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ABSTRACT: Barium titanate (BaTiO3) and its derivatives, which
belong to the family of perovskite oxides, offer a class of lead (Pb)-
free ferroelectric and piezoelectric materials with numerous
applications in electronic and electromagnetic devices. In this
study, we report on the Pb-free materials with a variable
composition (1 − x)BZT5−(x)BCT8 (x = 0.00−1.00) where
BZT5 refers to BaZr0.05Ti0.95O3 and BCT8 refers to
Ba0.92Ca0.08TiO3. The substitution of Zr4+ for Ti4+ and Ca2+ for
Ba2+ in the BaTiO3 matrix enhances the properties and
performance desirable for applications involving ferroelectric
capacitors and memory storage devices. X-ray diffraction (XRD)
studies coupled with Rietveld refinement analyses confirm the biphasic (major tetragonal and minor orthorhombic) crystal structure
of all the samples. Raman spectroscopic studies corroborate with XRD results and validate the biphasic crystal structure. Chemically
homogeneous samples exhibit the characteristic granular-dense microstructure. The density measurements using Archimedes’
principle indicate that the sample density is above 5.31 g/cm3 (90%). Ferroelectric measurements display typical polarization-electric
field (P−E) hysteresis, confirming the ferroelectric nature and electric field-induced strain butterfly (S−E) loops, confirming the
piezoelectric nature of all the samples. The dielectric properties of all of the compositions indicate significant prospects for future
capacitor applications. Ferroelectric measurements show that BZT5 exhibits a maximum value of 0.70 squareness ratio, indicating
that BZT5 can be a suitable material for permanent ferroelectric random-access memory (Fe-RAM) applications, whereas
0.75BZT5−0.25BCT8 is suitable for switching applications. The moderately higher remnant polarization (Pr = 11.22 μC/cm2) and
the lower coercive field (Ec = 2.54 kV/cm) are obtained for BCT8. The piezoelectric coefficient and strain studies show that sample
with x = 0.50 exhibits a higher converse piezoelectric coefficient of 430 ± 1 pm/V and 0.179 (% strain). The Q-factor for the BZT5
composition was observed to be 4.13 × 10−4 (cm2/μC)2, which is the maximum among the studied compositions, suggesting that
BZT5 may be a suitable candidate for energy conversion transducer applications.

1. INTRODUCTION

Currently, strict rules and regulations are imposed on the use
of lead(Pb)-based compounds and electronic materials, which
are quite routinely employed in various electronic devices,
sensors, actuators, etc.1−4 These restrictions started with
Restrictions of Hazardous Substances (RoHS) rules imple-
mented by the European Union to eradicate the use of toxic
compounds from electronic devices and instruments. Before
the RoHS regulation, the well-known PbZr0.48Ti0.52O3,
abbreviated as PZT, was a popular material that was used in
most of the electronic devices.5,6 The PZT has superior
piezoelectric properties among all other Pb-based as well as
Pb-free piezoelectric materials. However, due to these
regulations, the traditional PZT material is currently
disqualified for utilization, as it is dangerous for all living
organisms including humans.7,8 Similarly, the Pb-based
compounds can get easily mixed with the drinking water

sources that can affect the biodiversity of plants and
animals.9,10 Thus, the design and development of nontoxic,
Pb-free materials, which can replace the traditional Pb-based
materials, is highly desirable.11−13 On the other hand,
scientifically and technologically, it is a challenging task,
which urges the scientific and engineering community to direct
attention with rigorous research and development activ-
ities.14−16
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Toward realization of Pb-free ferroelectrics, BaTiO3 (BT)-
based compounds can play a vital role.17,18 However, in
comparison to Pb-based materials such as PZT, the lead-free
piezoelectric materials (as BaTiO3) exhibit poor properties,
viz., lower piezoelectric coefficient (d33 < 200 pC/N), lower
Curie temperature, and higher dielectric loss. Recently, there
have been a few successful attempts that made the realization
of novel Pb-free materials possible for higher piezoelectric
response, d33 = 300 to 600 pC/N.19,20 In one of these attempts,
Liu and Ren have prepared a morphotropic phase boundary
(MPB) composition BaZr0.20Ti0.80O3−0.5Ba0.70Ca0.30TiO3 (ab-
breviated as BZT−BCT) and reported the piezoelectric
coefficient (d33 ∼ 620 pC/N), which is the highest among
the known lead-free and environmentally friendly materi-
als.21,22 This report fascinated the scientific community to
further explore BT-based lead-free materials with reduced
environmental concerns.23
Lead-free BT-based perovskite, i.e. BZT−BCT ceramics,

possesses notable dielectric properties, viz., reasonably higher
dielectric constant and low dielectric loss, in addition to the
enhanced ferroelectric and piezoelectric properties, thus
making them suitable for various technological applications.
In the (1 − x)BZT5−(x)BCT8 compositions, the x = 0.5
samples attracted our attention because of their upgraded and
better piezoelectric and ferroelectric properties. Also, this
composition had both the tetragonal and rhombohedral phases
close to the MPB.24,25 In connection with the applications of
lead-free materials, Parhi et al. have reported a comparative
study of lead-free BaZr0.2Ti0.8O3 ceramics with the lead-
containing PbZr0.52Ti0.48O3 ceramic, with the results indicating
that BZT is useful for optoelectronic devices and high-
frequency applications, including SONAR and hydrophone.
Further, the presence of nearby room-temperature phase
transition makes BZT a suitable material for biomedical and
underwater applications.26 The Ca2+ and Zr4+ substitutions,
respectively, for Ba2+ and Ti4+ in BaTiO3 ceramics, significantly
modify the grain size, densities, and microstructure, which are
important factors to tailor the dielectric, ferroelectric, and
piezoelectric properties.27 Thus, the (Ba,Ca)(Zr,Ti)O3 ce-
ramics are expected to demonstrate optimal properties, making
them feasible lead-free piezoelectric competitors. In this
connection, Yoon and Ur have explored advancements in
enhancing dielectric properties of a ceramic material
comprising BaTiO3−CaTiO3. Their investigation involves
strategic substitutions of ions, specifically Ca at the Ba-site
and Zr at the Ti-site, along with tin (Sn) substitutions.
Accordingly, the compositions with the chemical formula
(Ba,Ca)(Ti,Zr,Sn)O3 were synthesized using the conventional
ceramic method, and dielectric properties were systematically
studied.28 Furthermore, by focusing on the MPB construction,
methods for modifying the dielectric characteristics of BaTiO3
are reported in the literature with typical candidate materials
being (Ba,Ca)(Zr,Ti)O3, (Ba,Ca)(Sn,Ti)O3, and (Ba,Ca)-
(Hf,Ti)O3. Additionally, there were efforts made toward the
growth and characterization of some of these compositions in
the form of thin films to explore their performance in terms of
piezoelectric, ferroelectric, and dielectric characteristics.29−31

