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Abstract: In present work, (1-x)[BaZr,,TiosO3]-(x)[Bao7CaosTiOs] (BZT-BCT) (where x = 0.50, 0.60 and 0.75) were
fabricated by solid-state reaction technique. Structural, dielectric and impedance properties of the synthesized
composites were investigated and discussed in detail. The X-ray diffraction technique shows that all the samples
possessed a double-phase polycrystalline sample with a tetragonal-rhombohedral structure. Dielectric and impedance
behavior were investigated in a wide range of temperatures (room temperature (RT) - 500°C) and frequency (100 Hz <f <
1 MHz). A broad dielectric constant peak was observed around the phase transition temperature.
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INTRODUCTION

Lead-based piezoelectric ceramics have PZT that
has widely used as sensors, actuators, transformers
and in other ferroelectric devices due to its
piezoelectric-ferroelectric properties [1-4]. However,
lead-based PZT materials contain more than 60 wt.%
of lead oxide which causes various environmental
problems and numerous medical diseases symptoms
like headaches, constipation, nausea, anemia, nerve,
brain and kidney damage, etc. [5]. WEEE (Waste
Electrical and Electronic Equipment) and RoHS
(Restriction of Dangerous Substances) have placed a
ban on the use of lead-based materials due to various
increased awareness of environmental concerns [6].
Research now based on lead-free functional materials
due to recent developments in ecological sensitivity
[7-14].

PZT materials, composition showing high electrical
and dielectric with Zr/Ti ratio 52/48 properties were
close to the morphotropic phase boundary (MPB),
where rhombohedral (Zr-rich) and tetragonal (Ti-rich)
ferroelectric phase coexistence [15]. But lead-free
piezoelectric ~ ceramics is generally inferior
piezoelectricity (dsz < 150 pC/N compared to ds; ~
500-600 pC/N for lead-based ceramics). Recently.
Their range has pushed to a higher level of d;3~ 300
pC/N, but still, it is the most wanted PZT based system
[16]. The author reported a lead-free pseudo-binary
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X[Ba(zro_zTiolg)O;; - (‘I—X)[(Ba0,7Ca0,3)TiO3] [BZT-BCT],
ferroelectric systems to replace PZT based systems.
Near this system, MPB was similar to PZT near
BZT-BCT (50/50) composition. Piezoelectric,
ferroelectric and electromechanical properties for the
composition has expected to be the best for this
system. They reported that BZT-BCT (50/50)
ferroelectric system with surprisingly high piezoelectric
properties in this optimal structure [17]. The
piezoelectric properties of BZT-xBCT systems were
particularly affected by temperature, especially
piezoelectric properties of compositions that have the
largest ds3 values [18-21]. The BZT-BCT ceramic
composites are appropriate for idle applications such
as diagnostic instruments in health, sonar devices in
the military field, ambient energy harvesting, etc. [22].

It's known that the characteristic piezoelectric and
ferroelectric parameters such as ds3, polarization (P)
and coercive field (Ec) are profoundly affected by
several factors such as the distribution of grain size,
density, porosity etc. [23].

Lead-free BZT — BCT, solid solutions with high
dielectric constant, low loss and high piezoelectric
properties with optimum compositions inspired us to
use the pseudobinary ferroelectric BZT — BCT solid
solution device for dielectric tunable storage capacitor
applications. In the present work we, therefore,
investigated structural, temperature and
frequency-dependent dielectric properties, ferroelectric,
ac-conductivity and diffuse phase transition (DPT)
behaviour of BZT-BCT ceramics.

© 2022 Zeal Press
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EXPERIMENTAL PROCEDURE

Solid solutions  of  {(x)Ba(Zro2Tips)O3 —
(1-x)(Bap 7Cag 3)TiOs}; ceramics (where x = 0.50, 0.60
and 0.75) (onward “BZT-BCT”) were prepared by a

solid-state reaction method in the desired stoichiometry.

Initially, powders were ball milled for 24 using zirconia
balls in the acetone medium. After drying, the powder
were calcined at 1200°C for 12 hrs in a ceramic
crucible to for thr phase formation. The calcined
powder was pressed into pellets of 1 mm in thickness
and 10 mm in diameter using a hydraulic press. The
pellets were then sintered at 1250°C for 2 hr.

