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Structural, dielectric and AC conductivity studies on
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 lead free ceramic system

M.N.V. RAMESH1 , K.V. RAMESH2,∗

1Department of Physics, GIT, GITAM University, Visakhapatnam, A.P, India.
2Department of Electronics and Physics, GIS, GITAM University, Visakhapatnam, A.P, India

Zr substituted 0.8BaTiO30.2Bi0.5K0.5TiO3 lead free ceramic materials with a composition 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3
(0.01 6 x 6 0.06) were prepared by conventional solid state reaction method followed by high energy ball milling. The
X-ray diffraction studies confirmed the tetragonal structure of the material at room temperature. Density was decreasing with
the substitution of Zr. Microstructure studies were done by using scanning electron microscope. Temperature and frequency
dependent dielectric studies were carried out and showed that the dielectric constant, dielectric loss and Curie temperature were
decreasing with the substitution of Zr. Relaxor behavior was observed in all the Zr substituted samples. Degree of diffuseness
was calculated from the modified Curie-Weiss law and it was found to increase with the substitution of Zr. Frequency and
temperature dependent AC conductivity was calculated and it was found to obey Jonscher’s power law. Substitution of Zr
decreased the conductivity of the material. Activation energy was calculated and it was decreasing with an increase in Zr
substitution.

Keywords: lead free ceramics; BaTiO3; Bi0.5K0.5TiO3; dielectric; AC conductivity

© Wroclaw University of Technology.

1. Introduction

Effect of Zr substitution in BaTiO3 has been
extensively studied by many authors using differ-
ent methods for different applications at differ-
ent experimental conditions [1–11]. Zr substituted
BaTiO3 ferroelectric materials have been used as
multilayer ceramic capacitors (MLCC), pyroelec-
tric sensors, piezoelectric actuators, etc. Substi-
tution of chemically stable Zr4+ in the place of
chemically instable Ti4+ to BaTiO3 has the fol-
lowing advantages (i) preventing the escape of
oxygen atoms from the lattice during high tem-
perature sintering process, (ii) reducing the hop-
ping between Ti4+ and Ti3+ thereby reducing con-
ductivity of the material, (iii) reducing the grain
size and (iv) controlling the leakage current [2,
5, 9]. Substitution of Zr reduces the Curie tem-
perature of BaTiO3 from 120 °C to below the
room temperature [8]. Takenaka et al. [12] has
shown that Curie temperature of BaTiO3 can be
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raised by mixing with Bi0.5K0.5TiO3. They showed
that this particular composition, i.e. 0.8BaTiO3-
0.2Bi0.5K0.5TiO3 (hereafter abbreviated as BT-
BKT20) has the highest density and Curie tem-
perature of around 200 °C. Ramesh et al. [13] re-
ported results of dielectric and impedance studies
of BT-BKT20 with a Curie temperature of 185 °C
at 1 KHz. As very few literature items were found
on the effect of Zr substitution in BT-BKT20 lead
free ceramics, an attempt was made to study the
effect of Zr substitution on structural and dielec-
tric properties of BT-BKT20 lead free ceramic
materials.

2. Experimental

Ceramic samples of Zr substituted with a
composition 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3
(0.01 6 x 6 0.06) have been synthesized by
conventional solid state route followed by a high
energy ball milling process using high purity
(>99.9 %) BaCO3 (Merck), Bi2O3 (Loba), K2CO3
(Merck), TiO2 (Loba) and ZrO2 (Loba) as starting
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raw materials. The powders were mixed in required
proportions accordingly and ball milled in ethanol
medium for 24 h. The ball milled powders were
ground and calcined at 960 °C for 8 h. After the
calcination the powders were ground to achieve
uniformity. The calcined powders were mixed with
5 % of polyvinyl alcohol and uniaxially pressed
into cylindrical pellets by applying a pressure of
4000 kg/cm2. The pellets were sintered at 1300 °C
for 3 h. After sintering, the pellets were polished
to a thickness of 1.33 mm and diameter of 12 mm.
The sintered pellets were coated with a silver paste
on both surfaces and heated at 300 °C for 1 h to
use as electrodes for dielectric measurements.

Structural identification studies were done on
calcined powders by using a Phillips X-ray diffrac-
tometer with CuKα radiation (λ = 1.5406 Å) in
the range of 20° to 70° at a scan rate of 2°/min.
Microstructure of the materials was studied by us-
ing a scanning electron microscope JEOL Model
JSM-6390LV. Dielectric studies were carried out
on Newton’s 4th limited (PSM 1735) LCR meter
in a frequency range of 20 Hz to 1 MHz. Dielectric
studies were done in the temperature range of 40 °C
to 300 °C. AC conductivity studies were done in
the frequency range of 20 Hz to 1 MHz and in the
temperature range of 375 °C to 450 °C.