Keswani et al. have made a comprehensive investigation of
lead-free ceramics Ba(1−x)CaxTiO3 (x = 0.0−0.3) and
BaTi(1−y)ZryO3 (y = 0.0−0.2), synthesized via the standard
solid-state reaction method.32 Employing first-principles
density functional calculations, the electronic structure,
dynamical charges, and spontaneous polarization of these

compounds were explored.32 Their study demonstrated
enhanced ferroelectric and piezoelectric properties compared
with the existing literature, with higher values for polarization,
percentage strain, piezoelectric coefficients, and electrostrictive
coefficient. It is also reported that, for smaller substitutions of
Ca and Zr in BaTiO3, a direct piezoelectric coefficient (d33)
was enhanced.32
Further, it is important to note that, for getting a higher

piezoelectric response, it is difficult to rely only on the phase
diagram of the synthesized materials. The reason is even
though the Hf-, Zr-, or Sn-substituted BaTiO3 systems33−35

show a similar phase diagram to that of BZT−BCT, the
piezoelectric coefficients observed in Hf-, Zr-, and Sn-
substituted barium titanate are significantly lower (d33 ∼
300−400 pC/N) compared to BZT−BCT (d33 ∼ 600 pC/
N).21 Thus, while there is a great demand for environment-
friendly Pb-free compounds with improved properties for
device applications, the search for alternate Pb-free materials
continues.36−42 Specifically, in the field of ferroelectric
capacitors, electronic systems, high-energy devices, electro-
mechanical devices, and transducers and actuators, the main
emphasis is on the development of alternate materials
compatible to the well-known Pb-based materials. In this
connection, BaTiO3-based (Ba,Ca)(Ti,Sn)O3, (Ba,Ca)(Ti,Zr)-
O3, and (Ba,Ca)(Ti,Hf)O3 compositions are recommended as
Pb-free piezoelectric materials for advanced technological
demands.30,43−45 These compositions are to be advanced to
span their possible applications in detecting various stimuli
such as human body motion, electronics, optoelectronics, and
magnetoelectric energy harvesting and Fe-RAM applica-
tions.21,30,36−39,43−46

The BaTiO3-based compositions belong to the perovskite
structure with the space group (P4mm), where corner ions are
divalent (such as Ba2+, Ca2+, etc.), body-centered ions are
tetravalent (such as Ti4+, Zr4+, Sn4+, Hf4+, etc.), and O2− anions
are at the face center.44,46 Figure 1 shows a schematic

representation of the tetragonal structure and the partial
substitution of Ba2+ by Ca2+ and Ti4+ by Zr4+ in the perovskite
structure. The noncentrosymmetric Ti4+ ions are a source of
permanent electric dipole moments in BaTiO3.

46 Despite the
fact that the scientific community has been working
meticulously to develop Pb-free alternative materials with
improved properties, there is no unique material or compound
realized so far, especially a contender with all the properties,
superior as compared to traditional Pb-based ferroelectrics.
Therefore, we have directed our efforts to prepare such

Figure 1. Schematic representation of the tetragonal structure of
BaTiO3 and the modified BaTiO3 as Ba2+ with Ca2+ and Ti4+ with
Zr4+.
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materials with a Pb-free composition, which can fulfill the
required properties and performance.47−49 In this work, we
have carefully chosen (1 − x)BZT5−(x)BCT8 (x = 0.00−
1.00; where BZT5 refers to BaZr0.05Ti0.95O3 and BCT8 refers
to Ba0.92Ca0.08TiO3) materials and deeply investigated their
structural, dielectric, ferroelectric, and piezoelectric properties.
Specifically, we report on the chemical composition tuning-
facilitated optimization of the structural, dielectric, ferro-
electric, and piezoelectric properties of (1 − x)BZT5−
(x)BCT8 materials for practical electronic device applications.
In BZT5 (BaZr0.05Ti0.95O3), we expect that the Zr4+

substitution for Ti4+ in BaTiO3 can enhance the chemical
stability, increase the Curie temperature, and improve the
dielectric constant (i.e., reduce dielectric loss) so that the
proposed composition may be suitable for electronic device
applications. Additionally, the Zr4+ substitution can also
enhance the ferroelectric as well as piezoelectric proper-
ties.50−53 Also, in BCT8 (Ba0.92Ca0.08TiO3), the substitution of
Ca2+ for Ba2+ in BaTiO3 is expected to improve the dielectric
constant (ε’ = 1655), decreases the dielectric loss (tan δ =
0.013), and increases the curie temperature (Tc).

54 Further,
the concentration of Ca2+ is restricted to 0.08 mol % because
of two reasons. First, with Ca2+ substitution above 0.25 mol %
in the BT sample, a small peak was observed at 2θ = 32.94°,
which corresponds to the CaTiO3 phase and is responsible for
suppressing ferroelectric properties.55 Second, according to the
Landolt-Börnstein series, the x = 0.08 mol % of Ca2+ in BT
shows a higher Curie temperature and dielectric constant.56
Furthermore, we expect that the (1 − x)BZT5−(x)BCT8,
with variable compositions, may be one of the possible
alternatives to replace toxic Pb-based materials.3,47,48 Thus, as
reported in the paper, we made an attempt to comprehensively
study the structural, dielectric, ferroelectric, and piezoelectric
properties of the (1 − x)BZT5−(x)BCT8 Pb-free composi-
tions.