An X-Ray Diffraction study has carried out using a
PANalytical X’Pert Pro equipped with a CuK, anode (A
= 1.5406 A). XRD data were collected from 20° to 80°
at a step size 0.01° and a scan speed of 2°/min. In
order to analyze the electrical characterization, the
upper and lower surfaces of sintered pellets were
coated with silver paste (as electrodes) and dried in the
air for 1 hr before carrying out the measurements. The
electrical parameters were calculated using an
impedance analyzer (Keysight-E4990A) in conjunction
with a laboratory-constructed sample holder over a
temperature range of 410°C-500°C and at a frequency
of 100Hz-1MHz.
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Figure1: X-ray diffraction of (1-x)BaZro2TiosO3 -

(x)Bap.7Cao 3TiO3 ceramics for compositions (a) x = 0.50, (b) x
=0.60 and (c) x = 0.75.

RESULTS AND DISCUSSION

Structural Properties

Figure 1 shows x-ray diffraction (XRD) patterns
obtained at room temperature for sintered samples of
various compositions of
{(x)Ba(Zro.2Tio.8)O3-(1-x)(Bao.7Cao3)TiOs}, (where x =
0.50, 0.60 and 0.75). All the compositions exhibit
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Figure 2(a-c): Observed and Calculated XRD pattern of (1-x)BaZro2Tio.sO3- (x)Bao.7Cao 3TiO3 ceramics for compositions (a) x =

0.50, (b) x = 0.60 and (c) x = 0.75.
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double-phase formation. The reflections in the XRD
patterns are indexed using P4mm space group
symmetry with a tetragonal structure and R3m space
group symmetry with a rhombohedral structure. The
position of the diffraction peaks gradually shift towards
higher diffraction angles with increases in the BCT
content. The shifting of peaks indicates that the
interplanar spacing decreases with increases in the
BCT content. This decrease in the lattice parameters
could be attributed to the substitution of ions with
different ionic radii at the A-site and B-site of BZT-BCT,
such as Ba* (1.61 A), zr** (0.72 A), Ca** (1.34 A) and
Ti** (0.605 A). The characteristic is by splitting of
(002)/(200) peaks at around 26 ~ 45° and as well as
the splitting of the (202)/(220) peaks at around 26 ~
65°- 66° [24-31]. Peaks splitting at both 26 ~ 45° and 20
~ 65°-66° confirms both tetragonal and rhombohedral
phase coexistence in BZT-BCT ceramics. XRD
patterns for all the prepared samples were refined by
using Rietveld analysis. The occupancy parameters
fixed according to the stoichiometric composition. The
lattice parameters, z-position coordinates and isotropic
thermal parameters were refined for the phase as well.
A Pseudo-Voigt function has used to describe peak
profile and linear interpolation between a set
background points with refinable heights. The various
refinable parameters sequentially refined until the
minimum values of G.O.F. and other discrepancy
parameters obtained. The Rietveld refined data for all

411

the samples are shown in Figure 2(a-c). The data
clearly show a very good agreement between the
experimental and theoretically simulated data. The final
values of various refined parameters have listed in
Table 1. The variations in the lattice parameters (“a”
and “c”) and cell volume for multiple compositions, as
shown in Figure 3 (a-b). It can be observed from the
figure that the values for both the lattice parameters “a”
and “c” for both the phases decreases with increases in
the x-variations and lead to a corresponding decrease

in the cell volume.

Dielectric Studies

Figure 4(a-c) shows the temperature dependence
of the dielectric constant at various frequencies for
sintered BZT-BCT pellets at 1250°C/2h. The overall
dielectric properties of all ceramics are summarized in
Table 2. All samples exhibit a broad dielectric anomaly
associated with rhombohederal-tetragonal (R-T) phase
transition. This dielectric broadening is due to
compositional fluctuations and micro-inhomoginity [32].
Meanwhile, all peak temperatures are dependent on
the frequency and shift to high temperature with
frequency increasing. In other words, all BZT-BCT
ceramics represent a relaxor behavior [33, 34]. Figure
5(a-c) shows the limiting values y =1 and y = 2
reduce the equation to Curie-Weiss law for the case
of normal ferroelectric respectively. The effect of
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Figure 3 (a-b): Variations in (a)-(b) is lattice parameters (“a” and “c”) and cell volume as functions of the composition (x) for
(1-x)BaZro 2Tio.s03 - (x)Baog.7Cag 3TiO3 ceramics.
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Table 1: FullPROF Based Rietveld Refinement Parameters and Calculated Crystallographic Parameters of the XRD
Pattern of (1-x)BaZr Tio.s03 - (x)Bao.7Cao.3TiO3 (where x = 0.50, 0.60 and 0.75) Ceramics

