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Effect of simultaneous substitution of magnesium and
niobium on dielectric properties and phase transition
temperature of bismuth sodium barium titanate ceramics

E.A. ZEREFFA*, A.V. PRASAD RAO

Department of Inorganic and Analytical Chemistry, College of Science and Technology, Andhra University,
Visakhapatnam — 530003

(Bi: 1 Na1 )o.94Bag 06 Ti1 ,C(Mgl sz )xO3 ceramic samples with x = 0.0, 0.01, 0.05, 0.15, 0.20 were synthesized by solid state
method Mlcrostructure dlelectrlc propertles impedance and conductivity of the ceramics were studied. Phase formation was
confirmed by X-ray diffraction. Co-doping of the ceramics with Mg and Nb at x = 0.01 raised the dielectric constant from 6510 to
8225 at the frequency of 1 KHz. Further increase in (Mg sz Y4+ concentration up to 0.15 increased the transition temperature
from 275 °C to 339 °C and lowered the dielectric constant The ac impedance measurements showed a linear response with
frequency at lower temperature indicating insulating behavior and a single semicircular arc with spike at higher temperature.
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1. Introduction

Perovskite type oxides like Pb(Mg 1 Nb» )03,
Pb(an Nb 1 )O3 and Pb(Zr,Ti)O3 have been shown
to be extremely useful for a variety of applications
in ferroelectric and piezoelectric devices [1]. Most
of these materials are lead based with more than one
cation occupying the octahedral lattice sites. The
presence of heterovalent ions with different ionic
radii, valence states and varying polarizabilities in
the octahedral site were found to be effective in
enhancing the dielectric, electrical and electrome-
chanical properties. However, the toxicity of lead
and volatilization of toxic PbO during processing
of these materials have resulted in an increasing de-
mand for alternate environmental friendly materials.

Bismuth sodium titanate (BNT), a perovskite
material with Curie temperature 7¢ = 320 °C, rema-
nent polarization P, = 38 uC/cm? and coercive field
Ec =73 kV/cm reported by Smolenskii et al., has
been projected as a potential candidate in place of
lead based piezoelectric ceramics [2]. Nevertheless,
the electrical properties of the BNT ceramics are not
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as good compared to lead-based piezoelectric cera-
mics. Takenaka reported that BNT-based solid solu-
tions with a rhombohedral-tetragonal morphotropic
phase boundary (MPB) composition showed bet-
ter piezoelectric and pyroelectric properties when
compared with unmodified BNT ceramics [3]. It
has been reported by Li et al. and others that
the composition close to the MPB has relatively
good piezoelectric and dielectric properties after
the addition of 6 % of BaTiO3 [4-8]. Lead-free bis-
muth sodium titanate-sodium niobate (BNT-NN),
[Nag 5(1—x)Big.5(1-x)1(Ti(1_—Nby)O3 ceramics was
prepared by using conventional ceramic technique
by Li et al., [9]. They concluded that d33 increased
from 64 to 88 pC/N for 2 mol% of NaNbO3; and
then decreased gradually. However, the dielectric
constant increased gradually with the increase in
NaNbOs content. This was attributed to the co-
effect of the soft additive Nb>* ion doping at B-site
and hard additive Na™ ion doping at A-site. Another
report states that Bismuth Sodium Titanate (BNT)
mixed with KNbO3; (KNN) systems are orthorhom-
bic up to 2 % BNT, tetragonal up to 9 % BNT and
cubic thereafter. At the 2 % BNT MPB, a dj3 of
195 pC/N and a Curie temperature of 395 °C were
reported [10]. BNT exhibited relaxor behaviour with
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a less temperature stable dielectric constant [11].
Therefore, several more studies have been made to
enhance its ferroelectric properties by forming solid
solutions with Kq sBig sTiO3 [12], Ba(Ti,Zr)O3 [13],
Bi(Mg%Nb%)Og [14], BiFeO3 [15] as well as with
cations of rare earth and transition metal ions like
Ce*t [16], Mn** [17], La3* [18], Fe>* [19] and
Nb>* [20]. Among the various systems that have
been reported, bismuth sodium barium titanate
(Bip5Nag 5);_Ba, TiO3 (BNBT) solid solution that
exhibited a morphotropic phase boundary (MPB)
near X = 0.06 showed relatively enhanced piezo-
electric properties. Hence, the present work is un-
dertaken to investigate the effect of simultaneous
substitution of Mg and Nb at B site of BNBT, on
the dielectric properties, microstructure and phase
transition temperatures.