2. EXPERIMENTAL DETAILS

2.1. Synthesis. To prepare Pb-free ferroelectric materials
with a variable composition, (1 − x)BZT5−(x)BCT8 (x =
0.00, 0.25, 0.50, 0.75, and 1.00), AR grade precursors were
used in the standard high-temperature solid-state reaction
method. BaCO3, TiO2, CaCO3, and ZrO2 (all with a purity of
99.9%) were taken in stoichiometric proportion and ball milled
using a zirconia ball in ethanol medium for 24 h for uniform
mixing. Then, mixed wet powders were heated in an oven at 80
°C and ground for about 1 h with the help of an agate mortar.
These powders were then calcined at 1150 °C in air for 10 h
with a heating and cooling rate of 2 °C/min. After cooling to
room temperature, calcined powders were ground again for
homogeneous mixing for 5 h and then presintered at 1260 °C
for 10 h. After presintering, the powders were finally ground
for 5 h and pressed into cylindrical pellets of diameter ∼10 mm
and approximate thickness of ∼1 mm using a hydraulic press
with a 5 ton pressure. For the pellet preparation, 5 wt %
polyvinyl alcohol (PVA) was used as a binder. Then, these
pellets were finally sintered at 1350 °C for 10 h for
densification of pellets and cooled up to 300 °C and then
cooled naturally to room temperature. A complete synthesis
method is presented in the form of a schematic flowchart in
Figure S1 (Supporting Information). The chemical reaction for
the synthesis of BZT5, BCT8, and (1 − x)BZT5−(x)BCT8 is
shown below

+ +
+

BaCO 0.95TiO 0.05ZrO

BaZr Ti O CO
3 2 2

0.05 0.95 3 2 (1)

+ +
+

0.92BaCO 0.08CaCO TiO

Ba Ca TiO CO
3 3 2

0.92 0.08 3 2 (2)

+x x

x x

(1 )BaZr Ti O Ba Ca TiO

(1 )BaZr Ti O Ba Ca TiO
0.05 0.95 3 0.92 0.08 3

0.05 0.95 3 0.92 0.08 3 (3)

2.2. Characterization. 2.2.1. Structural Studies. Struc-
tural characterization of the materials was primarily performed
by using X-ray diffraction (XRD) and Raman spectroscopic
measurements. The XRD measurements were performed using
a Bruker D8 Advance X-ray diffractometer (Cu Kα having λ =
1.5406 Å). The XRD scans were taken with a step size of
0.02°/s in the 2θ range from 20° to 80°. For structural
characterization and chemical bonding analysis, the Raman
spectroscopic technique was utilized as it can detect lower
percentages of impurity phases and identify crystalline phases
with different symmetries, such as the cubic, tetragonal, or
orthorhombic phases of BaTiO3-based compounds.57 Raman
measurements were performed using a Raman spectrometer
(Renishaw In Via microscope Raman with Ar+ ion laser, λ =
532 nm) in the range of 100−1000 cm−1 at room temperature.
In addition, temperature-dependent (−193 to 227 °C) Raman
spectroscopic measurements were also performed on all the
samples.

2.2.2. Microstructure and Morphology Studies. Surface
morphology and microstructure analyses of the samples were
carried out using Scanning Electron Microscopy (SEM).
During SEM imaging, conducting carbon tape was used for
grounding the samples so that the space charges are removed.
Energy-Dispersive Spectroscopy (EDS) was used to calculate
the atomic and weight percentages of elements present in the
samples. The density of the sintered pellets was measured
using Archimedes’ principle.58

2.2.3. Property Measurements. The (1 − x)BZT5−
(x)BCT8 (x = 0.00−1.00) materials were made into pellets,
which were then electroded using conductive silver paste, for
dielectric, ferroelectric, and piezoelectric properties measure-
ments. The (1 − x)BZT5−(x)BCT8 pellets were polished
with sandpaper, and conductive silver paste was applied to the
electrical contacts. These silver-pasted pellets were heated at
around 100 °C for 1 h. The dielectric measurements were
made using a Hioki 3532-50 LCR meter at frequencies ranging
from 42 Hz to 1 MHz. To confirm the ferroelectric nature of
the samples, polarization versus electric field hysteresis loop
measurements (P−E) were performed using a piezoelectric
evaluation system, TF analyzer 2000 from M/s aixACCT
GmbH. P−E measurements were taken at a frequency of 1 Hz
using a triangular waveform. To make electric poling, silver-
pasted pellets were subjected to an electric field three times the
coercive field (Epoling = 3Ec) for about half an hour. This poling
process is required for polarization switching and prevents
dielectric breakdown of pellets due to overpoling. After 24 h of
poling, cylindrical pellets were then used to measure direct
piezoelectric coefficients (d33) using a Piezo-d33 meter with a
250 mN force.
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3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Phase. The XRD data of (1 −
x)BZT5−(x)BCT8 compounds are presented in Figure 2. The
data shown are the experimental XRD patterns along with the
Rietveld refinement calculated patterns. Rietveld refinement
fitting is an important method to understand structural
properties of the polycrystalline powder samples.59,60 Thus,
we have performed refinement on all of the synthesized
ferroelectric samples as a function of x. Detailed analyses show
that all the samples possess a tetragonal phase (major) and an

orthorhombic phase (minor). No impurity peaks and/or
secondary phase was detected in any of the samples. The data
confirm the substitution of Zr4+ for the Ti4+ site in the BZT5
sample and Ca2+ for the Ba2+ site in BCT8.61,62
The concentration/amount (percentage) of orthorhombic

(O) and tetragonal (T) phases observed in all the ferroelectric
compositions were calculated using1

= ×
i

k

jjjjj

y

{

zzzzz

A

A
phase composition 100%phase

total (4)

Figure 2. XRD patterns of (1 − x)BZT5−(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00.

