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Lead-free ceramics 0.50Ba0.9Ca0.1TiO3–0.50BaTi1�xZrxO3 (BCT–BZT) were
prepared via sintering BCT and BZT nanoparticles, which were synthesized
using a modified Pechini polymeric precursor method, at a low temperature of
1260�C. The relative densities of the ceramics prepared with different zirco-
nium contents (x) were all above 95.3%, reaching a maximum of 97% when
x = 0.08. X-ray diffraction results confirmed the onset of phase transformation
from orthorhombic to rhombohedral symmetry with increasing zirconium
contents, and the polymorphic phase transition was observed at x = 0.10. The
dielectric dispersion, diffuse phase transition (DPT), and relaxor-like ferro-
electric characteristics as a function of zirconium content were thoroughly
studied. Optimum physical properties, remnant polarization (Pr) = 16.4 lC/cm2,
piezoelectric constant (d33) = �240 pC/N, and electromechanical coupling factor
(kp) = 0.22, were obtained at x = 0.10. The findings of the current DPT behavior
study of BCT–BZT ceramics are believed to be insightful to the development of
ferroelectric materials.
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INTRODUCTION

Lead-based materials are widely used as sensors,
actuators, acoustic emitters, filters, transducers,
and capacitors owing to their excellent electrical
properties.1–3 However, those materials are poten-
tially toxic owing to the generation of lead oxide
during application, thereby presenting a health
hazard to the environment and humans. Thus,
developing lead-free materials as alternatives
to lead-based materials is essential.4,5 Research
on lead-free materials includes BaTiO3 (BT)-,
K0.5Na0.5NbO3 (KNN)-, Bi0.5Na0.5TiO3 (BNT)-, and
BiFeO3 (BFO)-based systems.6–11 Among all studied
lead-free materials, BT-based materials have been
historically used as piezoelectric devices because

they feature no volatile elements, and have con-
trollable sinterability and grain size. However,
owing to their high permittivity and low piezoelec-
tric properties, BT-based materials have been
alternatively applied as dielectric devices.1,12 In
2009, Liu and Ren demonstrated the existence of a
morphotropic phase boundary (MPB) region in
BT-based ceramics that was responsible for the
development of piezoelectric properties which were
comparable to those of lead-based ceramics.13 Since
then, BT-based ceramics have received increasing
research interest.

BT-based ceramics have a perovskite structure
(ABO3), and the substitutions of the A sites by Ca
and B sites by Zr are often used to improve their
electrical properties.14,15 Additionally, improved
electrical properties by introducing rare earth ele-
ments and enhanced density by introducing metallic
oxides as additives have been reported in the
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literature.16,17 Among the electrical properties of
BT-based ceramics studied, piezoelectric and ferro-
electric properties have always been of major
interest over the years.18 The excellent properties
observed in ferroelectric materials are attributed to
high polarization rotation and polarization exten-
sion.19 Furthermore, the study of ferroelectric dif-
fusion phase transition (DPT), which may originate
from polar nanoregions (PNRs) with various phase
transition temperatures, and the relaxor-like ferro-
electric characteristics of ferroelectric materials are
very important for actual applications.20,21 Howev-
er, studies on the relationship between DPT and
relaxor-like ferroelectric characteristics of the elec-
trical properties of BT-based ceramics are rare.

BT-based ceramics are commonly obtained via
sintering using conventional solid-state reactions at
high temperatures (�1500�C), which can lead to
inhomogeneous dispersion of the ingredients,
resulting in crystal distortion, high internal stress,
hard domain wall rotation, and inferior electrical
properties.22,23 In the present study, 0.5Ba0.8Ca0.2

TiO3–0.5BaTi1�xZrxO3 (denoted as BCT–BZT)
ceramics were prepared via sintering BCT and BZT
nanoparticles, which were prepared using a mod-
ified Pechini polymeric precursor method, at a low
temperature (1260�C), as reported in our previous
study.24 The phase transformation, DPT, relaxor-
like ferroelectric characteristics, dielectric disper-
sion, and electrical properties of the ceramics were
systematically studied. Additionally, the electrical
properties around the polymorphic phase transi-
tion (PPT)/MPB-like region of the ceramics were
investigated.

