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ABSTRACT ARTICLE HISTORY
Barium Zirconate Titanate-Barium Calcium Titanate (BCT-BZT) is one Received 18 November 2019
of the lead-free systems, which exhibits remarkable ferroelectric Accepted 14 July 2020
properties akin to lead-based perovskite materials. In this study, we
have Synthesized X(Bao'gscaoj 5)Ti03‘(1 7X)Ba(zro'1 5Ti0'85)03 (Where
x=0.4, 0.5, 0.6) monophonic powders by hydrothermal method at
150°C. X-ray diffraction reveals the pure tetragonal phase. Scanning
electron microscopy (SEM) studies make known that the crystal
growth is uniform due to low temperature, and that the ceramics
are highly dense and polycrystalline. The single semicircle indicates
bulk behavior. The bulk resistance decreases with the increase in
temperature showing a typical semiconducting property, negative
temperature coefficient of resistance (NTCR) behavior.
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1. Introduction

The toxic chemical exposure from ceramics to the environment is a very significant
concern. The demand for materials technology is increasing day by day; therefore,
material and synthesis of materials should be environmentally benign [1,2].
Ferroelectrics are one of the emerging materials for applications in the field of ultra-
sonic devices, multilayer ceramic capacitors (MLCCs), electro-optic devices, energy har-
vesters, and piezoelectricity. Lead zirconate titanate materials have been commercially
used material due to their excellent ferroelectric and piezoelectric properties, but these
materials are toxic and volatile in nature and hence pose a threat to our environment.
In order to eradicate lead-based technology, researchers have shifted their focus toward
lead-free materials. Among various lead-free ferroelectric material, barium titanate
(BaTiO;) has been given a significant amount of attention because of its intriguing
properties and high dielectric constant [3]. Doping at A-site and B-site improves its
electromechanical and physical properties. Therefore, they have the potential to become
an alternative to the PZT-based system, which has been used for sensors, transducers,
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motors, etc. [4,5]. Moving forward in this direction, Liu and Ren et al. [6] proposed the
very first lead-free xBa(Zr(,Tipg)O3-(1—x)(Bag,Cag3)TiO; (x=0.5) ceramics (hereafter
abbreviated as BZT-BCT) by using the conventional solid-state route in which they
highlighted the presence of high piezoelectric properties similar to that of lead-based
materials. The Ca-modified material shows improved temperature stability in terms of
the temperature coefficient of dielectric permittivity and a wider temperature range of
stability [7,8]. On the other hand, doping of Zr*" leads to an increase in transition tem-
perature from orthorhombic to the tetragonal phase transition, while it decreases from
tetragonal to cubic; it results, high dielectric gain [9,10].

BZT-BCT is reported to have a phase diagram similar to the Pb-based lead zirconate
titanate (PZT), lead magnesium niobate lead titanate (PMN-PT) and lead nickel nio-
bite-lead zirconate titanate (PNN-PZT), that is, morphotropic phase boundary (MPB)
consists a triple point of ferroelectric rhombohedral (R), tetragonal (T) phase, and para-
electric cubic (C) phase [11]. Hence, BZT-BCT is presently one of the most substantial
candidates for many piezoelectric applications due to its lead-free nature with an MPB
similar to lead-based systems and with superior piezoelectric properties reported in the
literature[12]. However, one issue suppressing their utilization for a commercial purpose
is the preparation or synthesis process of very fine and homogeneous powders of high-
purity and to assess a simpler and eco-friendly synthesis process in the laboratory [13].
Therefore, in this work, the hydrothermal method at low temperature (~100 °C-200 °C)
was employed to obtain materials under thermodynamic conditions (Fig. 1). The hydro-
thermal method has a greater ability to precipitate and regulate the rate and consistency
of crystal growth [14]. To study the sintering effect on the electrical properties, ferro-
electric materials are often represented in terms of some complex parameters like com-
plex impedance (Z*), complex dielectric modulus (M*), and loss tangent (tand) [15].
The real and imaginary parts of the impedance of the sample were measured simultan-
eously as a function of frequency. The main objective of this study is to take the meas-
urements and analysis of materials in which ionic conduction with dipolar rotation
is involved.