2. Experimental methods

The starting materials were AR grade BiyOs,
BaCO3, TiOQ, Na2C03, MgO and NbgOs. All
compositions were prepared by conventional solid-
state reaction. Stoichiometric amounts of precur-
sor powders corresponding to the compositions
BNBT(MN)x, where x = 0.0, 0.01, 0.05, 0.15, 0.20
were mixed in ethanol media and well ground in
an agate mortar. The mixed powders were calcined
at 900 °C for 3 h. The calcined powders were fur-
ther ground and formed into pellets with PVA as
binder. The pellets were sintered on a platinum foil
covered with crucible at 1150 °C for 2 h. Phase
formation was followed using X-ray diffractometer
(PANalytical-X’ Pert PRO, Japan) with CuK ¢ radia-
tion. For dielectric measurements, silver paste with
glass frit as binder to form a conductive film after
heating was coated on the polished surface of the
pellets and fired at 600 °C for 30 min. Phase sensi-
tive multimeter (N4L PSM 1700) was used to mea-
sure the complex impedance, capacitance, quality
factor, resistance, dielectric loss, phase angle and
inductance in series and parallel as a function of tem-
perature in the frequencies ranging from 100 Hz to
1 MHz at 3 °C per minute heating and cooling rates
from room temperature to 400 °C. Microstructure of
sintered samples was studied by SEM (JEOL-JSM-
6610LV, Tokyo, Japan). Phase transition tempera-
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Fig. 1. X-ray diffraction patterns of BNBT(MN)x for
x =0.0, 0.01, 0.05, 0.15 and 0.20. The powders
were heat treated at 900 °C for 3 h.

tures for calcined powder samples were obtained
while heating at the rate of 3 °C per minute up to
600 °C using DSC 823e (METTLER TOLEDO,
Japan).

Compositions with x = 0.0, 0.01, 0.05, 0.15 and
0.20 in (Bip.sNao.5)o.94Bao.06 Ti1-x(Mg1 Nb2),O3
are denoted in subsequent discussion as BNBT,
BNBT(MN)1, BNBT(MN)S, BNBT(MN)15 and
BNBT(MN)20.

3. Results and discussion

XRD patterns of pure BNBT and
(Big.sNag.5)0.94Bag.06 Ti1 - (MN), O3 samples
with x = 0.01, 0.05, 0.15, 0.20, where MN refers
to (Mg;/3Nb;,/3), are shown in Fig. 1. From the
figure, it can be seen that the XRD patterns of
x = 0.0 samples are in good agreement with that
of rhombohderal (BigsNags)TiO; (JCPDS file
No. 36-0340) and XRD patterns for 0 < x < 0.15
samples are in good agreement with XRD pattern
of monoclinic BNT (JCPDS file No. 46-0001)
indicating the formation of phase pure samples.
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Table 1. Lattice parameters and densities of (Big 5Nag 5)0.04Bag.gsTij—x(Mg 1 Nb %)xOg

samples, where x refers to a dopant concentration of 0.01, 0.05, 0.15 and 0.20,

respectively.
Lattice parameters in A Density
Composition a b c Experimental % Theoretical
BNBT(MN)1 4.1595 2.7607 5.8818 5.684 g/cm3 99.5 %
BNBT(MN)5 4.1692 2.7560 5.8759 5.587 g/cm3 98.7 %
BNBT(MN)15 4.140 2.7006 5.7719 5.57 g/cm3 96.1 %
BNBT(MN)20 4.1352 2.7506 5.6352 5.52 g/cm3 92.2 %