EXPERIMENTAL

Ba0.8Ca0.2TiO3 (BCT) and BaTi1�xZrxO3 (BZT;
x = 0, 0.03, 0.05, 0.08, 0.10, 0.12, 0.15, 0.20)
nanoparticles were synthesized by a modified
Pechini polymeric precursor method. The as-pre-
pared BCT and BZT nanoparticles were stoichio-
metric mixed as 0.5BCT–0.5BZT (BCT–BZT), and
then dried at 200�C. The BCT–BZT nanoparticles
were then mixed with 2.5 wt.% polyvinyl alcohol
solution binder, and uniaxially pressed into discs of
20 mm in diameter and �1.5 mm in thickness at
150 MPa. Following burn-out of polyvinyl alcohol at
650�C, the resulting materials were finally sintered
at 1260�C for 5 h in air to obtain the final ceramics.
For the electrode preparation, the samples were
polished, both sides of the polished discs were silver-
painted, and then annealed at 570�C for 15 min for
subsequent dielectric measurements. Then, the
samples were polarized in a silicone oil bath under a
direct-current electric field of 25 kV/cm at 25�C for
�40 min.

The crystal structure of the ceramics was inves-
tigated by x-ray diffraction (XRD; X’Pert PRO)
using Cu Ka radiation at a 2h scanning rate of 0.05�/
s at room temperature at 40 kV and 40 mA.

Field-emission scanning electron microscopy (FES-
EM; SUV-1080) was used to analyze the fractured
microstructures, which were treated using a thermal
etching process (1050�C, 15 min in atmosphere) fol-
lowed by coating with Au for 160 s under vacuum.
The density of the prepared materials was deter-
mined based on the Archimedes immersion principle
using a precision electronic balance (ED-124S). The
relative permittivity (er) and loss tangent (tan d) were
determined using a precision LCR meter (TH-2819).
A radiant precision workstation was carried to
investigate polarization–electric field (P–E) hystere-
sis loops. The electromechanical coupling (kp) and
mechanical quality (Qm) factors were calculated by
the resonance–antiresonance method on a precision
impedance analyzer (Agilent-4292A). A piezo-d33

quasi-static meter (ZJ-3A) was used to determine the
piezoelectric constant (d33).

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the BCT–
BZT ceramics prepared with different zirconium
contents (x). All the samples had a pure perovskite
structure (ABO3) without secondary phases, sug-
gesting that zirconium was successfully impreg-
nated into the ABO3 lattice to form a solid solution
in the BCT–BZT ceramics. The sharp diffraction
peaks are indicative of the high crystallinity of the
samples sintered at 1260�C. As observed in Fig. 1a,
the intensity and position of the main diffraction
peaks remained mostly unchanged with increasing
x values. However, it could be observed that the
diffraction peaks first receded and then were
enhanced in the enlarged XRD patterns (Fig. 1b)
with the addition of zirconium, which was associated
with an evolvement of phase transition.25 Addition-
ally, the diffraction peak shifted monotonically to low
2h angles with increasing x values in Fig. 1b, which
was due to the substitution of Ti4+ (ionic radius

Fig. 1. XRD patterns (a) and selected enlarged regions of 44�–50�
(b) of BCT–BZT ceramics with various zirconium contents (x).
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�0.0605 nm) with Zr4+ (ionic radius 0.072 nm) in the
ABO3 structure.26 As observed in Fig. 1b, the unique
splitting (022) and (200) diffraction peaks at �46� of
orthorhombic (O) symmetry (JCPDS # 81-2200)
gradually merged into (200) diffraction peak of
rhombohedral (R) symmetry (JCPDS # 85-1796) with
increasing x values.27 Thus, the O phase was
observed at 0< x< 0.08, whereas the R phase was
detected at 0.15< x< 0.20. Both theO andR phases
were observed in the intermediate x range of 0.10–
0.12. These results confirmed that the phase transi-
tion of the BCT–BZT ceramics was instigated by the
distortion of the crystal lattice with increasing zir-
conium contents.28

The FESEM images of the BCT–BZT ceramics
prepared with different zirconium content (x) are
shown in Fig. 2. All the samples featured a dense
microstructure, indicating that sintering at a low
temperature (1260�C in this study) was effective.
The average grain size of the samples prepared
with varying x values was within 2 lm, which was
considerably smaller than the literature value
obtained from the conventional solid state reaction
method.29,30 The smaller grain size is believed to
result in a relatively low permittivity.31 Fine grain
sizes with large grain boundary volumes may alter
the fine balance between the long-range and short-
range forces, resulting in a relaxor state in the

ceramics.31 Furthermore, the distortion of the grain
and the presence of the ill-defined grain boundary
were associated with the solubility limit of zirconi-
um in BCT–BZT structure in the presence of excess
zirconium content.

