 1a shows the XRD patterns of BNBT-NN
samples sintered under air atmosphere. All sam-
ples have a perovskite-type structure with differ-
ent crystal symmetry, and no other peaks were
detected within the uncertainty limits of XRD,
which suggests the absence of impurity phases.
The crystal data of NaNbO3 (x = 1) and BNBT
(x = 0), obtained from the XRD analyses, de-
picted in Table 1, are consistent with the ear-
lier reports [12, 39–41]. Further, a pure per-
ovskite phase with rhombohedral-tetragonal sym-
metry is found up to the x = 0.25, while
the orthorhombic phase starts appearing and be-
comes noticeable at x = 0.50. The composition
with x = 0.50 is found to have a mixed phase

of rhombohedral-tetragonal-orthorhombic symme-
try (Table 1). Fig. 1b illustrates the enlarged XRD
patterns (46° 6 2θ 6 48°) of all the solid solu-
tions. It can clearly be seen that the crystal struc-
ture of the samples at room temperature gradu-
ally changes from rhombohedral-tetragonal to or-
thorhombic symmetry with increasing x, which is
apparent by the splitting of 200 reflections into
002 and 200 doublet of orthorhombic phase. The
difference in intensity of the splitted peaks be-
comes prominent from x = 0.75. At very high
doping percentages (90 % and 95 %) of NaNbO3,
the ceramics shows pure perovskite phase with or-
thorhombic symmetry. This indicates that NaNbO3
has completely integrated into the lattice of
Ba0.06(Na1/2Bi1/2)0.94TiO3 and formed the solid
solution. Thus, BNBT-NN ceramics shows a coex-
istence of rhombhohedral-tetragonal-orthorhombic
phases at x = 0.50. Furthermore, it is observed that
the increment of Nb-content in the solid solution,
in general, leads to the increase in unit cell volume
which may be attributed to the fact that ionic radius
of Nb+5 (0.69 Å) ions is slightly larger than that of
Ti+4 (0.605 Å) ions.

Fig. 2 shows the SEM micrographs of frac-
tured surface of sintered BNBT-NN ceramics. The
nature of the micrographs exhibits the polycrys-
talline texture of the materials, and grains are dis-
tributed throughout the samples. The photographs
contain a very few voids suggesting the high den-
sity of the materials. The grains of unequal sizes
(0.8 µm to 3 µm) were found for the chosen com-
positions. It is also observed that a few grains are
agglomerated and appear larger in size compared
to the average size, which is termed as an abnor-
mal grain growth or secondary crystallization. The
average grain size for BNBT sample is found to
be ∼3 µm and with increasing NN concentration
(x), the grain size as well as grain morphology of
BNBT-NN ceramics changes. For x = 0.05 the av-
erage grain size significantly decreases to nearly
1.25 µm and some pores begin to appear. Further
doping of NN inhibits the grain growth and leads
to a decrease in grain size. As the substitution level
of NN increases from x = 0.50 to x = 0.75 the
grains become further smaller (1 µm to 0.8 µm).
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The average grain size of the ceramics becomes
minimum when x = 0.75 and increases with further
doping. With further increase in NN concentration
the average grain size increases slightly to 1 µm.
The partial substitution of Ti-ion by Nb-ion results
from the differences in their ionic radii, valency and
electronegativity which worsen the diffusion coef-
ficient of B-site ion in perovskite lattice [42] and
consequently, the grain growth is inhibited with the
increase in Nb concentration that results in a de-
crease in average grain size.

3.2. Raman study

The first-order Raman spectra of the end mem-
bers Ba0.06(Na1/2Bi1/2)0.94TiO3 and NaNbO3 of
BNBT-NN ceramics are shown in Fig. 3a and
Fig. 3b, respectively. The peaks of BNBT were
found to be Gaussian in line-shape contrary to
the expected Lorentzian line-shape fitting over
the exponential background from Rayleigh tail.
The peaks (FWHM in parenthesis) were ob-
served at 133.3 (19.2) cm−1, 281.3 (53.4) cm−1,
536.2 (49.7) cm−1, 615.3 (28.11) cm−1 and 799.4
(79.2) cm−1. The Gaussian peak profile observed
in the Raman spectra may arise due to the distribu-
tion of particle sizes in the sample. Contrary to the
BNBT pellets, NN shows intense sharp and multi-
ple Lorentzian peaks (Fig. 3b). It agrees well with
the results presented in the literature [29]. A peak
at 434.2 cm−1 starts appearing from x = 0.5 on-
wards (Fig. 3c), indicating the change in crystal
structure. However, with increasing NN concentra-
tion (x), no new peaks are observed, indicating the
absence of formation of any new phase and con-
sequently the formation of solid solutions. It can
also be seen from Fig. 3c that the bands with lower
intensities appear at frequencies that do not differ
much from those of the pure NN. Since the Ra-
man spectra of BNBT and NN differ appreciably,
the evolution of the structural changes of BNBT-
NN solid solutions, which depend on composition,
can be followed using XRD and dielectric mea-
surement data. Also, the Raman bands are quite
broad, which in fact is associated with the disor-
der of cations at the coordinated sites, and to some
overlapping Raman modes [29].

