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Abstract

This work aims to contribute new data on the dielectric relaxation behavior of the lead-free piezoelectric 0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)
TiO3 (BZT–BCT) material processed in aqueous media. To obtain a BZT–BCT ceramic with high density, an aqueous suspension of BZT–BCT
material was successfully transferred to spherical granules via freeze granulation, followed by sintering of a consolidated high green dens
compact at 1350 1C for 4 h. The dielectric relaxation behavior in the temperature range 300–600 1C over the frequency range of 0.1 Hz–1 MHz
has been carried out to display the characteristic of dielectric relaxation behavior of the BZT–BCT ceramic. Two distinct temperature dependent
peaks at characteristic frequencies were observed, which shift towards the high frequency end with increasing temperature, depicting
a thermally activated relaxation phenomena in the BZT–BCT ceramic. The dependences of dielectric parameters by fitting data with Cole–Cole
equations (Nyquist plot) on temperature have been discussed in detail. Relaxation time was found to decrease with increasing temperature and to
obey the Arrhenius relationship. The values of calculated resistances were found to be of same order for bulk (Rb) and grain boundary (Rgb)
contributions, whereas capacitance values calculated for bulk (Cb) were found to be 2 orders more than that of capacitance values calculated for
grain boundaries (Cgb).
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, xBa(Zr0.2Ti0.8)O3–(1�x)(Ba0.7Ca0.3)TiO3 (BZT–
BCT) with x¼0.5 has drawn significant attention among the
various lead free piezoelectric materials due to its comparable
piezoelectric coefficient to the PbO–ZrO2–TiO2 (PZT) system
with a maximum d33 value of 600pC/N attributed to coexisting
tetragonal and rhombohedral phases near the morphotropic
phase boundary (MPB) [1–8]. Lead-based ceramics are pro-
blematic due to the volatilization of PbO during sintering and
due to the impact the disposal of lead-containing electronics
may have on the environment. Therefore, BZT–BCT has been
10.1016/j.ceramint.2014.03.038
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regarded as a potential replacement of PZT in piezoelectric
applications.
The increase in the electrical conductivity of a ferroelectric

material beyond a certain temperature often restricts the
utilization of several properties. The deciding factor for
conductivity in the mixed B-cation perovskite system is its
local defect structure that influences the short range ferro-
electric ordering and acts as a variable controlling its sym-
metry. In addition, the electrical conduction in dielectrics is
due to the ordered motion of weakly bound charge particles
under the influence of an external field. Impedance spectro-
scopy (IS) is a non-destructive method that can correlate the
structural and electrical characteristics of polycrystalline solids
in a wide range of frequencies as a function of temperature [9].
It also describes the electrical processes occurring in a system
by applying an a.c. signal as input perturbation, which helps to
0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 ceramics consolidated from micro-granules,
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separate the contributions of electro-active regions (such as
grain boundary and bulk effects). It is particularly useful for
the study of ferroelectric materials, where the ferroelectric
component explains high value of the dielectric constant at the
Curie temperature, by characterization of the temperature
dependence variation of capacitance. Complex impedance
spectroscopy consists of measuring the real and imaginary
part (Z0 and Z″) of the impedance of a dielectric material at
various temperatures and for different frequencies. The impe-
dance plots of a polycrystalline sample allow the presence of
grain and grain boundary properties to be resolved in the form
of succession of semicircles associated with the bulk resistance
(Rb) and grain boundary resistance (Rgb) of the sample,
providing that their time constants differ sufficiently [10].

These properties are explained by complex parameters like
complex dielectric constant (ε*), complex impedance (Z*),
electric modulus (M*), tangent loss (tan δ) and conductivity (s)
which are related to each as