Calculated Crystallographic Parameters x=0.50 x=0.60 x=0.75
Lattice Parameters Tetragonal =b (A) 4.0143 3.9969 3.9843
c(A) 3.9993 4.0138 4.0063
¢/q Ratio of Tetragonal %/a 0.9962 1.0042 1.0055
Tetragonal phase present (%) 95.71 95.25 61.84
Volume of unit cell Tetragonal V (A3) 64.446 64.121 63.600
Lattice Parameters Rhombohedral a(A) 3.0201 3.0051 2.9964
c(A) 4.9424 4.9914 4.9983
Rhombohedral phase present (%) 4.29 4.75 38.16
Volume of unit cell Rhombohedral V (A3) 39.047 39.037 38.865
X 0 0 0
Y 0 0 0
Ba/Ca
4 0 0 0
X 0.5 0.5 0.5
) Y 0.5 0.5 0.5
Zr/Ti
4 0.51680 0.50991 0.48481
Atomic Positions
X 0.5 0.5 0.5
Y 0.5 0.5 0.5
o1
4 0.04081 0.07311 -0.04089
X 0.5 0.5 0.5
Y 0 0 0
02
4 0.53735 0.49769 2.53287
R, 18.6 17.5 17.8
Ryp 17.4 18.7 19.4
R — Factor (%) Tetragonal R, 9.81 9.57 10.4
R, 2.18 1.74 2.76
Ry 3.40 3.06 4.67
R, |
Rvpy |
R — Factor (%) Rhombohedral R, |
R, 9.21 201 11.9
Ry 8.76 18.3 3.92
GOF X2 3.161 3.804 3.462
Experimental Density 5 (g/lem®) 5.106 5.077 5.028
Crystallite size (nm) Calculated 17.295 25.388 23.621
Lattice strain (¢) x10° By W-H Plot 5.61 3.35 473
O:-Ba-0; 89.8112 89.3889 89.8068
Bond Ang|e (9) for Tetragona| 02 —Ba- 02 62.6516 60.0135 90.192
O —2Zr-0q 180 180 180
0,-2r-0, 175.3105 177.1881 172.7
O:-Ba 2.8432 2.8414 2.8220
O.-Ba 2.7298 2.8256 2.7333
Bond Length (A) for
Tetragonal Oy -2Zr 1.9036 1.7532 1.835
O, -Zr 2.0088 1.9990 1.9962
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0O;-Ba-0; 34.76 29.992 30.5926
Bond Angle (8) for Rhombohedral ©:-Ba-0 3337 40218 453315
Oy —2r-04 37.88 53.885 35.8641
0,-2r-0, 61.12 34.700 102.7760
O:-Ba 3.1436 3.1283 2.8395
Bond Length (A) for O;-Ba 2.6300 2.1851 1.1798
Rhombohedral O:-Zr 2.3263 1.7354 1.9231
O,-Zr 1.8754 2.6394 1.4991

Table 2: Dielectric Parameters of (1-x)Ba(Zro2Tio.s)O3 — (x)(Bao.7Cao.3)TiOs Ceramics at x = 0.50, 0.60 and 0.75

Compositions

x-variations T,. (°C) Emax tané T., (°C) T, T.-T, Y
0.50 122 1189.37 0.01631 153 127 31 1.09
0.60 138 2310.06 0.33236 159 137 21 1.10
0.75 136 1860.16 0.06624 160 143 24 1.16
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Figure 4(a-c): Temperature dependence of Dielectric constant (&') for (1-x)BaZro2TiosO3 - (x)Bao7Cap3TiO3 ceramics for

compositions (a) x = 0.50, (b) x =0.60 and (c) x = 0.75.

temperature on diffuseness y (diffusivity) from slope
of In(1/e —1/g4x) VS. In (T — Ty ). We obtained
the value of the parameters y is 1.16, 1.10 and 1.09
shown in Table 2 which is between 1 and 2, which
suggesting that the samples are relaxor ferroelectrics
[35, 36].

