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Abstract

Polycrystalline samples of BaFegsNbosO3 and (1-x)Ba(FepsNbos5)Os-xBaTiOs, [referred
as BFN and BFN-BT respectively] (x = 0.00, 0.15 and 0.20) have been synthesized by a high-
temperature solid-state reaction technique. The formation of the compound was checked by an
X-ray diffraction (XRD) technique. The microstructure analysis was done by scanning electron
micrograph. The spectroscopic data presented in impedance plane show the grain and grain
boundary contributions towards electrical processes in the form of semi-circular arcs. Detailed
studies of dielectric and impedance properties of the materials in a wide range of frequency
(100Hz-5MHz) and temperatures (30-282°C) showed that these properties are strongly
temperature and frequency dependent.
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Introduction

Perovskite-type (ABOs type, (A = mono-divalent, B = trid to hexavalent) oxides have
attracted a considerable attention of researchers in view of their excellent physical properties
such as colossal magnetoresistance, ferroelectric, piezoelectric, magnetoelectric and electro-
optic effects, making them suitable for industrial applications [1-5]. The alternating current
impedance spectroscopy (ACIS) is a very convenient and powerful experimental technique
that enables us to correlate the electrical properties of a material with its microstructure, and
also helps to analyze and separate the contributions, from various components (i.e., through
grains, grain boundary, interfaces, etc.) of polycrystalline materials in the wide frequency

range. The relaxor ferroelectric materials exhibit a large range of interesting properties
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related to their complex order/disorder nanostructures. Most relaxor ferroelectrics belong to
family of complex lead-based perovskite oxides, such as Pb(Mg1,3Nb2;3)O3 (PMN), which is
often considered as a model system. These materials have a disadvantage due to toxicity and
volatility of polluting substances. Researchers are directed towards more environmentally
friendly lead-free relaxor materials. In this way, many compositions with perovskite structure
were recently prepared and characterized [6-20].

Recently giant dielectric constant and dielectric relaxation in A(Fey.B.,03), (A = Ba,
Sr and B = Nb, Ta) [21], CaCusTisO1, [22], CdCr,S, [23] have been pursued to understand
the relaxation mechanism, which describes the dielectric relaxation i.e. charge redistribution,
structural frustration or polaron redistribution, ferroelectric relaxor, and Maxwell-Wagner
space charge (pseudo relaxor)[24].

The relaxor ferroelectric (1-x)BaFey,Nb.,,03-xBaTiO3; known as BFN-BT, are the
active element in a wide range of piezoelectric devices such as sensors and actuators,
ultrasound technologies and under water acoustics. When properly oriented, they have
piezoelectric coefficients which are the highest yet reported, with electromechanical
deformations one order of magnitude larger than those of conventional high piezoelectric
PbZrOs-PbTiO; (PZT) ceramics [25, 26]. For instant, several researcher, such Intatha et al.
[24], Fang et al. [27], Nedelcu et al.[28], Yokosuka [29], Tezuka et al. [30], Raevski et al.
[31] and Saha and Sinha [32, 33] have reported that the BFN-based electroceramics exhibit a
relaxor behavior by showing very attractive dielectric and electric properties over a wide
range of temperatures. However, there still exit considerable debates concerning the physical
mechanisms governing their electrical behavior [31]. To our best knowledge, impedance
studies of BFN and its perovskite solid solution (1-x)Ba(FeosNbgs)O3 -xBaTiOs, where x =
0.15, 0.20, ceramic have not been reported so far. This has prompted us to examine the
impedance spectroscopic properties of it with aim of achieving better understanding of their
structural, dielectric and electrical behavior of the synthesized ceramics.