Zn ¼ Z 0 � jZ″¼ R

1þ jωRC
ð1Þ

MnðωÞ ¼M0ðωÞþ jM″ðωÞ ¼ jωCoZ
nðωÞ ð2Þ

ε0ðωÞ ¼ Z″
ωCojZj2

ð3Þ

ε″ðωÞ ¼ Z 0

ωCojZj2
ð4Þ

jZj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z 02þZ″22

p
ð5Þ

s0ðωÞ ¼ ωεoε″ðωÞ ð6Þ

s″ðωÞ ¼ ωεoε
0ðωÞ ð7Þ

Furthermore, for all ferroelectrics, impedance spectroscopic
analysis can be used to deal with several physical properties like
piezoelectricity and pyroelectricity as they depend on the nature
of conductivity of the material. In perovskite materials, oxygen
vacancies play a predominant role in determining the electrical
behavior. Thus, it would be of considerable interest to investigate
the relaxation behavior of BZT–BCT to provide insights into the
migration of charge defects. A better understanding of the
interplay between defects and the external field can be performed
to understand the role of oxygen vacancies and their contribution
towards the dielectric behavior, where hopping electrons are
usually inevitably involved. In our previous reports on BZT–
BCT materials, we have successfully investigated the processing
of electroceramic material in aqueous media [2] and the
successful fabrication of BZT–BCT powder by freeze granula-
tion. Freeze granulation has been shown to be a competitive
technique for the manufacture of granules for pressing owing to
its ability to preserve the particles homogeneity achieved in the
suspension, thus enhancing the pressing performance [11–14].
This technology combines the advantages of colloidal suspen-
sions, spray freezing and freeze drying that offers the possibility
to produce very soft, spherical granules which show excellent
flowability that allows them to be compressed into high
Please cite this article as: A. Kaushal, et al., Impedance analysis of 0.5Ba(Zr
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homogeneity compacts by dry pressing. The well controlled
and self-flowing freeze granulated powders allow automated
production of highly dense and defect-free green bodies by
relatively quick and simple uniaxial or isostatic pressing
methods. By adoption of this preparation route, several improved
functional properties (structural, mechanical and electrical) of
BZT–BCT ceramics on consolidation can be obtained when
compared with BZT–BCT ceramics consolidated from non-
freeze granulated powder [15]. In the present study, we report on
the impedance analysis of BZT–BCT ceramics consolidated
from freeze granulated powder. To understand the conduction
mechanism in the zirconium and calcium substituted BZT–BCT
composite system, the combined effect on the complex impe-
dance and electric modulus formalisms have been reported.

2. Experimental details

BZT–BCT ceramic samples were prepared by using an
aqueous colloidal processing route. The BZT–BCT powder
was prepared by mixing appropriate molar ratios of high purity
BaCO3 (Sigma-Aldrich, Steinheim, Germany), ZrO2 (Sigma-
Aldrich, Steinheim, Germany) and TiO2 (Riedel-de Haen,
Sielze, Germany), CaCO3 (Sigma-Aldrich, Steinheim, Ger-
many), powders as the starting materials. The processing of
BZT–BCT powder including various milling and sintering
steps has been reported elsewhere [2,15,16]. A BZT–BCT
aqueous suspension of 50 vol% solid loading was sprayed into
liquid nitrogen (�196 1C) to obtain micro-sized granules by
freeze granulation (Power Pro freeze granulator LS-2, Gothen-
burg, Sweden). The granules were then dried at �49 1C under
a pressure of 1� 10�3 Torr in a freeze-drying system (Lab-
conco, LYPH Lock 4.5, Kansas City, MO) for 72 h. The dried
granules were uniaxially pressed in to disc-shaped pellets of
15 mm diameter using the isostatic pressure of 200 MPa.
Finally, the sample consolidated from BZT–BCT granules
was sintered at 1350 1C for 4 h. Freeze granulation enhances
the packing ability of the powder and enables achieving higher
levels of green density and homogeneity in green compacts,
features that improve the sintering ability and the overall
properties of sintered ceramics [15,16]. Therefore, impedance
data was analyzed for BZT–BCT ceramics consolidated from
freeze granules. Impedance spectroscopy was performed using
an Metrohm, Ecochemie-Autolab PGSTAT302N frequency
response analyzer in the frequency range 1 MHz–0.01 Hz,
amplitude 50 mV. For total resistance measurements, sintered
BZT–BCT ceramics were painted with platinum electrodes and
the measurements were carried out in an isolated chamber
under in the temperature range from 600 to 300 1C during the
cooling cycle. Reliability of the results was confirmed by
repeated impedance measurements at each temperature.

3. Results and discussion

3.1. Frequency and temperature dependence of Z0

Fig. 1a shows the variation of real part of the impedance (Z0)
with frequency at various temperatures from 300 to 500 1C
0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 ceramics consolidated from micro-granules,
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Fig. 1. Variation of real part of the impedance (Z0) with (a) frequency and (b)
temperatures in the frequency range from 50 kHz to 1 MHz and temperature
range from 300 to 500 1C, respectively.