3. Results and discussions
3.1. Structural studies

Structural characterization of the Zr substituted
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 lead free ceramics
was done by using X-ray diffraction in the 2θ range
of 20° to 70°. Room temperature powder X-ray
diffractograms of BT-BKT20 substituted with dif-
ferent amounts of Zr are shown in the Fig. 1. All
the samples show the perovskite structure and no
secondary phases are observed within the detec-
tion limit of X-ray diffraction. It implies that Zr4+

has entered into the BT-BKT20 lattice to form a
solid solution. Tetragonal symmetry of the Zr sub-
stituted samples was confirmed by the splitting of
the reflections (1 0 1)/(1 1 0), (0 0 2)/(2 0 0)
and (1 1 2)/(2 1 1) observed at 31°, 45° and 56°,
respectively, and these were in good agreement
with the JCPDS data [13, 14].

Fig. 1. X-ray diffractograms of Zr substituted
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 lead free ce-
ramics.

Substitution of Zr causes shifting of the re-
flection/diffraction peaks towards the lower angles.
This is due to the substitution of large size Zr4+

cation (0.072 nm) in the place of comparatively
small size cation Ti4+ (0.0601 nm). Substituting
with the bigger size cation expands the lattice and
results in an increase of lattice parameters. The val-
ues of lattice parameters (a [Å], c [Å]) are shown
in Table 1. In the present composition range, no
change in the structure was observed. As the Zr
substitution was increasing, the tetragonality (c/a
ratio) and density were decreasing. The low values
of density (theoretical and experimental) are due to
the evaporation of bismuth and potassium during
the high temperature sintering process [12]. Mi-
crostructure images of Zr substituted samples are
shown in Fig. 2.

3.2. Dielectric studies
Measurement results of dielectric properties

of Zr substituted 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3
(x = 0.01 to 0.06) lead free ceramics as a function
of temperature at different frequencies are shown
Fig. 3. From Fig. 3, it is seen that at a particu-
lar temperature, dielectric constant decreases as the
frequency increases for all the compositions. Also
as the Zr content increases, the room temperature
dielectric constant and maximum dielectric con-
stant values are also decreasing. It is well known
that as the Zr content in BaTiO3 increases the di-
electric constant values decrease [1, 2, 5, 7, 9].

Fig. 3 depicts the dielectric loss measured
for all the Zr substituted samples as a function
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Fig. 2. Microstructure images of Zr substituted 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 (x = 0.01 to 0.06) lead free ce-
ramics.
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Table 1. Various parameters as a function of Zr substitution in 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 (x = 0.01 to 0.06)
lead free ceramics.

x 0.01 0.02 0.03 0.04 0.05 0.06

a [Å] 3.995 4.003 4.012 4.022 4.032 4.045
c [Å] 4.096 4.103 4.111 4.118 4.126 4.133
c/a 1.025 1.0249 1.0246 1.0238 1.0233 1.0217
Theoretical density[kg/m3] [11, 15] 5860 5840 5810 5790 5760 5720
Exp. density[kg/m3] 5284 5269 5253 5234 5230 5222
εRT [1 kHz] 1650 1550 1451 1408 1361 1315
εmax [1 kHz] 2256 2065 2078 1605 1518 1466
tanδ (at RT for 1 kHz) 0.32 0.29 0.25 0.2 0.17 0.11
γ[1 kHz] 1.41 1.42 1.60 1.71 1.82 1.78
EAC [eV] 0.28 0.34 0.37 0.23 0.18 0.14

of temperature at different frequencies. Dielectric
loss is decreasing with an increase of Zr content.
Dielectric loss is higher at lower frequencies and
decreases with an increase of frequency. It shows
that at higher frequencies dipoles were unable to
follow the applied AC field and hence, a decrease
in dielectric loss at higher frequencies occurred [6–
8, 11]. Zhi et al. [16] reported that dielectric con-
stant value also depends on the density of the sam-
ples. The decrease in density or increase in poros-
ity (Fig. 2) with the increase in Zr substitution is
responsible for the decrease of dielectric constant
and loss.

From Fig. 3, it is also seen that ferroelectric
to paraelectric phase transition temperature (Curie
temperature) is decreasing with the increase in Zr
content. This is due to the substitution of large size
Zr4+ cation (0.072 nm) in place of small size Ti4+

cation (0.0605 nm) as this substitution depresses
the oriented displacement of B-site ions in the oxy-
gen octahedra. Therefore, the interaction between
B-site ions and oxygen ions in the oxygen octahe-
dra would become weaker, resulting in the decrease
of phase transition temperature [1, 2, 8, 9, 11].