Complex Impedance Analysis

The variation of real part Z' of impedance as a
function of frequency (100 Hz — 1 MHz) at different

temperatures (410°C - 500°C) is shown in Figure 6(a-c).

It was observed that the magnitude of Z' is high in the
low-frequency region a decrement is observed with
increase in frequency, showing a typical negative
temperature coefficient of resistance (NTCR) type
behaviour [37]. A decrement in Z' with the rise in
temperature and frequency indicates a possibility of an
increase in ac conductivity with temperature [38,39]. In
the high-frequency region, Z' merges at all
temperatures due to the release of space charge. As a
result, the barrier properties in the material reduce
[40-43]. The variation of imaginary part (Z") of
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Figure 5(a-c): Temperature dependence of Diffusivity (y) for (1-x)BaZro2Tio.sO03 - (x)Bag.7Cao.3TiO3 ceramics for compositions (a)

x = 0.50, (b) x = 0.60 and (c) x = 0.75.
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Figure 6(a-c): Frequency dependence of real part(Z') of impedance for (1-x)BaZro2Tip.gO3 - (x)Bag.7Cao.3TiOs ceramics for

compositions (a) x = 0.50, (b) x = 0.60 and (c) x = 0.75.

impedance as a function of frequency at different
temperatures as shown in Figure 7(a-c). Z" values
decrease with a rise in temperature as well as the
frequency, which reveals a reduction in the sample's
resistive properties. Z" values decrease with a rise in
temperature as well as the frequency, which reveals a

reduction in the sample's resistive properties. The
relaxation process may be due to immobile
species/electrons at low temperature and
defects/vacancies at a higher temperature [37-38,44].
Furthermore, a higher frequency may be due to the
disappearance of space charge polarization [b].
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Table 3: The Grain and Grain Boundary Contributions Evaluated after Fitting of impedance data for x 0.50, 0.60 and

0.75 Samples
x=0.50 x=0.60 x=0.75
Temp (°C) | Ry(Q) | Co(nF) | RewQ) | Ceu(nF) | Ry(Q) | C4(nF) | Re(Q) | Cav(nF) | Re(Q) | Co(nF) | Res(Q) | Cos (F)
410 14534 | 0.1662e-9 | 510697 | 1.184e-9 | 335898 | 2.48e-9 39345 | 0.1722e-9 | 293812 | 1.637e-9 | 19889 | 0.1303e-9
420 10653 | 0.1528e-9 | 436325 | 1.086e-9 | 259807 | 2.329e-9 | 30255 | 0.1651e-9 | 244114 | 1.666e-9 | 14897 | 0.1301e-9
430 6949 | 0.1582e-9 | 337072 | 1.078e-9 | 203312 | 2.143e-9 | 23105 | 0.1568e-9 | 198508 | 1.677e-9 | 11007 | 0.1281e-9
440 5533 | 0.1617e-9 | 287717 | 1.059e-9 | 180257 | 2.249e-9 | 18365 | 0.1628e-9 | 163440 | 1.676e-9 | 8133 | 0.1252e-9
450 3893 | 0.1695e-9 | 245316 | 1.094e-9 | 153706 | 2.231e-9 | 14113 | 0.1635e-9 | 134205 | 1.642e-9 | 6033 | 0.1205e-9
460 2797 | 0.1722e-9 | 187128 | 1.058e-9 | 131705 | 2.152e-9 7636 0.1553e-9 | 112009 | 1.679e-9 | 4571 0.1193e-9
470 2246 | 0.1764e-9 | 162939 | 1.06e-9 | 112498 | 2.218e-9 5398 0.1525e-9 | 92698 | 1.684e-9 | 3546 | 0.1164e-9
“os -1.5x10°
-2.0x10° x=050 —E-410°C ® x=060 .
20C 207
jscrc -1.2x10° ng
-1.5x10° - —y=40°C —y— 440°C
450°C ~ 9.0x10° 450°C
o) —d= 160°C G —4-460°C
T 1.0x10° —p—470°C X ) =p—4m0°C
N -6.0x10* e,
S0ty _3.0x10*
0.0 0.0