Fig. 2. Variation of (a) imaginary part of impedance (Z″) and (b) normalized Z″
with frequency at different temperatures, respectively. Inset shows two distinct
peaks at high temperatures ranges from 425 to 500 1C.
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with temperature interval of 25 1C. From the plots, the values
of Z0 were found to decrease with increase in temperature at
low frequencies suggesting a negative temperature coefficient
of resistance (NTCR) [17]. In addition, the curves tend to
merge together at high frequencies, leading to a temperature
independent behavior at high frequencies. This may be due to
the fact that the accumulated charge carriers in the vicinity of
the phase boundaries have sufficient energy to pass through the
barrier, leading to an enhanced conductivity with the reduction
in the impedance. A decrease in the magnitude of Z0 with
increasing temperature also suggests an increase in the con-
duction process which could be due to presence of the
contribution of defects associated with the ceramics. Generally,
Z0 is indicative of the space charge effect, which is a dominant
process at low temperatures and high frequencies. On the other
hand, space charge polarization is active at low frequencies
and high temperatures. An increase in Z0 with decreasing
frequencies at around a peak temperature (as shown in Fig. 1b)
can be accounted to defect concentration as well as charge
accumulation at the grain boundaries. While a large decrease in
real part of impedance with increasing frequency (Fig. 1a)
Please cite this article as: A. Kaushal, et al., Impedance analysis of 0.5Ba(Zr
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indicates the presence of space charge polarization [18]. The
release of these space charge polarizations was observed for
frequency beyond 800 kHz, where the values of Z0 tend to
merge together and exhibits a temperature and frequency
independent behavior.

3.2. Frequency dependence of Z″

The variation of imaginary part of impedance (Z″) with
frequency at different temperatures is shown in Fig. 2a. Two
distinct temperature dependent peaks at a characteristic fre-
quency were observed for all the temperature ranges tested,
which shift towards high frequency end with increasing
temperature. The distinct peaks are not clearly visible for high
temperatures of 425–500 1C due to large difference in peak
intensities. Inset in Fig. 2a clearly shows two distinct peaks for
high temperatures ranges from 425 to 500 1C which was not
visible in Fig. 2a were found to shift towards high frequency.
This behavior suggests a decrease in the relaxation time of the
mobile charge carriers with increasing temperature and depicts
a thermally activated relaxation phenomena in the BZT–BCT
0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 ceramics consolidated from micro-granules,
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ceramic used in the present case [19,20]. Furthermore, a sharp
decrease in the Z″ value with temperature illustrates a strong
temperature dependence resistance of BZT–BCT ceramic.
Fig. 2b shows the normalized Z″ behavior with frequency.
Two distinct peaks at low and high frequencies were observed.
The lower frequency peak is due to the relaxation of the space
charges associated with the oxygen vacancies at the grain
boundary layers, whereas the higher frequency peak is attributed
to oxygen vacancies relaxation inside the grains. At lower
frequency, a pronounced relaxation process can be seen due to
bounding of the space charges by the grain boundary. However,
with increasing frequency, the space charge polarization is
reduced as it becomes easier for them to relax and recombine
with the vacancies in grain interiors. In addition, a broadening of
the peak due to spread of relaxation times in the ceramic was
also evident. These relaxation processes are due to the presence
of immobile species at low temperature and associated defects
(oxygen vacancies) in the ceramic at higher temperature.

In perovskite systems, the major mode of charge transport is
multiple hopping processes. This hopping process normally
takes place across the potential barriers set up by the lattice
structure and the local environment of other atoms/ions [21].
Fig. 3. ln(ωp) variation as a function of the inverse of temperature.

Fig. 4. Complex impedance plots of Z' versus Z″ (Nyquist plo
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For a thermally activated relaxation process, the relaxation
time (τ) generally follows the Arrhenius law:

τ¼ τoexp
Erelax
kBT ; ð8Þ

where τo is the relaxation time at infinite temperature, T is the
absolute temperature, Erelax is the activation energy for
relaxation, and kB is the Boltzmann constant. It is well known
that at the peak position, the condition ωpτp¼1, where
ωp¼2πf is the angular frequency of measurement and the
subscript p denotes values at peak position. The ωp values
were found to increase with increasing temperature, indicting
the NTCR behavior, similar to semiconductor. This semicon-
ducting nature could be attributed to the loss of oxygen ions
during high-temperature sintering process of ceramic [22].
The relaxation parameters Erelax and τo were determined by

plotting ln(ωp) as a function of the inverse of temperature and
fitting using Eq. (8) (Fig. 3). The values of activation energy
for relaxation for bulk and grain boundary were found to be
1.118 and 1.226 eV, respectively. This strongly suggests that
the electrical behavior in the present case is influenced by the
polarization phenomenon and that the conduction mechanism
is of the hopping type [23,24].
Fig. 4 shows the complex impedance plots of Z0 versus Z″