Table 1. Rietveld-Refined Structural Parameters and Experimental Density for (1 − x)BZT5−(x)BCT8 Compositions

x phase a (Å) b (Å) c (Å) c/a ratio
phase
(%)

Bragg
R factor

Rf
factor

goodness of fit (Rwp
/Rexp) χ2

volume
(Å)3

density
(g/cm3)

density
(%)

0.00 T 3.984 3.984 4.023 1.010 74.14 4.53 3.16 1.35 1.83 63.86 5.65 96
O 3.990 5.659 5.644 25.86 3.15 1.90 127.43

0.25 T 4.007 4.007 4.027 1.005 64.39 1.61 1.39 1.36 1.83 64.96 5.31 90
O 4.002 5.690 5.682 35.61 1.98 1.33 129.37

0.50 T 3.994 3.994 4.025 1.008 67.98 3.89 2.46 1.35 1.82 64.21 5.47 93
O 3.990 5.668 5.682 32.02 3.58 1.97 128.52

0.75 T 3.993 3.993 4.028 1.009 95.81 2.45 1.58 1.44 2.09 64.22 5.37 91
O 4.080 5.645 5.643 4.19 7.5 6.23 129.99

1.00 T 3.984 3.985 4.017 1.008 94.79 1.79 1.07 1.34 1.78 63.78 5.57 95
O 3.977 5.653 5.680 5.21 1.76 1.11 127.69
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where Aphase is the area of the respective phase (T or O) and
Atotal is the cumulative area of all the phases present.
The lattice parameter values and phase percentages

determined are listed in Table 1 for all of the samples as a
function of x. Figure 3a shows the detailed scan of the highest
intensity peak, which corresponds to the (101) reflection, for
all the samples. Substitution of a larger size cation causes the
lattice constant enhancement. On the other hand, in case of
BCT8, the peak shift toward a higher 2θ value can be noted.
This may be due to the substitution by a smaller ionic radius
cation, i.e., Ca2+ (1.34 Å), for larger Ba2+ (1.61 Å) in the crystal
structure. According to Bragg’s diffraction condition, 2d sin θ =
nλ, if the interatomic distance is decreased, the interplanar
spacing (d) also decreases, and thus there will be a shift of the
XRD peak toward a higher 2θ angle.63 Figure 3b, which
represents the XRD data in a selected narrow region, shows an
apparent two doublets at (2θ ≈ 45.5 and 56.5°) for all the
samples. In the doublet, the first at 2θ ≈ 45.5° corresponds to
diffraction from the (002) planes, and the second peak
corresponds to the diffraction from (200) planes. Similarly, in
the second doublet present at 2θ ≈ 56.5°, the two peaks
correspond to diffraction from the (112) and (211) planes,
respectively.
The presence of these two doublets confirms the tetragonal

structure. Further, for x = 0.25 and x = 0.50, the doublet is not
clearly seen. This can be attributed to the presence of the
orthorhombic phase in a higher quantity, which is about 35.61
and 32.02%, respectively, for x = 0.25 and x = 0.50. Thus,
doublet or tetragonality is not clear for the x = 0.25 sample.
Also, peak broadening is more for this sample compared to
other samples. If tetragonal phase is present, then the c/a ratio
for all the samples must be greater than unity. Accordingly, we
have observed the results presented in Figure 4, which shows
the c/a ratio of the tetragonal phase (T-phase).
3.2. Chemical Bonding. Raman spectroscopy is highly

sensitive to the local structure and chemical bonding and
provides information about chemical bonds and changes in the
crystal structure with the substitution of particular ions in the
lattice.64,65 Therefore, to understand the chemical bonding and
effect of substitution of Ca2+ and/or Zr4+ ions, we relied on
Raman spectroscopic measurements on all the Pb-free (1 −
x)BZT5−(x)BCT8 samples. The Raman spectroscopic data of
the (1 − x)BZT5−(x)BCT8 compounds are shown in Figure
5. Evidently, the Raman study also supports the XRD results so
as validate the crystal structure of all the samples. The
observed Raman active modes and their corresponding peak

positions are presented in Table 2. The absence of any other
peaks (i.e., the peaks corresponding to the possible CaTiO3
impurity phase) other than the expected ferroelectric phase of
(1 − x)BZT5−(x)BCT8 materials is an indication of the fact
that the substitution of Ca2+ takes place for the Ba2+ site in the
perovskite lattice.12 Further, from Figure 5, it is evident that
the A1(TO2) mode observed at ∼263 cm−1 has the maximum
scattering efficiency66,67 and this peak is observed for all the
samples.26
Figure 6 presents a comprehensive Raman spectroscopic

study with temperature spanning from −193 to 227 °C for all
the samples under investigation. The chosen temperature
range is strategically significant, as it covers various critical
structural transformations/transitions of the material. Tran-
sitions observed include the Rhombohedral to Orthorhombic
(about −90 °C), Orthorhombic to Tetragonal (about 5 °C),
and Tetragonal to Cubic (about 120 °C). By examining
material across this broad temperature range (−193 to 227
°C), the investigation captures distinct structural alterations
with the temperature. Raman spectroscopic analyses, within
this temperature range, offer a valuable information on the
vibrational and structural characteristics of the material,
contributing to a comprehensive characterization of thermal
response and phase evolution. Increase of temperature (from
−193 to 227 °C) leads to decrease in intensity of the
characteristic Raman peaks observed in the samples. These
variations can be associated with modifications in the
population of vibrational modes, crystal symmetry, or the

Figure 3. X-ray diffraction patterns. (a) Highest intensity peak (101) of all ferroelectrics. (b) Doublet peaks confirming the tetragonal crystal
structure of (1 − x)BZT5−(x)BCT8.

Figure 4. c/a ratio of (1 − x)BZT5−(x)BCT8 with (a) x = 0.00, (b)
x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00.
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presence of certain structural defects. The intensity changes in
specific bands offer valuable evidence about the thermal
stability and structural evolution of the ceramics. Further, with
increase in temperature, the width of Raman peaks is
broadened and this broadening can be connected with the
changes in crystal size, disorder, or thermal motion of atoms.
These features provide insights into the material’s phase
transitions or structural transformations under different
temperature conditions.

3.3. Morphology and Microstructure. To achieve a
better piezoelectric response of the piezoelectric samples, the
optimum grain size is crucial. Thus, to get information about
microstructure of the samples, we have analyzed SEM images
(Figure 7) of all the samples with variable composition. It is
seen that all the (1 − x)BZT5−(x)BCT8 samples display a
dense microstructure. It is seen in these images that the grain
size increases up to x = 1.00 (BCT8). For samples with the
composition of x = 0.50, x = 0.75, and x = 1.00, the grain
growth is achieved without any pores. For the composition

Figure 5. Raman spectra of (1 − x)BZT5−(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00.