All the Zr substituted samples exhibit the
diffused and dispersive ferroelectric to paraelec-
tric phase transition, indicating relaxor behav-
ior. The relaxor behavior is not just due to
the Zr substitution, but even the Zr unsubsti-
tuted sample itself shows the relaxor behav-
ior [13]. But the relaxor behavior increases with

the increase of Zr substitution. In the case of Zr
substituted BaTiO3, the relaxor behavior is ob-
served only at the higher values of Zr substitu-
tion (>0.3 mole) [17]. In the present study on the
composition 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3, the
relaxor behavior is observed for all Zr doped sam-
ples (x = 0.01 to 0.06). This is due to the multi-
ple occupation of different valence cations (Ba2+,
Bi3+, K+) at the A-site and different homovalent
cations (Ti4+, Zr4+) at the B-site [13, 18, 19]. Dif-
fuseness of the phase transition can be calculated
from the modified Curie-Weiss law [20]:

1
ε
− 1

εmax
=

(T −TC)
γ

C
(1)

where γ is degree of diffuseness/relaxation and the
value of γ lies between 1 and 2. When γ = 1, the
material is normal ferroelectric and follows an ideal
Curie-Weiss law and when γ = 2, the material is
diffused ferroelectric material. Degree of diffuse-
ness has been calculated for all the Zr substituted
samples and it was found to be increasing. Fig. 4
shows the Curie-Weiss law fit for the x = 0.01 and
x = 0.06. The values of degree of diffuseness are
shown in the Table 1.

3.3. AC conductivity studies
Effect of Zr substitution on conductivity can

be understood by studying AC conductivity. So,
the frequency dependent electrical conductivity
was calculated at different temperatures for all



Structural, dielectric and AC conductivity studies on 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3. . . 673

Fig. 3. Variation of dielectric constant and dielectric loss as a function of temperature at different frequencies for
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 (x = 0.01 to 0.06) lead free ceramics: (a) x = 0.01; (b) x = 0.02; (c) x =
0.03; (d) x = 0.04; (e) x = 0.05; (f) x = 0.06.

the Zr substituted 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3
lead free ceramics by using the relation:

σA.C = ε
′
ε0ω tanδ (2)

where ε′ is the real part of dielectric constant, ε0 is
permittivity of free space, ω is angular frequency
and tanδ is dielectric loss tangent [13]. AC con-
ductivity was calculated at temperatures 375 °C,

400 °C, 425 °C and 450 °C. It is observed that at
the above mentioned temperatures, frequency de-
pendent conductivity was found to obey universal
Jonscher’s power law [21]:

σA.C = σ0 +Aω
s (3)

where σ0 is the frequency independent con-
ductivity (DC conductivity), A is a constant,



674 M.N.V. Ramesh, K.V. Ramesh

Fig. 4. Modified Curie-Weiss law for 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 (x = 0.01 and 0.06) lead free ceramics
(solid line represents linear fitting): (a) x = 0.01; (b) x = 0.06.

Fig. 5. Frequency dependent AC conductivity for 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 (x = 0.01 and 0.06) lead free
ceramics at different temperatures: (a) x = 0.01; (b) x = 0.06.

ω is the frequency of AC field and s is
the frequency dependent factor in the range of
0 < s < 1. Fig. 5 shows the frequency depen-
dent AC conductivity at different temperatures for
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 lead free ceramics
with x = 0.01 and x = 0.06.

It is clear from Fig. 5 that conductivity in-
creases as the frequency and temperature in-
crease. Dispersion in conductivity was observed
at lower frequencies for all the Zr substituted
samples and all the curves merged at higher
frequency region for all temperatures indicating
less defect mobility. The increase of conductivity

with temperature at high frequencies indicates pos-
sible release of space charges, due to which re-
duction in the barrier height of the material oc-
curs. Plateau region is observed in the low fre-
quency region (frequency independent conductiv-
ity, i.e. DC/bulk conductivity) and this plateau re-
gion of frequency is increasing with an increase of
temperature. This is observed for all the Zr substi-
tuted samples. From Fig. 6, it is clear that as the
Zr substitution is increasing AC conductivity is de-
creasing. This is due to the substitution of chemi-
cally more stable Zr which reduces the electronic
hopping between Ti4+ and Ti3+, thereby, increas-
ing the resistivity of the material. Activation energy
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(EAC) was calculated by using Arrhenius relation
and it was found to be decreasing from 0.28 eV for
x = 0.01 to 0.14 eV for x = 0.06 at 1 kHz. The
values are shown in the Table 1.

Fig. 6. Frequency dependent AC conductivity for
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 at 450 °C (x =
0.01 to 0.06).

4. Conclusions
Zr substituted 0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3

(x = 0.01 to 0.06) lead free ceramics were pre-
pared by conventional solid state reaction method
followed by high energy ball milling method.
The formation of single phase tetragonal struc-
ture in all the Zr substituted samples was con-
firmed by X-ray diffraction studies. Frequency and
temperature dependent dielectric studies showed
the relaxor behavior in all the Zr substituted
0.8Ba0.2(Bi0.5K0.5)Ti1−xZrxO3 samples. Dielec-
tric constant and dielectric loss were decreasing
with the substitution of Zr. Curie temperature was
also decreasing with the substitution of Zr. Degree
of diffuseness was calculated and it was increasing
with the substitution of Zr. Frequency and tempera-
ture dependent AC conductivity obeyed power law.
Decrease in AC conductivity with Zr substitution
can be attributed to reduction in the electron hop-
ping between Ti3+ and Ti4+.
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