Experimental

The polycrystalline samples of ((1-x)Ba(FeosNbgs)O3-xBaTiOs, (x = 0.00, 0.15, 0.20)
respectively) were prepared from high purity BaCO3; (99.8% M/S Burgoyne Buirbridger,
India), Fe,O3 (99.9% M/S Indian rare earth Ltd.) TiO, (99.8% M/S John Baker Inc., USA),
and Nb,Os (99.9% M/s. Loba Chemie Pvt. Ltd., India) using a high-temperature solid-state
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reaction technique. These materials were taken in a suitable stoichiometry ratio and mixed
thoroughly with acetone in an agate-mortar for ~ 4 h and dried by slow evaporation method.
After that, the mixtures of ingredients of powder was calcined in an alumina crucible at
1200°C for ~ 8 h in air atmosphere. The calcined fine powder was cold pressed into
cylindrical pellets of size 10mm of diameter and 1- 2mm of thickness using a hydraulic press
with a pressure of 5x10" N/m? These pellets were sintered at 1250 °C for 5 h in closed
Alumina Crucibles. The formation and quality of compounds were checked by XRD
technique. The room temperature (~30°C) X-ray diffraction patterns of the above mentioned
compound were recorded using an X-ray powder diffractometer (Rigaku Miniflex, Japan)
using Cuk, radiation (A = 1.5418 A) in a wide range of Bragg angles 20 (20° < 20 < 80°) with
scanning rate 2°/min.

The surface morphology of the gold sputtered samples were recorded with different
magnifications at room temperature using a JEOL-JSM-5800 scanning electron micrograph
(SEM). The flat polished surface of sintered pellets were electroded with air drying silver
paste and fired at 150°C for 2h before taking any electrical measurement. The dielectric
constants (¢') and loss tangents (tand) of samples were measured as a function of frequency at
different temperature (30-282°C) at different frequencies using an impedance analyzer (PSM
1735) while heating at the rate of 0.5° C min™ with a laboratory-made three-terminal sample
holder.

Results and discussion

The sharp and single diffraction peaks of ((1-x)Ba(FeosNbgs)O3-xBaTiOs, (x = 0.00,
0.15, 0.20) compounds indicate homogeneity and better crystallization of the samples. The
room temperature XRD patterns of the compounds are plot in Fig 1. The X-ray analysis
indicates that the compounds were of monoclinic structure at room temperature. All the
reflection peaks were indexed using observed inter-planar spacing d, and lattice parameters
of were determined using a least-squares refinement method. All the calculations were done
using standard computer program POWDMULT [34]. A good agreement between calculated
and observed d values (Table 1) of all diffraction lines (reflections) for x = 0.00, 0.15 and
0.20, suggests that there is no change in the basic crystal structure of system. Our results are

in agreement with those by Rama et al. [35] and Tezuka et al. [30], who also prepared this
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compound by solid-state reaction. However, Saha and Sinha [32-33] deduced BFN having a
monoclinic structure. The lattice parameters of the compounds are given in Table 2.

The surface micrographs of ((1-x)Ba(FeosNbgs)Os-xBaTiOs, (X = 0.00, 0.15, 0.20)
compounds are shown in Fig. 2. The nature of the micrographs exhibits the polycrystalline
texture of the material having highly distinctive and compact rectangular/cubical grain
distributions (with fewer voids). The grain size of A, B and C compounds was found to be in
the range of 0.2 -2.8 um.

The frequency dependence of the dielectric constant (g") of ((1-x)Ba(FeosNbgs)Os-
xBaTiOs, (x = 0.00, 0.15, 0.20) ceramics at 30°C and 130°C are plotted in Fig. 3. At 30°C
and 130°C, the dielectric constant (¢) has a maximum value of 340 and 940 for x = 0.00,
3014 and 7295 for x = 0.15, 1908 and 2117 for x = 0.20 at 100 Hz. The nature of dielectric
permittivity related to free dipoles oscillating in an alternating field may be described in the
following way. At very low frequencies (w<<l/1, 1 is the relaxation time), dipoles follow the
field and €' ~ & (value of the dielectric constant at quasi-static field). As the frequency
increases (with ®<l1/1), dipoles begin to lag behind the field and &’ slightly decreases. When
frequency reaches the characteristic frequency (o =1/1), the dielectric constant drops
(relaxation process). At very high frequencies (o>>1/t), dipoles can no longer follow the
field and &' = &, (high-frequency value of €') [36]. This behavior is also found in other
compounds studied by us [37-41].