(Nyquist plot) at different temperatures. The complex impe-
dance plots are characterized by successive semi-circular arcs
of grain, grain boundary and electrode contributions, and each
arc is represented by a parallel combination of two RQ
elements, where R and Q are the resistance and the constant
phase element of the circuit. The shape and the width of the
arc indicate the type of relaxation mechanism for the system.
In the present case depressed semicircles were observed
indicating a distribution of the relaxation time. This suggest
that the arc cannot be fit using an ideal capacitor C, and should
be replaced by a constant phase element (CPE) Q defined as [25]

Zn

Q ¼ 1
ðiωÞnC ð9Þ

where, n is the empirical exponent and its value varies from
0 to 1; for an ideal capacitor n¼1 and for an ideal resistor it is 0.
The Nyquist plot for BZT–BCT ceramic obtained at different
t) at different temperatures of 300, 375, 450 and 525 1C.
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temperatures in the frequency range 0.1 Hz–1 MHz were found
to exhibit two semi-circular arcs till 375 1C due to bulk (grains)
and grain boundary contributions in sequence. However, at
higher temperature (at Z400 1C) and at very low frequency, the
observed behavior is due to the electrode contribution. The
complex impedance data have been analyzed for two tempera-
tures below 400 1C (i.e. 300 1C and 375 1C) and two tempera-
tures above 400 1C (i.e. 450 1C and 525 1C) by considering the
equivalent electrical circuit of RQ elements connected in series,
as shown in Fig. 4. The equivalent circuit best fitted to
experimental data was consists of two RQ elements for
temperatures below 400 1C and three RQ elements for tempera-
tures above 400 1C. The solid lines shown in Fig. 4 indicate the
best fit with the experimental data points. The obtained fitting
parameters are shown in Table 1. The true values of capacitance
for bulk and the grain boundary were calculated using the
relation as [26,27]

C ¼ ðR1�n QÞ1n ð10Þ
The sample resistance was found to decrease with rise in
temperature which suggests a negative temperature coefficient
of resistance (NTCR) and indicating a typical semiconducting
behavior of BZT–BCT ceramic. Furthermore, the fitting results
showed a higher value of Rgb (grain boundary resistance) as
compared to Rg (grain resistance) due to a lower concentration
of oxygen vacancies and trapped electrons in grain boundaries.
This can be explain as; the creation of oxygen vacancies and
other charge carriers (e.g., electrons and holes) are related to
process parameters at various stages like calcination and
sintering during the synthesis of the material at high tempera-
tures. These defects greatly influence the conduction and
dielectric relaxation behavior. During sintering at high tempera-
ture, oxygen loss increases leading to the formation of oxygen
vacancies as 2Ox

O-O2ðgÞþ2V €oþ4e� . However, when tem-
perature is slowly cooled to room temperature in air, a re-
oxidation process occurs as 2V €oþOx

Oþ4e�-O2ðgÞ. The
occurrence of this re-oxidation process at the grain boundaries
leads to the formation an insulating grain boundary and highly
conductive oxygen deficient grains [28]. The relaxation time (τ)
Table 1
Calculated values of capacitance, resistance and relaxation time for bulk and the g

Temp (1C) Bulk Gra

Rbulk (kΩ) Q bulk (pF) n Cbulk (pF) Rgb

300 1160 302 1.00 291 223
325 445 252 1.00 252 97
350 197 227 1.00 227 50
375 94.48 210 1.00 210 24
400 48.29 194 1.00 194 11
425 25.47 182 1.00 182 6
450 14.07 176 1.00 176 3
475 8.15 172 1.00 172 1
500 5.63 574 0.91 159
525 3.43 309 0.95 158
550 2.34 284 0.94 115
575 1.76 783 0.87 112
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associated with bulk and grain boundary were calculated using
relation, τ¼RC. The relaxation time was found to decrease with
increasing temperature suggesting a temperature dependent
relaxation process in the BZT–BCT ceramic and is related with
Eq. (8).
Fig. 5a shows the variation of relaxation time (τ) for bulk

and the grain boundary with inverse of temperature. The
activation energy for relaxation associated with the bulk and
grain boundary were calculated from linear fitting as shown in
Fig. 5a and found to be 1.121 and 1.301 eV for bulk and grain
boundary, respectively. From the fitted values as obtained from
Nyquist plot, the dc conductivity (sdc) due to bulk and grain
boundary at different temperatures were calculated using the
relation