10* 10° 10* 10° 10°

log f'(Hz)

10? 10 10* 10 10°

log /' (Hz)

-1.2x10°

9.0x10*

-6.0x10* -

Z"(Q)

3.0x10°

0.0

10 10*

T
10¢ 10° 10°

log f'(Hz)

Figure 7(a-c): Frequency dependence of imaginary part(Z") of impedance for (1-x)BaZrg 2Tip 803 - (x)Bao.7Cao 3TiO3 ceramics for

compositions (a) x = 0.50, (b) x=0.60 and (c) x = 0.75.

Peak position gives the relaxation time according to
the relation 2nf,, ..t = 1, where f,,,, is the frequency
at the maximum of Z" vs. frequency and t is the
relaxation time. From the peak position evaluated the
relaxation frequency and time of Z" with frequency
plots at different temperatures. The nature variation of
72 as the inverse of absolute temperature is given in
Figure 8(a-c). The value of activation energy from the
slope of linear fit of In (%) vs. 10371 is 0.9202 eV,
1.0136 eV and 0.9610 eV. Widening of the Z" with an
increase in temperature indicates a non-unique
relaxation time scale, whose distribution is wider on the
high frequency side after the maximum peak position
[47].

To examine the temperature-dependent relaxation
time distribution, a normalized plot of Z"/Z, .. Vs.
frequency at different temperatures has been ploted as

shown in Figure 9(a-c). The imaginary part of
impedance collapsed into one master curve shows that
the dispensation of relaxation time is temperature
independent and dynamic processes of charges that
occour on different time scales obtain the identical
activation energy. Figure 10(a-c) shows that the plot of
complex impedance spectrum (Nyquist plot) and their
fitting results taken over a frequency range (100 Hz <
f <1 MHz) at different temperature and frequency has
been selected as semicircles appeared in the Nyquist
plots within this temperature region. Further, the
decrease of radii with rise in temperature manifests the
NTCR behavior of the material. To analyze the
impedance spectra, data are usually modelled by an
ideal equivalent circuit (using EC-fit software) as shown
in inset of figure. The complex plane plots two
semi-circular arcs well separated at the higher
temperature. This behavior could be attributed to
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Figure 9(a-c): Normalized plot of imaginary part of impedance (Z'") spectra for (1-x)BaZro 2Tio.s03 - (x)Bao.7Cao.3TiO3 ceramics for
compositions (a) x = 0.50, (b) x = 0.60 and (c) x = 0.75.

several factors such as grain orientation, grain and grain boundary contributions. The grain circuit
boundary, stress-strain phenomena and atomic defect consistes of parallel combination of Ry and CPEj
distribution [37] where conduction through grain and whereas the grain boundary consists of parallel
grain boundaries dominates [38, 48]. The circuit combination of Ry, and CPEgy,.

consists of series of two sub circuits, indicating grain
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Figure 10(a-c): Nyquist plot of complex impedance (Z' vs. Z") at different temperatures for (1-x)BaZr2Tip.803 - (x)Bao.7Cao.3TiO3
ceramics for compositions (a) x = 0.50, (b) x = 0.60 and (¢) x = 0.75.

CONCLUSION

(1-X)[Bazro_zTiolgo;;]-(X)[Bao_7cao_3Ti03] (Where X =
0.50, 0.60 and 0.75 volume fractions) were fabricated
by solid-state reaction technique. X-ray diffraction
technique shows that all the samples possessed a
double-phase  polycrystalline  sample with a
tetragonal-rhombohedral  structure. Dielectric and
impedance behavior were investigated in a wide range
of temperatures (room temperature (RT) - 500°C) and
frequency (100 Hz <f < 1 MHz). A broad dielectric
constant peak was observed around the phase
transition temperature. The Nyquist plots revealed the
existence of grain and grain boundaries in the overall
impedance.
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