2, Experimental
2.1 Materials

Barium Calcium Zirconium Titanate, x(BaygsCag5)TiO5-(1—x)Ba(Zrg 15T 55)05
(x=0.4, 0.5, 0.6) was prepared from Barium Acetate, Ba(OH),*8H,O (Sigma Aldrich,
99% purity), Calcium Acetate, (CH;COO),Ca*xH,0O (Sigma Aldrich, 99% purity) and
Zirconyl Oxychloride (ZrOCL,*8H,0) as starting materials. The sol was prepared by
dissolving chemicals into 20 ml of de-ionized water with constant stirring. After stirring
for 10 min at room temperature, Potassium Hydroxide (KOH), which acts as a mineral-
ization agent, was added to the sol for maintaining pH. The solution was continuously
stirred for 2hours at room temperature, then transferred into the Teflon cup and the
cup was placed within the reaction chamber, which was sealed and installed inside the
furnace. The synthesis was carried out at 150°C for 48h (heating rate of 10°C/min.).
The crystalline powders were dried at 50 °C for 15h.
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Figure 1. The comprehensive methodology of growth and various properties related to the material.

2.2 Characterization

The obtained powder samples were characterized by XRD using PW3040 Philips X-ray
diffractometer with CuK, radiation (4=0.15406 nm). The hydrothermally treated pow-
ders were milled and pressed into pellets by uniaxial pressing in a 10mm die at
70 MPa. The pellets were sintered at 1150°C for 5h in a closed alumina crucible. The
surface morphology and structure of these samples were characterized by using scan-
ning electron microscopy SEM (JEO VP1450). For dielectric measurements, the sintered
pellets were grounded and polished; silver paste was applied to opposite parallel faces,
and coated pellets were fired in a furnace at 550 °C for 10 min for the formation of the
electrode. The relative permittivity and loss tangent were recorded using an impedance
analyzer (HP Agilent, 4192A Hewlett Packed) in the temperature range, 20 °C-400 °C.

3. Results and Discussion
3.1. Structural Study

Figure 2 shows the XRD pattern of x(BaggsCag15)TiO3-(1—x)Ba(Zrg 15Tigg5)Os. The
pattern shows a polycrystalline perovskite nature; which is in good agreement with
JCPDS#811289 data of BaTiO; ceramic material, and it shows that the samples have a
tetragonal phase at room temperature. The main peak of the sample is located at
approximately 20 =31.480° having hkl value <110>.
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Figure 2. Room temperature XRD patterns of x(BCT)-(1-x)(BZT) (where x=0.4, 0.5 and 0.6) ceramics.

The diffraction peaks of the compound were indexed in different crystal systems and
unit cell configurations with the help of POWD [16]. The major reflection line in the
XRD pattern is used for obtaining the average crystallite size by using the
Debye-Scherrer equation [17] .

. 0.91
~ Pcosly

B = (By— P3)1/2 (2)

where t is the crystallite size, 4 is the X-ray wavelength (0.154nm), f and fs are the
measured peak broadening and instrumental broadening in radian, respectively, and 05
is the Bragg angle of the reflection. The calculated average crystallite size from Eq. (1) is
42.60nm, 44.69 nm and 47.23nm for the sample x=0.4, x=0.5 and x=0.6, respect-
ively. Comparison of different lattice parameter of x(BCT)-(1—x)(BZT) ceramics for
x=0.4, 0.5 and 0.6 has done at room temperature and mentioned in Table 1.

Figure 3 shows the SEM micrographs for x(BCT)-(1—x)(BZT) with x=0.4, 0.5, 0.6.
At low temperature, crystal growth and doping percentage of Zirconium and Calcium
were proficient in apparent crystal formation and conscientious for consistent grains
under suitable thermodynamic conditions. Roll of additives from solvent media in
hydrothermal method, act as a binder between the particles and ease the self-assembly
process [18,19]. The average particle size of BCT-BZT after hydrothermal treatment was
150 £ 30 nm. The sintering process is compiling of large grains due to matter transport
mechanism and increases the grain size to ~500+ 50 nm for x=0.4, ~600 + 50 nm for
x=0.5, ~700£ 50 nm for x=10.6 (Fig. 2(d, f, e)).The density of the ceramics was found
to be around 88% of the theoretical density.

(1)
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Table 1. Comparison of lattice parameter of x(BCT)-(1—x)(BZT) ceramics for x=0.4, 0.5 and 0.6 at
room temperature.