Fig. 4 shows the variation of tangent loss (tand) with frequency at 30°C and 130°C. It
was observed that the values of the tand of x = 0.00 ceramic decrease with increasing
frequency indicating a normal behavior of dielectrics/ferroelectrics. But for x = 0.15 and 0.20
ceramics, the nature of variation shows the existence of tand peak at a particular frequency
for a temperature. At low frequencies (<100Hz) and at temperature 130°C, the value of tand
for x = 0.00 decreases with increase in frequency for up to a certain frequency value, but for
x = 0.15 and 0.20 ceramics, it rises to new peak at much higher frequency. But at lower
temperature tand has smaller value which increases on increasing peak position at a certain
frequency.

The variation of dielectric constant (g) of ((1-X)Ba(FepsNbs)O3-xBaTiOs, (X = 0.00,
0.15, 0.20) ceramics as a function of temperature at few selected frequencies is shown in Fig.

5. In the low-temperature region, (<150°C), €' is almost constant up to a certain temperature
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(~60°C for x = 0.00, ~70°C for x = 0.15 and ~125°C for x = 0.20) and then increases faster
up to a 282°C. The variation of tangent loss (tand) as a function of temperature at 1.09 kHz
and 2.26 kHz frequencies for x = 0.00, 0.15 and 0.20 ceramics are shown in Fig. 6. It is
observed that, tand remains almost constant up to 215°C, afterwards, it increases rapidly.

Complex plane impedance plots of ((1-x)Ba(FegsNbgs)Os-xBaTiO3, (x = 0.00, 0.15,
0.20) compounds plotting the imaginary part Z" against the real part Z’' of the complex
impedance Z~ at temperature 240°C is shown in Fig. 7(a-c). For x = 0.00, 0.15 and 0.20
compounds, a single semicircular arc was observed in the complex plane, and this can be
explained by a RC equivalent circuit (Fig. 7a inset). Generally, the impedance properties of
materials arise due to intragrain, intergrain and electrode processes. The motion of charges
could occur in a number of ways: (i) dipole reorientation, (ii) space charge formalism and
(iii) charge displacement. Thus, the complex impedance formalism allows for a direct
separation of the bulk, grain boundary and the electrode phenomena. Complex impedance
(Cole—Cole plot) shows polydispersive nature of dielectric phenomena with the possibility of
distributed relaxation time as indicated by the semicircular arc at different temperatures with
their center located below the real x-axis. For a bulk crystal containing interfacial boundary
layer (grain-boundary), the equivalent circuit may be considered as two parallel RC elements
connected in series (inset of Fig.) and gives rise to two arcs in complex plane, one for bulk
crystal (grain) and the other for the interfacial boundary (grain-boundary) response [33,41].

The resistance was obtained from the intersection of the semicircle and the Z'-axis. It
was indicating the presence of relaxation species and non-Deby type of relaxation process
occurs in the materials.

Fig. 8 shows the ac conductivity of the ((1-x)Ba(FeosNbgs)Os-xBaTiOs, (x = 0.00,
0.15, 0.20) samples as a function of frequency at several temperatures between 120°C and
270°C. The ac conductivity of the system depends on the dielectric properties and sample
capacitance of the material. In x = 0.00 ceramics, presence of both the high and low
frequency plateaus in conductivity spectra suggests that the two processes are contributing to
the bulk conduction behavior. One of these processes relaxes in the higher frequency region
and contribution of the other process appears as a plateau in the higher frequency region. The

conductivity shows dispersion which shifts to higher frequency side with the increase of
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temperature. The strong frequency dependent conductivity has been found above 10 kHz for
x =0.15 and 0.20 which is a typical feature of perovskite at elevated temperature (»180°C).

The logarithmic angular frequency dependence of Z' and Z" of ((1-x)Ba(FeosNbgs)Os-
xBaTiOs, (x = 0.00, 0.15, 0.20) at several temperatures between 120°C and 270°C is plotted
in Fig. 9 and Fig. 10 respectively. Z' decreases monotonically with increasing frequency up
to certain frequency and then becomes frequency independent at lower temperature. At
higher temperatures, Z' is almost constant and for even higher frequencies decreases sharply.
As the temperature increases, the peak of Z" appear for x = 0.15 and 0.20. The peak shifts
towards higher frequency with increasing temperature showing that the resistance of the bulk
material is decreasing. Also, the magnitude of Z" decreases with increasing frequencies. This
would imply that relaxation is temperature dependent, and there is apparently not a single
relaxation time. There by relaxation processes involved with their own discrete relaxation
time depending on the temperature. It is evident that with increasing temperature, there is a
broadening of the peaks and at higher temperatures, the curves appear almost flat.
Conclusions