Table 2. Raman Modes and Peak Positions of (1 − x)BZT5−(x)BCT8 Compositions

Raman modes with peak positions (cm−1)

x A1(TO1) A1(LO1) E(LO1 + TO1) A(TO2) E(LO + TO)/B1 E(TO)/A1(TO3) A1(LO)/E(LO)

0.00 112 156 211 263 303 516 723
0.25 107 140 186 253 300 512 709
0.50 112 147 218 267 304 516 720
0.75 113 154 213 264 302 514 727
1.00 110 148 204 257 305 516 721
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with x = 0.00, the microstructure shows smaller grains among
the ferroelectric samples. Thus, it is expected that the samples
with x = 0.50, x = 0.75, and x = 1.00 may result in higher
piezoelectric coefficients. Further, it is well-known that the
density and pore size depend on the sintering temperature,
which plays a key role in deciding the properties of the
resulting materials.68 Densities of all the (1 − x)BZT5−
(x)BCT8 samples were measured using Archimedes’ principle.
The density values obtained are listed in Table 1. The sample
with x = 0.00 shows the maximum density of 5.65 g/cm3

(96%), whereas the sample with x = 0.25 has the minimum
density of 5.31 g/cm3 (90%).
The energy-dispersive X-ray spectra of the (1 − x)BZT5−

(x)BCT8 samples are shown in Figure S2. The EDS analyses
can be used to validate the chemical homogeneity and
elemental composition. Although these ceramic materials are
complex in nature and contain multiple elements, the X-ray
energy is the characteristic of the particular atom(s) that is/
were involved in the production of the X-rays.69,70 Hence, the
X-rays and their respective energy positions can provide the

signature of the atoms present in the (1 − x)BZT5−(x)BCT8
samples. The atomic and weight percentages of the specific
elements present in (1 − x)BZT5−(x)BCT8 are presented in
Table 3. The EDS spectra analyses confirm and validate the
chemical composition as well as chemical homogeneity of all
the ferroelectric samples.

3.4. Dielectric Properties. Figure 8 shows the frequency
response of the dielectric constant for all of the samples. The
real part of the dielectric constant (ε′) was calculated using the
following equation.71,72

= × ×C t
A

1129 (nF) (mm)
(cm )2 (5)

where ε′ is the real part of the dielectric constant, C is the
capacitance of materials in nano-Farad, t is the thickness of the
sample in mm, and A is the area of the sample. Among all the
samples with variable composition, x = 1.00 attains the
maximum value of dielectric constant (ε′ ≈ 1416 @ ∼ 0.8
MHz), whereas x = 0.75 has the minimum value (ε′ = 1000 @
∼ 0.8 MHz). A significant drop (Table 4) in dielectric constant

Figure 6. Temperature-dependent Raman spectra of (1 − x)BZT5−(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x
= 1.00.
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at ∼0.8 MHz, compared to ε′ at ∼42 Hz, is observed except
for the x = 0.00 sample. There is about 7.6% lower drop in
dielectric constant for x = 0.00, whereas the maximum 30%
drop in ε′ was observed for the x = 0.25 sample. Thus, it is
expected from the observed dielectric response that there can
be a prospect to retain a permanent dipole moment up to the
frequency of ∼0.8 MHz.
The dielectric dispersion of the samples exhibits the typical

behavior. It is seen (Figure 8) that the dielectric constant
decreases with the increasing frequency, i.e., all the samples
show usual dielectric dispersion.73 From the dielectric
measurements, it can be decided that the x = 1.00 sample
can be a suitable candidate for capacitor applications as it has a
maximum value of the dielectric constant of 1444 at ∼0.8
MHz. Specifically, the BCT8 sample is suitable for capacitor
applications as it retains a high dielectric constant at a high
frequency in the measured range.
Understanding of frequency-dependent dielectric properties

provides valuable information about the dynamics of polar-
ization and the material’s response to the external electric
fields. Dielectric loss, often associated with energy dissipation
in the material, can exhibit frequency-dependent behavior. In
Figure 9 (dielectric loss with changes in frequency), changes in
frequency influence the dielectric response of the material, and
thus all the samples show an increase in dielectric loss at higher
frequencies. The observed variation in the dielectric loss with

changes in frequency can be attributed to the relaxation
processes present in the samples. Especially, all the samples
exhibit a lower and stable dielectric loss (up to 30 kHz) across
the tested frequency range. The observed lower and stable
dielectric behavior suggests that the materials maintain their
dielectric properties within this frequency regime. The stable

Figure 7. SEM images of (1 − x)BZT5−(x)BCT8 with (a) x = 0.00,
(b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00.

Table 3. EDS Elemental Composition Analysis of (1 − x)BZT5−(x)BCT8

x = 0.00 x = 0.25 x = 0.50 x = 0.75 x = 1.00

element wt % atom % wt % atom % wt % atom % wt % atom % wt % atom %

O K 33.81 74.78 36.67 77.6 36.15 76.58 35.91 76.36 36.27 77
Ca K 0.24 0.13 0.63 0.53 0.92 0.78 0.24 0.2
Ti K 16.87 12.47 14.49 11.25 15.61 11.05 14.68 10.42 15.36 10.89
Zr L 0.31 0.12 0.26 0.4 0.74 0.27 3.36 1.25
Ba L 49.01 12.63 48.34 10.63 46.87 11.57 45.13 11.18 48.13 11.91

Figure 8. Dielectric constant with frequency of (1 − x)BZT5−
(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75,
and (e) x = 1.00.