sdc ¼
d

R A
ð11Þ

where, d and A are the thickness and surface area of the
electrode and R is the resistance. Fig. 5b shows the variation of
sdc for bulk and grain boundary as a function of inverse of
temperature. The sdc in both cases was found to increase with
temperature. The curve was fitted with Arrhenius equation for
conduction given by

s¼ soexp
Ea
kBT ; ð12Þ

where, Ea is the activation energy, kB is the Boltzmann's
constant and sο is pre-exponent factor. The activation energy
for conduction for bulk and grain boundary was found to be
0.994 and 1.106 eV, respectively. These calculated values of
activation energies are very close to that for oxygen vacancy
conduction in perovskite system (�1 eV) which suggests that
the conductivity in the present case is governed by the oxygen
vacancies in the BZT–BCT ceramic. Further, a very low
difference between these activation energies (0.112 eV) sug-
gests a small potential barrier between the grain and grain
boundary. A significant low value of barrier height suggests a
relatively high density of BZT–BCT ceramic as obtained due
to a finely processed freeze granulation process with a very
low order of grain coarsening [29,30,16].
rain boundaries of BZT–BCT ceramic sintered at 1350 1C for 4 h.

in boundary Relaxation time

(kΩ) Q gb (nF) n Cgb (nF) τbulk (μs) τgb (μs)

0 50.6 0.77 25.90 337.00 57600
8.56 45.3 0.78 18.90 112.00 18500
6.27 77.1 0.72 21.62 44.80 10900
3.26 100 0.69 19.52 19.80 4750
6.17 118 0.69 17.30 9.38 2010
0.85 139 0.68 14.43 4.63 878
1.49 183 0.66 12.65 2.48 398
7.37 230 0.64 10.97 1.40 191
8.29 166 0.71 11.24 0.89 93
4.99 213 0.69 9.52 0.54 48
2.86 165 0.70 6.43 0.27 18
1.55 131 0.75 7.40 0.20 11.4

0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 ceramics consolidated from micro-granules,
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Fig. 6. Variation of ac conductivity (sacÞ with inverse of temperature at
various frequencies. The inset shows the variation of the activation energy as
a function of frequency.

Fig. 5. Variation of (a) relaxation time (τ) and (b) dc conductivity ðsdcÞ for
bulk and the grain boundary with inverse of temperature.
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3.3. AC conductivity analysis

Fig. 6 shows the variation of ac conductivity (sac) with
inverse of temperature at different frequencies. A sharp
increase in the ac conductivity was observed for the sample
suggesting strong temperature dependence of ac conductivity
of BZT–BCT ceramic. Further, at low temperature a larger
difference in the ac conductivity with increasing frequency
(higher at higher frequency) was observed which converges at
high temperature (Fig. 6). The convergence of ac conductivity
with a very small difference in conductivity values at relatively
higher temperature suggests a frequency independent behavior
of BZT–BCT ceramic at high temperatures. The curve was
fitted with Arrhenius equation for conduction using Eq. (12)
and the values of activation energy for ac conduction at
different frequencies were calculated from the slope of the
curve. The inset in Fig. 6 shows the variation of the activation
energy as a function of frequency. A gradual decrease in the ac
conductivity from 1.03 to 0.84 eV was observed with increase
in frequency from 10 Hz to 10 kHz, respectively. A similar
kind of behavior has also been reported for lead based
perovskite [21].
Please cite this article as: A. Kaushal, et al., Impedance analysis of 0.5Ba(Zr
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3.4. Electric modulus