Lattice parameters

Composition a b c c/a Vv (R3) esd

BaTiO3(JCPDS#811289) 3.9842 3.9842 4.0256 1.0104 63.90 -

0.4(Bag.gsCag.15)Ti0; — 3.6245 3.6245 4.5365 1.2516 56.44 0.006
0.6Ba(Zrg 15Tipg5)03

0.5(Bag.gsCag.15)Ti0; — 3.7235 3.7235 4.2960 1.1538 59.56 0.009
0.5Ba(Zrg.15Tio85)03

0.6(Bag.gsCag.15)Ti0; — 3.9155 3.9155 4.1002 1.0472 62.82 0.003

0.4Ba(Zrg 15Tip g5)03

Figure 3. SEM images of x(BCT)-(1—x)(BZT) (where x=0.4, 0.5 and 0.6) (a) powder produced by
hydrothermal method at 150°C (b) ceramics pellets sintered at 1150 °C.

3.2. Ferroelectric Study

Figure 4(a-c) shows the temperature dependence of dielectric constant (¢) of x(BCT)-
(1—x) (BZT) (with x=0.4, 0.5, 0.6) ceramics at different frequencies (1 kHz, 10kHz and
100kHz). Observed peaks show normal ferroelectric behavior explicitly and hence, the
value of dielectric increases gradually with the increase in temperature up to the transi-
tion temperature and thereafter it decreases as the temperature was further increased.
The transition was observed at following value of temperature ~70+10°C for
x=0.4,~100£10°C for x=0.5, ~100+10°C for x=0.6. All the compositions demon-
strated frequency-dependent dielectric response; as the peaks shifts with the increase in
frequency. The peak values of dielectric constant (g,) at transition temperature are
~2200 for the sample with x=0.4, ~1300 for the sample with x=0.5, then relative per-
mittivity increased up to ~2600 for the sample with x=0.6. At x=0.5 BCT and BZT,
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Figure 5. (a) Ferroelectric loop at different temperatures (b) Electric field dependence of polarization
current of x(BCT)-(1—x)(BZT) (where x=0.4, 0.5 and 0.6) ceramics at room temperature.

both were responsible for the phase transformation equally, which indicated that may

be a percentage of tetragonality phase was decreasing in this

sample.

Figure 5(a) shows the ferroelectric hysteresis loop of x(BCT)-(1—x) (BZT) (with
x=0.4, 0.5, 0.6) samples at 90 °C. All the samples exhibited saturated polarization with
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Table 2. Comparison of ferroelectric hysteresis loop parameters of x(BCT)-(1—x)(BZT) (x=0.4, 0.5
and 0.6)ceramics at room temperature.

Ps (Saturated Polarization) P, (Remnant Polarization) Ec (Coercive Field)
Composition (uC/cm?) (uC/cm?) (kV/cm)
0.4(Bay.gsCag,15)Ti0; — 11.65 5.49 19.58
0.630(2"0‘15770‘85)03
0.5(Bay.gsCag,;5)Ti0; — 9.09 3.24 10.78
0.5Ba(Zry,15Tip.g5)03
0.6(Bay.gsCag,15)Ti0; — 6.50 2.99 9.57
0.430(2"0‘15770‘85)03
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Figure 6. (a—c) Variation of real and imaginary part of impedance and Fitting of Cole-cole plot of
x(BCT)-(1-x)(BZT) (where x=0.4, 0.5 and 0.6) ceramics at different temperatures.

the applied field without any dielectric breakdown and show ferroelectric nature, which
is the typical behavior of BCT-BZT ceramics [17]. The saturated polarization (P), rem-
nant polarization (P,) and the coercive field (E.) confirmed the maximum polarization
at above room temperature. For x=0.5, there was a very small difference in between
remnant polarization at room temperature and ferroelectric region, which evinced the
thermal stability of the sample. The saturated and remnant polarization (Ps and P,) at
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Table 3. Parameters calculated from impedance fitted data x(Bagg5Cag.15)TiO3 - (1-X) Ba(Zry.15Tig.g5)03
(where x=10.4, 0.5 and 0.6).