Table 4. Dielectric Constant Values of (1 − x)BZT5−
(x)BCT8 Compositions

x
dielectric constant
(ε′) (@42 Hz)

dielectric constant
(@ ∼0.8 MHz)

% drop in the
dielectric constant

(ε′)
0.00 1318 1213 7.6
0.25 1927 1344 30.3
0.50 1650 1314 20.4
0.75 1264 1042 17.6
1.00 1761 1444 18

Figure 9. Dielectric loss (tan δ) with a frequency of (1 − x)BZT5−
(x)BCT8 with variable composition. The data shown are for x = 0.0−
1.0.
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dielectric constant with low loss is a desirable characteristic of
materials intended for various applications, particularly in
electronic devices, where reliable and uniform dielectric
properties are crucial. Thus, the observed lower and stable
dielectric loss up to 30 kHz indicates that the (1 − x)BZT5−
(x)BCT8 materials possess a consistent response to alternating
electric fields within this frequency domain, highlighting their
potential suitability for applications for reliable dielectric
performance in this frequency range.
To investigate temperature-dependent phase transformation,

the dielectric constant was measured for all the samples as a
function of temperature (−50 to 200 °C) at three different
frequencies, viz., 1, 10, and 100 kHz. The data are presented in
Figure 10, where it is seen that the structural phase transitions
are present for all the (1 − x)BZT5−(x)BCT8 compositions.
All the samples show transformation from an orthorhombic
(O) phase to a tetragonal (T) phase and finally to a cubic
phase as the temperature increases.74,75 Transition temperature
and the corresponding dielectric constant values at different
frequencies (1, 10, and 100 kHz) for all the (1 − x)BZT5−
(x)BCT8 compositions are presented in Table 5. The
dielectric constant, also known as the relative permittivity, is
a property that quantifies how well a material can store

electrical energy in an electric field. It is an essential parameter
in understanding the behavior of dielectric materials,
particularly in the context of their response to temperature
variations.

Figure 10. Dielectric constant with temperature (1 − x)BZT5−(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x =
1.00.

Table 5. Transition Temperature (Ttrans) and the
Corresponding Dielectric Constant (ε′) Values at Different
Frequencies (1, 10, and 100 kHz) along with Diffusivity
Factors (γ) @ 10 kHz for (1 − x)BZT5−(x)BCT8
Compositions

ε′ at Ttrans

x transition Ttrans (K) 1 kHz 10 kHz 100 kHz γ @ 10 kHz

0.00 O−T 247 1128 1150 1255 1.49
TC 405 5779 5372 4903

0.25 O−T 311 1597 1590 1501 1.51
TC 397 2158 2217 2034

0.50 O−T 295 1420 1510 1261 1.40
TC 401 4446 3897 3311

0.75 O−T 267 992 1034 949 1.23
TC 407 4583 4216 3557

1.00 O−T 315 1649 1724 1707 1.48
396 4412 3986 3692
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In Figure 10, as the temperature rises from −50 °C, the
dielectric constant of all ferroelectric compositions shows
distinct variations. Initially, at lower temperatures (up to 50
°C), the materials display an orthorhombic phase. As the
temperature gradually increases further, a transition occurs,
and the materials possess a tetragonal structure. This alteration
in the crystal structure corresponds to a significant increase in
the dielectric constant. Also, with the increasing temperature,
the ferroelectric compositions reach a critical point where
another phase transition takes place and the materials enter a
cubic phase. At this Curie temperature, the dielectric constant
is observed to decrease with increase in temperature. These
transitions are crucial for understanding and optimizing the
performance of ferroelectric materials in various technological
applications such as dielectric capacitors, ferroelectric devices,
and sensors, where their dielectric properties play a significant
role. Further investigation and analysis of these phase
transitions can shed light on the underlying mechanisms
driving the structural changes and the corresponding variations
in the dielectric constant.
The composition-dependent dielectric constant at different

frequencies (1, 10, 100, and 1 MHz) is measured at room
temperature and shown in Figure 11. It is observed that the

dielectric constant changes with frequency for all the samples.
However, for the composition with x = 0.00, the change in
dielectric constant is less compared to other compositions. To
describe the diffusivity of a phase transition, a diffusivity factor
(γ) is calculated using modified Curie−Weiss law given by76

= T T
C

1 1 ( )

r m

m

(6)

where γ and C are constants and 1 ≤ γ ≤ 2. The diffusivity
factor γ determines the type of the phase transition.76 For
example, with γ = 1, a normal Curie−Weiss law describes the
phase transition; γ = 2 gives a complete diffuse phase
transition. The εm is the maximum value of dielectric
permittivity and Tm is the corresponding temperature to the
maximum value of dielectric permittivity. Accordingly, we have
estimated the diffusivity factor from the graph of ln(1/εr − 1/
εm) vs ln(T − Tm) at a 10 kHz frequency (Figure 12) for (1 −
x)BZT5−(x)BCT8 compositions. The values of diffusivity
factors are listed in Table 5. A careful observation of the graph
illustrates several important observations. First, the observed
range of diffusivity factors from 1.23 to 1.51 indicates the
varying degrees of particle mobility among the samples.

Samples exhibiting higher diffusivity factors signify greater
particle mobility, suggesting faster and more efficient diffusion
processes within that material. We expect that this information
can be helpful for the development of materials with tailored
diffusion properties for applications such as energy storage,
catalysis, or transport phenomena.

3.5. Ferroelectric Properties. Ferroelectric measurements
can predict the practicality of synthesized samples for data
storage applications. The P−E measurements, which are shown
in Figure 13, confirm the ferroelectric behavior of all the
samples. From these P−E hysteresis loops, we have obtained
the ferroelectric parameters, namely, the spontaneous polar-
ization (Ps), maximum polarization (Pmax), remnant polar-
ization (Pr), coercivity (Ec), and the ratio (Pr/Ps) (Table 6).
These parameters are plotted against the composition (Figure
14) in order to understand the effect of composition on
potential applications. From Figure 14a, it is seen that the
sample with x = 1.00 shows a higher value of remnant
polarization as 11.22 μC/cm2, which is essential for retaining
stored data for a long time. The sample x = 1.00 shows a
higher value of coercivity (Ec = 8.32 kV/cm), which is good for
permanent memory (FeRAM) applications (Figure 14b).
Among all the samples, the squareness ratio (Pr/Ps) is
observed to be higher as ∼0.70 for the x = 0.00 sample
(Figure 14c).77−79 The coercive field (Ec) is expected to be
smaller to reduce energy consumption (i.e., area enclosed by
P−E hysteresis loop) during writing the data and it is expected
to be higher so that the written data should not be altered by
keeping electronic components in close vicinity of external
electric field. The sample with x = 1.00 has low coercivity,
which may be suitable for volatile or random-access memory
applications.