The character of the high frequency, bulk response was
studied in more detail using plots of real part of electric
modulus (M0) and imaginary part of electrical modulus (M″)
versus log (f) at different measuring temperatures range from
300 1C to 600 1C, as shown in Fig. 7a and b. Using the
impedance and electric modulus formalism, one can under-
stand the complete nature of the bulk ceramic [31]. An
increase in the peak height of M″ was observed with increasing
temperature which is due to decrease in the capacitance with
increasing temperature and is a characteristic feature of
a ferroelectric material in the paraelectric region above Tc.
The peaks were also found to shifts systematically towards
higher frequency with increase in temperature as shown in
Fig. 7. The frequency range below the peak frequency
determines the frequency range in which charge carriers are
mobile over a long distance whereas frequency range above
the peak frequency, the charge carriers are confined to
a potential well and are mobile over short distances [32].
The relaxation time (τ) for BZT–BCT ceramic was estimated
from the peak frequency as τ¼1/ω¼1/2πfr, where fr is value
of frequency at peak position observed in Fig. 7b. The
magnitude of τ values was found to be of the order of
10�14 s, which suggests a hopping conduction mechanism in
the investigated BZT–BCT ceramic. The activation energy was
calculated from the slope of log (τ) versus inverse of
temperature using the Arrhenius Eq. (8) and is shown in inset
of Fig. 7b. The value of activation energy was calculated to be
1.221 eV. A small variation in frequency values of peak
position has been observed when compared to peak positions
observed at various measured temperatures range for normal-
ized impedance behavior with frequency (Fig. 2b). This
deviation in frequency values at peak position for normalized
impedance and electric modulus at different temperatures
indicates a short range conductivity process in the system
0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 ceramics consolidated from micro-granules,
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Fig. 7. Plots of (a) real part of electrical modulus (M0) and (b) imaginary part
of electrical modulus (M″) versus log (f) at different measuring temperatures
range from 300 1C to 600 1C.

Fig. 8. Complex electric modulus plots of M' versus M″ at different measured
temperatures in the range from 300 to 600 1C.
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whereas in general, for non-localized (long range) conduction
process these peaks must overlap with matching in frequency
values at peak positions. In addition, this mismatch of two
distinct curves also suggests the polarization process due to
localized conduction of multiple carriers and confirms the
presence of multiple relaxation process in BZT–BCT ceramic.
Furthermore, a contribution of lattice defect and/or structural
aspects in the conduction mechanism was evident from an
asymmetry in the curve found above the frequency of maxima
(Fig. 7).

Fig. 8 shows the complex electric modulus plots of M0

versus M″ at different temperatures which shows only one
semicircular arc type behavior compared to two successive
semicircular arcs observed in case of impedance formulation
(Fig. 4). This could be due to a significantly large difference in
the τ values calculated at different temperatures for bulk and
the grain boundary as the τ values for the grain boundary is
approximately 100 times more than that of τ values for bulk
(Table 1). The values of resistances calculated were found to
be of same order for bulk (Rb) and grain boundary (Rgb)
Please cite this article as: A. Kaushal, et al., Impedance analysis of 0.5Ba(Zr
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contributions, whereas capacitance values calculated for bulk
(Cb) were found to be 2 orders more than that of capacitance
values calculated for grain boundaries (Cgb). This big differ-
ence in calculated Cb and Cgb values of BZT–BCT ceramic
reveal that, at high temperature the electric behavior of
BZT–BCT ceramic is purely dominated by the capacitance
effect. Due to this, in the present case it is expected that both
the RC elements response (viz due to grain and grain
boundary) would not appear in the electric modulus plot.
When the behavior is dominated by resistance, the electric
modulus shows both RC elements, whereas the impedance
plots reveal only one [33]. On contrary to this, if the behavior
is dominated by capacitance, the contribution from both the
RC elements could be observed in impedance plot whereas it
would be absent in electric modulus plot. This is due to the fact
that the magnitude of the Z″ is proportional to the magnitude
of Resistance (R), while the M″ is proportional to the inverse of
capacitance (1/C). The modulus plots highlight the smallest
RC element and the impedance plots are dominated by RC
element with maximum resistance. Hence, in the electric
modulus plot (Fig. 8) we found only the contribution due to
bulk rather than both bulk as well as grain boundary
contributions as observed in impedance plot (Fig. 4). This
suggests that the occurrence of the peak in the electric modulus
plot is dominated by the bulk contribution. A small difference
in the activation energy for relaxation from electric modulus
and impedance modulus plots is, therefore, possibly due to the
aforementioned difficulty of resolution between bulk and grain
boundary responses using this formulism.

4. Conclusions

Stable aqueous suspension of lead free piezoelectric material of
composition 0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 (BZT–BCT)
were successfully transformed to micro granules via spraying a
stable aqueous suspension into liquid nitrogen (freeze granulation),
followed by freeze drying. The complete impedance spectroscopy
of sintered BZT–BCT ceramic consolidated from granulated
0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 ceramics consolidated from micro-granules,

http://dx.doi.org/10.1016/j.ceramint.2014.03.038
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powder is analyzed. Nyquist plots show both grain and grain
boundary contributions to impedance. It also shows that bulk
resistance (Rb) decreases with increase in temperature, manifesting
the NTCR behavior of the compound. Relaxation time was found
to decrease with increasing temperature which follows the
Arrhenius relationship. The electrical relaxation process occurring
in the material has been found to be temperature dependent.
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