Resistance
Capacitance
Sample T(Q) Ry (Qcm?) Ry (Qcm?) Cy (Fem?) N Q
0.4(Bag gsCag 15)TiO; 360°C 1.0x 1077 8.732 x 10° - 7.88x 107" 2.09%x107°
—0.6 Ba(Zro1sTioss)0;  370°C 1.0x 1077 7.536 x 10° - 7.834x 107" 2269 x 107°
380°C 1.0x 1077 5.05 x 10° - 7734 % 107" 2628 x 107°
390°C 1.0x 1077 3.97 x 10° - 7.93%x 107" 2938 x 107°
400°C 1.0x 1077 2.142 x 10° - 776 x 107" 2375%x107°
0.5(Bag g5Cag15)TiO; 360°C 1.0x 1077 1.64 x 10° 5072x 107" 6x107" 5420 x 107°
—0.5 Ba(Zrg 1sTipgs)03s  370°C 1.0 x 1072 2.52 % 10° 5113 x 107" 6.662 x 107" 5.101 x 107°
380°C 1.0x 1077 2.05 % 10° 5146x 107" 8.814x 107" 5275x107°
390°C 1.0x 1077 1.887 x 10° 5157 x 107" 8x107" 1.232x107°
400°C 1.0x 1072 1.749 x 10° 5207 x 107" 8.206 x 107" 1.056 x 10~°
0.6(Bag,gsCag 15)TiOs 360 °C 1.0 x 1072 - - 9.787 x 1072 1.56 x 1077
—0.4 Ba(Zro1sTioss)0;  370°C 1.0x 1077 - - 8.02x 107" 1.365 x 107 1°
380°C 1.0x 1077 - - 7.83% 107" 1.683 x 107 1°
390°C 1.0x 1077 - - 8x 107" 3.284x 107°
400°C 1.0x 1077 - - 8x107" 372x107°

room temperature of x(BCT)-(1—x) (BZT) (x=0.4) sample were found to be 11.65 uC/
cm? and 5.49 uC/cm2 and coercive field (Ec) ~19.58 KV/cm. The high value of remnant
polarization was attributed to any of the following: grain size, low defect density, com-
positional homogeneity and absence of domain-wall pinning centers, etc. [20,21]. With
the increase in the content of Ca in x(BCT)-(1—x)(BZT), the ferroelectric loop exhibited
a decrease in saturated polarization, remnant polarization and coercive field of x(BCT)-
(1—x)(BZT) (x=0.5) and x(BCT)-(1—x)(BZT) (x=0.6), respectively [22]. Values of all
the samples of saturated polarization (Ps), remnant polarization (P,) and coercive field
(Ec) are mentioned in Table 2.

Figure 5(b) shows electric field response of polarization current for x(BCT)-(1—x)
(BZT) (where x=0.4, 0.5, 0.6) samples. Polarized current shows a maximum of
0.065mA for x(BCT)-(1—x) (BZT) (x=0.4) sample. The curve decreases with the
increase in electric field and reduces to zero for all the samples. x(BCT)-(1—x) (BZT)
(x=0.4) has a maximum value of current (Ip). However, the maximum value of polar-
ized current is decreased with the increase in the content of Ca.

3.3. Impedance Study

The complex impedance spectroscopy technique was used to the role and the effects of
different microstructural arrangement on the overall electrical proprieties of dielectric
material [23]. Fig. 6(a—c) represents the temperature dependence of complex impedance
spectrum Z’ versus Z” of x(BCT)-(1—x) (BZT) (where x=0.4, 0.5, 0.6) ceramics, which
exhibits semicircular arc at high temperatures (360 °C-400°C). The formation of single
semicircle classifies the intrinsic grain contribution and intercept on the real axis (Z')
gives the value of bulk resistance (Rp) of the samples and retort in decrease with the
rise in temperature. Bulk resistance (R,) and bulk capacitance (C) offer the electrical
behavior, which can be represented in terms of an equivalent circuit consisting of a ser-
ies combination of parallel RC circuits [24]. The composition x(BCT)-(1—x) (BZT),
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Figure 7. (a-c) Variation of imaginary part (Z) of impedance with frequency at different tempera-
tures of x(BCT)-(1—x)(BZT) (where x=0.4, 0.5 and 0.6) ceramics.

x=0.5 show some different characteristic, i.e. the variation in the equivalent circuit as a
move toward higher temperature and show bulk capacitance (C,) due to frequency cor-
responding peak of these semicircles. The depressed semicircles whose centers lie below
the real axis indicated the departure from the ideal Debye behavior and exhibits the
non-Debye type of relaxation phenomenon in the material [25]. The decrease in resist-
ance with an increase in temperature revealed the reduction in charge barriers from the
grains and grain boundaries so that with the increase in temperature, the conduction
was enhanced [26]. Different parameters calculated from impedance fitted data for all
samples are mentioned in Table 3.