BNBT(MN)x sample with x = 0.20 shows two extra
peaks of very small intensity at 26 ~ 28° and 30°.
The extra peaks observed could not currently be
assigned to any phase. The lattice parameters of
BNBT(MN)x materials with x = 0.01, 0.05, 0.15
and 0.20 have been calculated by using a standard
computer program “POWD”, and tabulated in
Table 1 with corresponding relative densities of
99.5 %, 98.7 %, 96.1 % and 92.2 % respectively.
The apparent crystallites size and lattice strain of
BNBT(MN)x samples with x = 0.0, 0.01, 0.05, 0.15
and 0.20 were estimated by analyzing the X-ray
diffraction peak broadening. The corresponding
values of crystallite sizes and lattice strains were
obtained as 44.2 nm, 28.96 nm, 26.7 nm, 27.6 nm
and 1.6 x 1073,2.3x1073,2.2x 1073, 1.5 x 1073
respectively.

3.1. Thermal analysis

Differential scanning calorimeter measurements
carried out on calcined powder samples showed a
significant influence of magnesium and niobium
co-doping on the two anomalous transition tempe-
ratures of bismuth sodium barium titanate as de-
picted in Fig. 2. The phase transformation tempera-
tures determined for the base material BNBT (7, =
88 °C and Ty = 275 °C) are relatively close to the
results reported by Xu ef al. [21]. Each DSC curve
of BNBT(MN)x for x = 0.0, 0.01, 0.05 and 0.15
samples shows two small endothermic peaks as-
signed as antiferroelectic to ferroelectric (AFE-FE)
at 88.25 °C, 88.22 °C, 88.85 °C and ferroelectric
to paraelectric (FE-PE) at 304 °C, 333 °C, 339 °C
phase transition temperatures, respectively. The fi-
gures show that the substitution of Mg?* and Nb>+
in place of Ti** in the host compound increases the

transition temperature (7¢) from 275 °C to 304 °C,
333 °C and 339 °C for x = 0.0, 0.1, 0.05 and 0.15,
respectively. This increase in the 7¢ may be ex-
plained in terms of variations in ionic sizes. The
ionic radius of Mg?* (0.72 A) and Nb>* (0.64 A)
are larger than that of Ti*t (0.62 A), that may have
caused a lattice distortion or expansion, and resulted
in an increase of dielectric constant and transforma-
tion temperature (7¢), which is consistent with the
X-ray studies.

3.2. Dielectric studies

Temperature dependence of dielectric constant
¢’ and dielectric loss at 1 KHz, 10 KHz and 50 KHz
for the samples BNBT(MN)x with x = 0.0, 0.01 and
0.05, sintered at 1150 °C for 2 h are shown in Fig. 3.

In the measured frequency range of 1, 10 and
50 KHz all samples exhibited the highest dielec-
tric constant at 1 KHz. BNBT(MN)1 showed higher
Emayx values of 8225, 6270 and 5592 compared to the
6510, 5429 and 4340 values for pure BNBT at 1, 10
and 50 KHz, respectively. The variation in tan o was
also less for BNBT(MN)1 compared to BNBT up
to 300 °C. When the concentration of (Mg 1 Nb% )

increased above 0.05, the values of & decreased
below that of pure BNBT. The maximum values
of dielectric constant and dielectric loss tangent
were shifted to higher temperature both with increas-
ing frequency and concentration of (Mg 1 Nb %)4+.
The increase in dielectric loss tangent at expense
of dielectric constant at temperatures above 300 °C
might be due to the migration of high number of
charge carriers, like sodium metal ions because of
their small ionic size. The BNBT(MN)x samples
showed relaxor behavior in terms of variation of
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Fig. 2. DSC curves of powder ceramic samples of BNBT(MN)x with x = 0.0, 0.01, 0.05 and 0.15
from room temperature to 600 °C at the heating rate of 3 °C per minute.

¢’ with frequency as shown in Fig. 3. This may be
due to the heterogeneity caused by Na*, Ba>*, Bi’*
and Ti**, Mg>* Nb>T cations in the A and B lattice
sites respectively.