Finally, it can be concluded that the polycrystalline samples of ((1-

X)Ba(FeqsNbgs5)03-xBaTiOz, (x = 0.00, 0.15, 0.20) have confirmed the formation of the
single phase new compound at room temperature. Sintered pellets were investigated for its
dielectric (¢’ and tand) properties in the temperature range of 30°C-282°C and in the
frequency range of 173 Hz-5 MHz. Studies of the dielectric constant (¢) and tangent loss
(tand) of compounds suggested that the higher value of ¢’ at the low frequency region has
been explained using Maxwell-Wagner polarization effect. This is associated with

heterogeneous conduction in the grains and grain boundaries of the compounds.
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Figure Captions

Fig. 1 X-ray diffraction pattern of ((1-x)Ba(FeosNbgs)O3-xBaTiOs3, (x = 0.00, 0.15, 0.20)

compounds.

Fig. 2 SEM-micrographs of of ((1-x)Ba(FeosNbgs5)O3-xBaTiOs, (x = 0.00(A), 0.15(B),
0.20(C)) compounds at room temperature.

Fig. 3 Frequency dependence of dielectric constant (g") of ((1-x)Ba(FeosNbgs)O3-xBaTiOs,
(x=0.00, 0.15, 0.20) compounds at 30°C and 130°C.

Fig. 4 Frequency dependence of tangent loss (tand) of ((1-x)Ba(FeosNbs)O3-xBaTiOs, (X =
0.00, 0.15, 0.20) compounds at 30°C and 130°C.

Fig. 5 Variation of dielectric constant (¢") with temperature of ((1-x)Ba(FegsNbgs)Os-
xBaTiOs3, (x = 0.00, 0.15, 0.20) compounds at 1.09 kHz and 2.26 kHz.

Fig. 6 Variation of tangent loss (tand) with temperature of ((1-x)Ba(FesNbgs)O3-xBaTiOs,
(x=0.00, 0.15, 0.20) compounds at 1.09 kHz and 2.26 kHz.

Fig. 7 Complex plane impedance plot of ((1-x)Ba(FeqsNbgs)O3-xBaTiOs, (x = 0.00, 0.15,
0.20) at 240°C and RC equivalent circuit (inset).

Fig. 8 Variation of o, with angular frequency for ((1-x)Ba(FeosNbg5)O3-xBaTiOs, (X =

0.00, 0.15 and 0.20) at various temperatures.
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Fig.9 Variation of Z" with angular frequency for for ((1-x)Ba(FeosNbgs)O3-xBaTiOs3, (X =
0.00, 0.15 and 0.20) at various temperatures.

Fig.10 Variation of Z" with angular frequency for ((1-xX)Ba(FeosNbgs)O3-xBaTiOs, (X =
0.00, 0.15 and 0.20) at various temperatures.

Table 1. Comparison of observed (obs) and calculated (cal) d-values (in A) of some
reflections of ((1-x)Ba(FeosNbo5)O3-xBaTiOs, (x = 0.00, 0.15, 0.20) compounds at room

temperature with intensity ratio /1.

(hkI) x =0.00 x=0.15 x=0.20
d (A) d (A) d (A)
(100) [0] 4.0337 (17) [0] 4.0295 (69) [0] 4.0187 (81)
130 International Journal of Engineering, Science and Mathematics

http://www.ijesm.co.in, Email: ijesmj@gmail.com




International Journal of Engineering, Science and Mathematics

Vol. 6 Issue 1, March 2017,

ISSN: 2320-0294 Impact Factor: 6.765

Journal Homepage: http://www.ijesm.co.in, Email: ijesmj@gmail.com

Double-Blind Peer Reviewed Refereed Open Access International Journal - Included in the International Serial Directories Indexed & Listed at:
Ulrich's Periodicals Directory ©, U.S.A., Open J-Gage as well as in Cabell’s Directories of Publishing Opportunities, U.S.A

(001)
(101)
(111)
(210)
(201)
(220)
(102)
(221)