Figure 7(a—c) shows the variation of the imaginary part of the impedance (Z") as a
function of frequency. The curves exhibited broad and low-intensity peaks with an
insignificant shift toward the high-frequency region. It was given that bulk resistance
decreases with the increase in frequency and gain relaxation at high temperatures
(360 °C-400°C). This reduction in bulk resistance with a rise in temperature exhibited
the presence of relaxation process in the materials. At high frequencies, the perimeter of
the grain boundary is affected due to low relaxation time [27,28]. Amalgamation of all
peaks at high frequency indicated the presence of space charge polarization at lower fre-
quency, whereas it disappears at higher frequency [29,30].
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Figure 8. (a—c) Variation of imaginary part (Z') of impedance with frequency at different temperatures
of x(BCT)-(1—x)(BZT) (where x=10.4, 0.5 and 0.6) ceramics.

Figure 8(a—c) shows the variation of the real part of impedance (Z') as a function of
frequency at different temperatures and compositions. The variation as a function
of frequency in the low-frequency region followed by a saturation region in the high-
frequency region. This suggests the continuation of dipolar polarization was not domi-
nating and electronic as well as orientation polarization were activated in the mid-range
of frequency to higher frequency [31]. In contrast, the decreasing trend of Z' with
the rise in temperature implied the presence of negative temperature coefficient of
resistance (NTCR) in the material, which also indicated a possibility of an increase in
ac-conductivity with the rise in temperature in the high-frequency region caused by the
free space charge and inferior barrier properties of the material. In our studies, it was
noted that ac conductivity is not increased so sharply because of the low concentration
of oxygen vacancies during sintering that results in the charge reparation.

Figure 9(a-c) shows the normalized plot of Z"/Z" ., overlaps on a single master
curve at a different temperature. It was clearly observed that the frequencies of Z”
peaks were coinciding having a similar shape as well as pattern in the peak position
with slight variation in full width at half maximum (FWHM) with the rise in tempera-
ture. The dielectric processes occurring in the material were investigated via master
Impedance plot, which concluded that for lower temperatures, the dynamical
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Figure 9. (a—c) Impedance scaling behavior of compounds in the master curves of x(BCT)-
(1—x)(BZT) (where x=10.4, 0.5 and 0.6) ceramics.

processes were nearly temperature independent [25,32]. It was also observed that the
Z"Z" nax curves were non-symmetric, which further implied a non-exponential behav-
ior of the conductivity relaxation. The FWHM of the spectra is wider than the breadth
of a Debye peak, which suggested the presence of a non-Debye type of relax-
ation phenomenon.

Figure 10(a-c) shows two semicircular arcs at each of the high temperatures (above
360 °C-400 °C) were observed, which suggested the presence of bulk and grain bound-
ary within the synthesized materials. It also observed that the semicircle arc was almost
the same at high frequency and low-frequency region at all the temperatures. The
modulus spectrum shows stability in the shape with the rise in temperature, which
clearly indicated no apparent change in the capacitance value as a function of tempera-
ture. The observed pattern of modulus graph confirmed the subsistence of the hopping
mechanism in the electrical conduction of the synthesized materials. On the increasing
temperature, the intercept on M’ axis shifts toward the higher value of M” and thus
indicated the increase in capacitance, which supported the negative temperature coefti-
cient of resistance type behavior of the materials since bulk capacitance (C,) is inversely
proportional to the bulk resistance (Ry,).
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Figure 10. (a—c) Variation of real and imaginary part of modulus at different temperatures of x(BCT)-
(1—x)(BZT) (where x=0.4, 0.5 and 0.6) ceramics.

4, Conclusions

(BCT)-(1—x) (BZT) (where x=0.4, 0.5 and 0.6) ceramics were prepared via hydrother-
mal reaction method. XRD patterns of the pure perovskite phase suggested tetragonal
structure at room temperature. All the aforementioned compositions exhibited saturated
polarization with an applied electric field and show soft ferroelectric nature. Real and
imaginary parts of complex impedance and modulus properties substantiate the relaxation
process at high frequency. Impedance analysis indicated the presence of mostly bulk
(grain) resistive contributions in the synthesized materials at higher temperatures, whereas
complex modulus plots show the presence of grains as well as grain boundary contribu-
tions in the materials. Both impedance and modulus analysis prop up the typical NTCR
behavior. Effect of temperature on bulk resistance also confirmed the presence of a non-
Debye type of relaxation phenomenon in the materials.
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