3.3. Microstructure

Fig. 4 shows the SEM micrographs of fractured
surfaces of sintered pellets of pure and, magnesium
and niobium co-doped BNBT. All samples have
shown dense microstructure for the compositions
BNBT(MN)x, where x = 0.0, 0.01, 0.05 and 0.15
with average grain sizes in the range of 1 pm. How-
ever, from the grain size variations seen in SEM
micrographs, it may be noticed that there is a slight
increase in grain size for niobium and magnesium
content of 0.15. This may be due to the increase in
magnesium ion concentration at the grain boundary
of BNBT crystal.

3.4. Impedance spectroscopy

The variation of real and imaginary part of
impedance as a function of applied field frequency
(Nyquist plot) for BNBT(MN)x with x = 0.01, 0.05
and 0.15 are compared in Fig. 5. The real impedance
of each sample is high at low frequencies and de-
creases rapidly with the applied frequency and tem-
perature. Space charge was mentioned as one of
the reasons for the high real impedance at low
frequencies for ferroelectric ceramic materials. A
large volume percentage of polycrystalline mate-
rials consist of grain and grain boundaries. These
boundaries contain defects that cause a positive or
negative space charge distribution at the interfaces.
The space charges can be moved by the applica-
tion of an external electric field and when they are
trapped by the defects, lots of dipole moments are
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Fig. 3. Variation of dielectric permittivity (a — ¢) and dielectric loss (d — f) measured as a function of

temperature at 1, 10 and 50 KHz for BNBT(MN)x, where x = 0.0, 0.01 and 0.05 for the samples
sintered at 1150 °C.

formed. However, the increase in the real impedance
at lower frequencies for polar materials is attributed
to the contribution of multi-component polariza-
tion mechanisms (i.e. electronic, ionic, orientation
and space charge). At higher frequency the dipoles

cannot rotate rapidly, so that their oscillations lag
behind those of the field. When the frequency is
further raised, the dipoles are completely unable to
follow the field and the space charge polarization
ceases, so the real impedance (Z') decreases and
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Fig. 4. SEM micrographs of BNBT(MN)x fractured surfaces of sintered pellets (a) x = 0.0 (b) x =0.01, (c) x =0.05

and (d) x =0.15.

attains a constant value at high frequencies. This
may be one of the reasons for the merging of real
impedance curves for all compositions at higher
frequencies as illustrated in Fig. 5. The real and
imaginary impedance values are decreased with the
increase in the concentration of magnesium and
niobium at the same frequency and temperature as
illustrated in the figures. The magnitude of Z’ and
7" in BNBT(MN)1 is relatively high in all the stud-
ied temperature and frequency ranges when com-
pared with the BNBT(MN)5 and BNBT(MN)15.
For instance, for BNBT(MN)1 sample, the values
of real (Z) and imaginary (Z") impedance at the
temperature of 350 °C and frequency of 100 Hz are

1900 kQ and 535 kQ respectively. The correspond-
ing values for the BNBT(MN)5 sample are 111 kQ
and 70.6 kQ. For the BNBT(MN)15 sample, the va-
lues are decreased to 7.2 kQ and 0.8 kQ respectively
at the same temperature and frequency. Fig. 5(d - f)
also shows the peak values of Z” (Z"max) which
decrease with the increase in temperature. The peak
frequency (fzmax) shifts towards higher frequency
side, which indicates the spread of impedance re-
laxation times observed particularly in the samples
BNBT(MN)S and BNBT(MN)1.