Fig. 1. (a) XRD patterns of (1 – x)Ba0.06(Na1/2Bi1/2)0.94
TiO3–xNaNbO3 ceramics at room
temperature and (b) XRD patterns of
(1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–xNaNbO3
ceramics in the selected regions of 2θ
(45.5° to 48°).
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Table 1. Lattice parameters of the (1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–xNaNbO3 (0 6 x 6 1) ceramics.

Parameters / x 0.00 0.05 0.10 0.25 0.50 0.75 0.90 0.95 1.00

a [Å] 3.9037 3.8979 3.9033 3.9 3.898 3.935 3.909 3.933 3.95
b [Å] 3.9037 3.8979 3.9033 3.9 3.898 3.912 3.87 3.912 3.84
c [Å] 3.898 3.903 3.909 3.9038 3.907 3.88 3.885 3.88 3.909
c/a 0.998 1.0013 1.0014 1.0009 1.0023 0.9860 0.9938 0.9865 0.9896

Cell volume [Å3] 58.86 59.29 59.56 59.38 59.36 59.7 58.74 59.7 59.34
Crystal system R / T R / T R / T R / T R / T / O O O O O

Note: T – Tetragonal; O – Orthorhombic and R – Rhombohedral

Fig. 2. SEM images of (1 – x)Ba0.06(Na1/2Bi1/2)0.94
TiO3–xNaNbO3 ceramics.

3.3. Dielectric study

Fig. 4 shows the variation of ε with frequency
at room temperature. The value of ε is found to de-
crease with an increase in frequency and beyond
10 kHz it seems to be almost independent of fre-
quency. Also, the value of ε, in general, decreases
with the increasing NN-concentration (x).

It is known that the phase transition in ferroelec-
tric ceramics depends mainly on chemical com-
position, microstructure and sintering processes
(preparation condition). The transition region ex-
tends over some tens of degrees around the tem-
perature of maximum ε (εmax). The electrical po-
larization, Pr, continuously decreases with increas-
ing temperature rendering it difficult to determine

Fig. 3. Raman spectra of (a) Ba0.06(Na1/2Bi1/2)0.94
TiO3 and peaks fitted with Gaussian compo-
nents, (b) Raman spectra of NaNbO3 can be
deconvoluted with Lorentzian components con-
trary to Ba0.06(Na1/2Bi1/2)0.94TiO3, NaNbO3
requires multiple peaks and (c) shows a change
in the Raman spectra with increasing NaNbO3
doping % in Ba0.06(Na1/2Bi1/2)0.94TiO3 matrix.

the exact temperature when Pr = 0. The anomalies
which take place at ferro-paraelectric phase transi-
tion in classical perovskite type ferroelectrics are
generally described by the susceptibility (χ) and
the order parameter (P) by the expression:

χ
−1
i j = χ

−1
o +∑gi jklPkPl (1)

The coupling constant gijkl describes the break-
ing of symmetry by the phase transition. However,
it is seen that there exist a set of anomalies in
the behavior of some perovskite ferroelectrics with
a diffuse phase transition (DPT) which are diffi-
cult to explain on the basis of classical theories
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Fig. 4. Frequency dependence of dielectric constant of
(1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–xNaNbO3
ceramics at room temperature.

of ferroelectrics. The maxima of the dielectric con-
stant in DPTs are not well defined. It is thus experi-
mentally difficult to accurately estimate the tempe-
rature of the ferro-paraelectric phase transition, Tm
(εmax). In the paraelectric region the dielectric con-
stant exhibits temperature dependence according to
the modified Curie-Weiss law:

ε
−1 = ε

−1
max +C′(T −Tm)