3.6. Current Density (J−E) Plots. The current density (J,
μA/cm2) measurements with an electric field for all ferro-
electric samples are given in Figure 15. The maximum values of
the current density obtained from the J−E plots are tabulated
in Table 6. The presence of a higher value of current density
represents that the samples are useful for strain sensors and
even for detecting human motion applications.80 Among all the
samples, the x = 1.00 sample shows the maximum value
current density (123.0 μA/cm2), whereas the x = 0.25 sample
shows the minimum value (17.8 μA/cm2). The sharp peaks in
J−E plots signifies fully saturated ferroelectric P−E hysteresis
loops,81 except for x = 0.25.

3.7. Electrostriction Study. Figure 16 illustrates the
electrostriction measurements, specifically showing the rela-
tionship between strain and polarization for the set of (1 − x)
BZT5−(x)BCT8 compositions. The electrostrictive coefficient
(Q) is then calculated from these graphs using the following
equation82

=Q
S
P2 (7)

where Q is the electrostrictive coefficient, S represents the
strain, and P denotes the polarization. Table 6 provides a
comprehensive overview of the electrostrictive coefficient (Q)
values for all of the samples. From Table 6, it seen that the
material with the x = 0.00 composition achieves the highest
electrostrictive coefficient value, as 4.13 × 10−4 (cm2/μC)2.
This observation implies that the sample with x = 0.00 exhibits
a superior electrostrictive performance, making it potentially
more suitable for applications in electromechanical actua-
tors.39,83,84 Further, the electrostrictive coefficient is a crucial

Figure 11. Frequency-dependent dielectric constant values of (1 −
x)BZT5−(x)BCT8 at room temperature.
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parameter in electromechanical systems, and a higher value
indicates a more significant strain response to an applied
electric field, highlighting the material’s efficiency in converting
electrical energy into mechanical motion.

3.8. Piezoelectric Properties. The strain (S−E) plots, as
depicted in Figure 17, offer a dynamic visual representation of
the piezoelectric materials’ response to an electric field applied.
The strain (S) is directly influenced by the electric field (E),
leading to changes in dimensions of the materials. This
relationship is quantified by the equation85

= * ×S d E( )3 33 3 (8)

where the numerals 1, 2, and 3 correspond to the X, Y, and Z
axes, respectively. In this context, S3 represents the maximum
strain along the Z-axis, d33* is the converse piezoelectric
coefficient (reflecting the coupling of an electric field applied
along the Z-axis with the resulting strain along the same axis),
and E3 is the maximum applied external electric field along the
Z-axis. The calculated converse piezoelectric coefficient (d33* )
values are presented in Table 7, revealing that the composition
with x = 0.50 exhibits a maximum strain of approximately
0.179%, making it particularly advantageous for transducer
applications.86 Furthermore, this composition demonstrates
the highest converse piezoelectric coefficient of ∼430 pm/V,
attributed to the motion of ferroelectric domains.87 The

Figure 12. Plots of ln(1/εr − 1/εm) vs ln (T − Tm) at a 10 kHz frequency for (1 − x)BZT5−(x)BCT8.

Figure 13. P−E hysteresis loop of (1 − x)BZT5−(x)BCT8 with (a) x
= 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00
compositions.
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presence of the symmetric S−E loops for all ferroelectric
samples highlights the significance of the strain plots, which is
essential for actuator applications.88

The inclusive relation extends to the complete exploration of
piezoelectric properties, specifically the piezoelectric coefficient
(d33), discussed in the subsequent sections. The piezoelectric
coefficient (d33) values are calculated (see Table 7) using the
following equation:89

=d Q P233 0 s (9)

where Q is the electrostrictive coefficient, ε′ is the real part of
the dielectric constant, ε0 is the permittivity of free space, and
Ps is the spontaneous polarization. It is seen from Table 7 that
the composition with x = 0.50 emerges as the most suitable
material, as it shows the highest piezoelectric coefficient value
of 199 pC/N. This emphasizes its significant role in
applications requiring efficient conversion of mechanical stress
to electrical voltage. We expect that the observed grain size (20

Table 6. Ferroelectric and Piezoelectric Parameters of (1 − x)BZT5−(x)BCT8 Compositions

x
Pr

(μC/cm2)
Pmax

(μC/cm2)

spontaneous
polarization, Ps
(μC/cm2)

Ec
(kV/cm)

Emax
(kV/cm)

squareness
ratio, Pr/Ps

strain,
S (%)

maximum current
density, J (μA/cm2)

electrostrictive coefficient,
Q = S/P2 (cm2/μC)2

0.00 9.76 17.61 13.98 4.39 40.7 0.70 0.128 68.4 4.13 × 10−4

0.25 10.51 16.24 16.20 8.32 34.9 0.65 0.092 17.8 3.89 × 10−4

0.50 9.18 21.71 18.78 3.35 42.1 0.49 0.179 60.2 3.50 × 10−4

0.75 9.72 17.86 16.20 4.10 36.5 0.60 0.110 47.7 3.81 × 10−4

1.00 11.22 17.61 16.86 2.54 37.6 0.67 0.121 123.0 3.45 × 10−4

Figure 14. Ferroelectric parameters. (a) Remanence and maximum polarization. (b) Coercivity (Ec). (c) Squareness ratio (Pr/Ps).

Figure 15. Current density (J) versus electric field (E) of (1 −
x)BZT5−(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x
= 0.75, and (e) x = 1.00.

Figure 16. Strain versus polarization curves of (1 − x)BZT5−
(x)BCT8 with (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d) x = 0.75,
and (e) x = 1.00.
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μm) plays an important role in enhancing the piezoelectric (d33
value) properties for the x = 0.50 composition. The
comprehensive data presented in Figure 17, Table 7, and
subsequent discussions highlight the inclusive relationship
between strain (S−E) plots and piezoelectric properties. Thus,
on overall observation of the measured piezoelectric properties,
we predict that the x = 0.50 sample can be a suitable candidate
as a lead-free material with exceptional performance in
transducer and piezoelectric applications.90
However, x = 0.00 exhibits a minimum value of 94 pC/N.