(301)

[c] 4.0337

[0] 2.8553 (100)
[c] 2.8553

[0] 2.3329 (43)
[c] 2.3283

[0] 2.0213 (55)
[c] 2.0213

[0] 1.8181 (26)
[c] 1.8226

[0] 1.6581 (66)
[c] 1.6537

[0] 1.4331 (56)
[c] 1.4331

[0] 1.3578 (30)
[c] 1.3573

[0] 1.2816 (52)
[c] 1.2800

[0] 1.2175(29)
[c] 1.2154

[c] 4.0295

[0] 2.8625 (100)
[c] 2.8625

[0] 2.3369 (78)
[c] 2.3287

[0] 2.0247 (85)
[c] 2.0184

[0] 1.8020 (72)
[c] 1.8036

[0] 1.6537 (93)
[c] 1.6441

[0] 1.4250 (86)
[c] 1.4276

[0] 1.3452 (83)
[c] 1.3468

[0] 1.2781 (73)
[c] 1.2760

[0] 1.2140 (76)
[c] 1.2139

[c] 4.0187
[0] 2.8544 (100)
[c] 2.8544
[0] 2.3250 (88)
[c] 2.3293
[0] 2.0179 (92)
[c] 2.0151
[0] 1.7957 (85)
[c] 1.7991
[0] 1.6518 (99)
[c] 1.6416
[0] 1.4238 (89)
[c] 1.4245
[0] 1.3439 (85)
[c] 1.3441
[0] 1.2714 (89)
[c] 1.2739
[0] 1.2122 (84)
[c] 1.2118

Table 2: Structural data for ((1-x)Ba(FeosNbgs)O3-xBaTiOs, (x = 0.00, 0.15, 0.20)

compounds.
Sample Structure a(A) b (A) c(A) 7 (in Vv
degree)
x=0.00 Monoclinic 4.0337 4.0734 2.8553 90.12 46.92
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x=0.15 Monoclinic 4.0296 4.0465 2.8625 90.25 46.67
x=0.20 Monoclinic  4.0188 4.0396 2.8544 91.11 46.34
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Fig. 1 X-ray diffraction pattern of ((1-x)Ba(FeosNbys)O3-xBaTiO3, (x = 0.00, 0.15, 0.20)

compounds.
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Fig. 2 SEM-micrographs of ((1-x)ae0_o,5)3-xBTi03, (x=0.00(A), 0.15(B),
0.20(C)) compounds at room temperature.
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Fig. 3 Frequency dependence of dielectric constant (g") of ((1-x)Ba(FeosNbgs)O3-xBaTiOs,
(x=0.00, 0.15, 0.20) compounds at 30°C and 130°C.
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Fig. 4 Frequency dependence of tangent loss (tand) of ((1-x)Ba(FepsNbgs)O3-xBaTiOs, (X =
0.00, 0.15, 0.20) compounds at 30°C and 130°C.
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Fig. 5 Variation of dielectric constant (¢") with temperature of ((1-x)Ba(FesNbgs)Os-
xBaTiOs, (x = 0.00, 0.15, 0.20) compounds at 1.09 kHz and 2.26 kHz.
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Fig. 6 Variation of tangent loss (tand) with temperature of ((1-x)Ba(FeosNbgs)O3-xBaTiOs,
(x =0.00, 0.15, 0.20) compounds at 1.09 kHz and 2.26 kHz.
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Fig. 7 Complex plane impedance plot of ((1-x)Ba(FeosNbgs)Os-xBaTiOs, (x = 0.00, 0.15,
0.20) at 240°C and RC equivalent circuit (inset).
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Fig. 8 Variation of o, with angular frequency for ((1-x)Ba(FeosNbgs)O3-xBaTiOs, (X =
0.00, 0.15 and 0.20) at various temperatures.
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Fig.9 Variation of Z' with angular frequency for ((1-x)Ba(FeosNbgs5)O3-xBaTiOs, (x = 0.00,

0.15 and 0.20) at various temperatures.
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Fig.10 Variation of Z" with angular frequency for ((1-x)Ba(FeosNbs5)O3-xBaTiOs, (X =
0.00, 0.15 and 0.20) at various temperatures.
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