γ (2)

where εmax is the maximum value of the dielec-
tric constant at Tm, C′ and γ (diffusivity parame-
ter) are assumed to be constant, with γ value be-
tween 1 and 2. The limiting values γ = 1 and
γ = 2 are characteristic of a normal ferroelec-
tric and an ideal relaxor ferroelectric, respectively.
Fig. 5 shows the variation of dielectric constant (ε)
and loss tangent (tanδ) with the increment in tem-
perature at different frequencies for different com-
positions of BNBT-NN ceramics. As typical of nor-
mal ferroelectrics, ε increases gradually with in-
crement in temperature up to the transition tem-
perature (Tm) and then decreases. Also, it is seen
that with the increment of NN concentration, max-
imum value of ε (εmax) decreases while dielectric
peak (Tm) shifts towards lower temperature side up
to x = 0.25 and then it starts shifting towards higher
temperature side and ε(T) curve becomes less dif-
fuse. This result is consistent with the XRD and
Raman data as the orthorhombic phase (Table 1)

is coming into force. The decrease in εmax implies
that the substitution of NN reduces the dipole mo-
ment of the lattice and lowers the peak dielectric
constant. In all the materials, the room temperature
value of tanδ was found to be of the order of 10−2

at 1 kHz. The low tanδ of this kind can be ad-
vantageous when improved detectivity is required.
Besides, linear fitting of ε(T) data, in paraelectric
phase, in the expression ε = C(T – To)

−1 allows
us to obtain the Curie-Weiss temperature (To) for
different ceramic compositions: here C is Curie-
Weiss constant. It was observed that the value of
To first shifts towards lower temperature side up to
x = 0.25 and then it starts shifting towards higher
temperature side with the increase in modifier
(NN) percentages and To < Tm for all materials,
which implies that the phase transitions are of the
first order.

The regions around the dielectric peaks are
broadened (Fig. 5), which is one of the most im-
portant characteristics of a disordered perovskite
type structure with diffuse phase transition (DPT).
Fig. 6 shows the variation of ln(1/ε – 1/εmax) with
ln(T – Tm) for three samples (x = 0, 0.50 and 1.0)
at 1 kHz. The graphs show almost linear behavior
as temperature changes. The value of exponent, γ,
in expression 2 was estimated, respectively to be
1.92, 1.20 and 1.14 for x = 0, 0.50 and 1.0 from
the slope of the curves in Fig. 6. We have found
γ> 1 for all the cases, the value of which decreases
with an increase in NN content. In other words
diffusivity decreases with an increase in NN con-
tent. This may be due to compositional fluctuations
which might produce some kind of heterogeneities
in the arrangement of Ba2+ and (Na1+

0.5Bi3+0.5)
2+ ions

at A-site Ti4+ and Nb5+ ions at B-site that results
in decreasing disorder with increasing NN content.
This may be explained on the basis of increas-
ing tolerance factor and average ionic radius of A-
and B-site cations (Table 2) which results in de-
creasing disorder as well as dielectric constant as
x increases.

4. Conclusion
Lead-free ceramics, (1 − x)Ba0.06(Na1/2

Bi1/2)0.94TiO3–xNaNbO3 (0 6 x 6 1.0) were
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Fig. 5. Temperature dependence of dielectric constant and loss tangent of (1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–
xNaNbO3 ceramics at different frequencies (a) 1 kHz (b) 10 kHz (c) 100 kHz (d) 1MHz.

Table 2. Tolerance factor, average A- and B-site ionic radius of (1 – x)Ba0.06(Na1/2Bi1/2)0.94TiO3–xNaNbO3 ce-
ramics.

x Tolerance factor (t) Average ionic radius of A site [Å] Average ionic radius of B site [Å]

0.00 0.950 1.300 0.605
0.05 0.951 1.304 0.607
0.10 0.952 1.309 0.609
0.25 0.955 1.322 0.614
0.50 0.960 1.345 0.623
0.75 0.965 1.367 0.631
0.90 0.968 1.381 0.637
0.95 0.969 1.385 0.638
1.00 0.970 1.390 0.640

synthesized using the solid state reaction method.
X-ray diffraction studies of all the ceramics
suggested the formation of a single phase with
crystal structure transforming from rhombohedral-
tetragonal to orthorhombic symmetry with the
increase in NaNbO3 content. Raman spectra also

confirmed the formation of solid solution without
any new phase. The dielectric constant as a func-
tion of temperature did not show a sharp transition
but exhibited diffuse behavior and the degree
of diffuseness decreased from 1.92 to 1.14 with
increasing NaNbO3 content from x = 0.0 to 1.0.
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Fig. 6. The modified Curie-Weiss plots ln(1/ε–1/εm)
vs. ln(T–Tm) for (1 – x)Ba0.06(Na1/2Bi1/2)0.94
TiO3–xNaNbO3 ceramics for x = 0, x = 0.50,
x = 1.0 at 1 kHz.

The compositional fluctuation was considered to
be the main cause for diffusivity.
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