This may be due to a reduced grain size. The piezoelectric
properties of ferroelectric ceramics are highly dependent on
the grain size, internal stress, poling electric field strength, and
the degree of ferroelectric domain switching.90 From the
converse piezoelectric coefficient (d33*) values (Table 7), it is
evident that the sample x = 0.50 may be more suitable for
piezoelectric sensor and actuator applications. Furthermore,
piezoelectric coefficient values are higher for the x = 0.50
sample having a grain size of 20 μm. Also, for x = 1.00, the
grain size is 40 μm and piezoelectric constant is 190 pC/N. If
the grain size is smaller (1.5 μm for x = 0.00) or more (50 μm
for x = 1.00), then the piezoelectric coefficient values are
observed to be decreasing. Thus, a dense ferroelectric sample
with optimum grain size is essential to attain higher value of
piezoelectric coefficients.79,91
The piezoelectric constant, a key parameter characterizing

the piezoelectric properties of materials, provides a measure of
their ability to convert mechanical stress into electrical voltage
and vice versa. In this context, the piezoelectric constants were
measured for all of the ferroelectric materials (1 − x)BZT5−
(x)BCT8 with varying composition. For x = 0.00, the
piezoelectric constant is 94 pC/N. This value indicates a
moderate piezoelectric response for this composition, suggest-
ing that it may possess some piezoelectric capabilities but with

a relatively lower magnitude compared to the other samples.
However, for x = 0.25, the piezoelectric constant significantly
increases to 169 pC/N. This observation suggests that with the
increase of the Ca2+ content, for Ba2+ in the (1 − x)BZT5−
(x)BCT8 composition, it enhances the piezoelectric response
considerably, leading to a higher ability to generate electric
voltage under mechanical stress. As x increases to 0.50, the
piezoelectric constant reaches its maximum value of 199 pC/
N. This composition validates the highest piezoelectric
response among the samples investigated, indicating its
exceptional ability to convert mechanical energy into electrical
voltage. Such materials are highly authoritative for various
applications including sensors, actuators, and energy-harvesting
devices. For x = 0.75, the piezoelectric constant decreases to
119 pC/N, which is lower than the maximum value, but still it
retains a significant piezoelectric response. Finally, for x = 1.00,
the piezoelectric constant obtained is 193 pC/N. This value
indicates a substantial recovery in the piezoelectric response
compared to the x = 0.75 composition, suggesting that the
pure BCT8 composition maintains its piezoelectric character-
istics effectively. A comparative data of piezoelectric
coefficients (d33) measured for the ferroelectric materials in
the present study and the materials studied in the literature is
given in Table 8. The measured piezoelectric coefficients for

the (1 − x)BZT5−(x)BCT8 samples provide an important
insight into the effect of composition variation on the
piezoelectric properties. This information can be crucial for
researchers and engineers seeking to tailor materials with
specific piezoelectric characteristics for diverse applications in
areas such as robotics, energy harvesting, and medical
devices.96−98

4. SUMMARY AND CONCLUSIONS

Tetravalent Zr4+ and divalent Ca2+ substituted for Ti4+ and
Ba2+ in BaTiO3 lead-free ceramic compositions, (1 −
x)BZT5−(x)BCT8 where x = 0.00, 0.25, 0.50, 0.75, and
1.00 (where BZT5 is BaZr0.05Ti0.95O3 and BCT8 is
Ba0.92Ca0.08TiO3), were synthesized by the standard ceramic
method. A structural study using Rietveld refinement of all of
the compositions confirms the presence of tetragonal and
orthorhombic phases in all compositions. The microstructural
analyses using SEM specify that the maximum grain growth is
observed for the x = 0.75 sample. The average grain size
increases with an increase in the concentration of the BCT8

Figure 17. S−E curves of (1 − x)BZT5−(x)BCT8 with (a) x = 0.00,
(b) x = 0.25, (c) x = 0.50, (d) x = 0.75, and (e) x = 1.00.

Table 7. Piezoelectric Coefficient, Grain Size, and Density
Values of (1 − x)BZT5−(x)BCT8 Compositions

d33 (pC/N)

x
d33*

(pm/V) theoretical experimental

average
grain size
(μm)

Archimedes
density
(g/cm3)

0.00 318 ± 1 94 ± 1 140 ± 1 1.5 5.65
0.25 267 ± 1 169 ± 1 219 ± 1 4 5.31
0.50 430 ± 1 199 ± 1 360 ± 1 20 5.47
0.75 304 ± 1 119 ± 1 190 ± 1 50 5.37
1.00 324 ± 1 193 ± 1 160 ± 1 40 5.57

Table 8. Comparison of the Piezoelectric Coefficient Values
of Ferroelectric Samples with the Literature

composition piezoelectric coefficient (d33) (pC/N)

x = 0.00 (present study) 140
x = 0.25 (present study) 219
x = 0.50 (present study) 360
x = 0.75 (present study) 190
x = 1.00 (present study) 160
Mo/Cr-doped CaBi2Nb2O9

90 15
LiSbO3-(Na0.5K0.5)NbO3

90 143
BNLKT4−2891 135
BNT-0.392 92
BZT-Portland cement93 10
CT94 130
BZT-BCT95 600
BT-based systems96 150
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phase from 1.5 μm (for the x = 0.00 sample) to 50 μm (for x =
0.75 sample). The squareness ratio (Pr/Ps) is higher (Pr/Ps =
0.70) for the x = 0.00 sample and the moderate value of
coercivity (Ec = 4.39 kV/cm) is good for permanent memory
device applications. The current density plots indicate that the
x = 1.00 sample can hold the maximum electric field and it also
has the highest value of current density, 123.0 μA/cm2. Strain
measurements show that the x = 0.50 and x = 1.00 samples
may be useful for electromechanical transducer applications.
The Q-factor has the highest value (4.13 × 10−4 (cm2/μC)2)
for the x = 0.00 sample, and thus, it is suitable for
electromechanical applications. Thus, we conclude that the
synthesized lead-free materials, with improved properties and
performance, are useful for a variety of electronic device
applications.
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