Fig. 6a and b show the Cole-Cole plot of
BNBT(MN)15 sample at different temperatures in
the frequency range of 100 Hz — 1 MHz, which
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Fig. 5. The dependence of the real and imaginary part of impedance versus frequency for BNBT(MN)x samples
with x = 0.01, 0.05 and 0.15 at 350, 360, 370, 380, 390 at different temperatures.

shows a linear response in Z at lower temperature,
indicating the insulating behavior of the sample. As
the temperature increases, the linear response gra-
dually changes to semicircular arc which become
smaller and shifts towards lower Z’ values, indicat-
ing a reduction in grain resistance (Rg). The spikes
are observed in the impedance at higher temperatu-

res. In this case, the capacitance value has been ob-
tained from the high frequency semicircle and low
frequency spikes that correspond to the bulk and
electrode polarization effect, respectively. The cen-
tre of the semi-circles lies below the x-axis which
indicates non-Debye type relaxation process in the
material [22]. The value of grain resistance (Rg) at
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different temperatures (310 — 400 °C) has been ob-
tained from the intercept of the semicircular arc on
the real axis (Z') for BNBT(MN)15 sample, which
is depicted in Fig. 7. From this figure it is clear that
the (Rg) value of the sample decreases with the rise
in temperature, which indicates a negative tempe-

(Table 2), indicating that the correlated barrier
hopping model (CBH) could be considered more
appropriate for explaining the ac conduction in the
ceramic samples in the present study.

From Fig. 8, it can also be seen that the ac con-
ductivity also slightly increases with an increase in
temperature. In the absence of an applied field, ions
make random jumps over a barrier separating two
sites. But in the presence of an applied field, ions
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Table 2. Parameters determined for BNBT(MN)5 sample by the
relation: 6(®) = 0, +A®".

Tem(°C) n(T)) logA(T) Tem(°C) n(T)) logA(T)
30  0.76106 —8.71683 300  0.85868 —8.63908
50  0.77783 -8.78908 350  0.53232 -7.41782
100 0.77194 -8.6504 360  0.74459 -8.13446
150  0.80356 -8.63238 370  0.6902 —7.84791
200 0.82594 -8.61433 380  0.72194 -7.8866
250  0.83009 -8.59006 400  0.67543 -7.64519

migrate preferentially in the direction of the field,
which effectively lowers the energy barriers in the
forward direction. Usually, when the temperature
increases, the number of ions taking part in conduc-
tion mechanism increases and causes an increase
in conductivity. But for the ceramic samples in the
present study the ac conductivity slightly changed
with temperature, indicating that the number of
charge carriers did not increase considerably with
the increase in temperature. The relatively low n and
high logA values near 7},,,y, observed in the Table 2,
might be one of the most probable reason for the
high dielectric constant found in BNBT(MN)x ce-
ramic materials. The values of activation energy cal-
culated in high temperature regions (300 — 400 °C)
at three different frequencies (0.92 eV at 100 Hz,
0.86 eV at 1 KHz and 1.02 eV at 1 MHz) support
the presence of oxygen vacancies in the sintered
ceramic samples.

4. Conclusions

Lead-free ferroelectric ceramics BNBT(MN)x
with x = 0.0, 0.01, 0.05, 0.15, 0.20 have been pre-
pared by conventional solid-state method. X-ray
diffraction studies of magnesium and niobium co-
doping in the B site of BNBT indicated the for-
mation of phase pure materials with monoclinic
structure in the studied range of dopant concentra-
tion 0.0 < x <0.15. Scanning Electron Micrographs
(SEM) observation revealed dense microstructure
with average grain size of 1 um for (Mg, Nb%)‘“r
substituted BNBT samples under study. Co-doping
with 0.01 raised the dielectric constant from 6510 to
8225 at the frequency of 1 KHz and the increase in
Mg 1 Nb 1 )4+ concentration up to 0.15 increased the

transition temperature from 275 °C to 339 °C. The
studies revealed that the maxima of the curves of €
versus temperature for the studied materials were
affected by the concentration of (Mg 1 Nb 2 y*+ and
frequency. Impedance measurements of the pure
and modified BNBT indicated negative tempera-
ture coefficients for the samples under investigation,
which is typical of semiconductor materials. The ac
electrical conductivity (o) study of BNBT(MN)x
samples showed frequency dependence. The value
of n or the slope of ¢, versus frequency plot was
found to be in the range of 0.6 — 0.8 and slightly var-
ied with temperature. The correlated barrier hopping
model (CBH) seems to be appropriate for explaining
the ac conduction in the ceramic samples considered
in the present study.
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