Figure 3 shows the density and relative density
values of the BCT–BZT ceramics prepared with
different zirconium contents (x) and sintered at
1260�C. The density of the ceramics first increased
and then decreased with increasing x values. The
maximum density of 5.75 g/cm3 ± 0.01 g/cm3

(relative density of �97%) was obtained at x = 0.08,
and all the relative densities were above 95.3%,
confirming the high level of densification in the
ceramics sintered at a relatively low temperature. A
high level of densification was always accompanied
with low porosity and large domain size, resulting
in low dielectric losses and weak pinching effects in
the domain wall that were expected to result in out-
standing dielectric properties and low mechanical
quality factor (Qm).32–34 The increasing density of
the ceramics prepared with increasing x values
(x< 0.08) was attributed to the replacement of Ti
by heavier atom mass Zr in the ABO3 structure.
Excessive addition of zirconium (x> 0.10) led to
lattice expansion and distortion that reduced the
level of densification of the BCT–BZT ceramics, as
consistent with the above results.

Fig. 2. FESEM images of BCT–BZT ceramics with zirconium contents (x) at (a) 0; (b) 0.05; (c) 0.10; and (d) 0.15.
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Figure 4 shows the temperature dependence of
relative permittivity (er) and loss tangent (tan d) of
the BCT–BZT ceramics prepared with different
zirconium contents (x) assessed at a frequency of
10 kHz. As observed in Fig. 4b, TC increased subtly,
then an obvious decrease was observed together
with broadening of the dielectric peak with further
increases in the x value. The obtained result was
associated with the disordered crystal structure
including compositional disorder and PNRs. Similar
results were also reported by Dong et al.26 and Yu
et al.35 The inset in Fig. 4a shows the enlarged
regions of er as a function of temperature from 25�C
to 55�C. The broad dielectric peaks were attributed
to the orthorhombic-to-tetragonal phase transition
(TO–T). The temperature at which the orthorhombic-
to-tetragonal phase transition occurred (TO–T)
shifted to higher values with increasing zirconium
contents. Furthermore, the observed merging of the
TO–T and TC peaks was related to the pinching effect
for the phase transition, which could improve the
piezoelectric properties.25,30 As TO–T shifted to a
higher value, the O phase became more pre-
dominant in the ceramics. Tan d of the BCT–BZT
ceramics in Fig. 4c was �0.02 when assessed at
10 kHz, suggesting the presence of minimal crystal
defects in the samples. Furthermore, the TO–T and
TC peaks were clearly observed in tan d–T curves,
which could help to determine the phase transfor-
mation and the diffused characteristic of the
ceramics.

The frequency dispersion of the BCT–BZT
ceramics prepared with different zirconium content
(x) is shown in Fig. 5. The maximum permittivity
and tan d decreased, and the dielectric peak shifted
to higher temperatures with increasing frequencies.
The frequency dispersion and diffuse phase transi-
tion were enhanced with increasing x values,
indicating that the diffused characteristic and
relaxor-like ferroelectric properties were strength-
ened.36,37 Tan d of the BCT–BZT ceramics differed
significantly at different zirconium contents and at

different frequency values ranging from 100 Hz to
10 kHz, thereby confirming the dependence of tan d
on the frequency and zirconium content. Moreover,
the increased TC was associated with the existence
of a lower internal stress and constrained motion of
the crystal surface under a higher frequency.38 The
higher relaxor-like ferroelectric characteristic of the
ceramics with excess zirconium contents was
attributed to the large mechanical impedance mis-
match in the ABO3 structure and high internal
stress.39

To further study the degree of dielectric disper-
sion and diffuse phase transition, the quantitative
parameters were calculated. Variations of the
dielectric constant in typical ferroelectric materials
follow the Curie–Weiss law (Eq. 1) above TC

40:

1

er
¼ T � TCW

C
; (1)

where er is the relative permittivity; TCW is the
Curie–Weiss temperature; and C is the Curie–Weiss
constant. Figure 6 shows the inverse permittivity

Fig. 3. The density and relative density of BCT–BZT ceramics with
various zirconium contents (x).

Fig. 4. Temperature dependence of relative permittivity (er) (b) and
loss tangent (tan d) (c) of BCT–BZT ceramics. The inset in (a) shows
the variation of er at enlarged regions (25�C–55�C).
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(104/er) as a function of temperature and the fit of
the Curie–Weiss curve in the paraelectric region of
the ceramics under 10 kHz using Eq. 2:

DTm ¼ TB � Tm; (2)

where Tm is the temperature associated with the
maximum permittivity; TB corresponds to the tem-
perature at which the permittivity starts to follow
the Curie–Weiss law; and DTm is the temperature
deviation, which reveals the degree of diffusion.

The fitting results of the BCT–BZT ceramics at
x = 0, 0.05, 0.10, and 0.15 are listed in Table I. As
observed, DTm increased from 20.6�C at x = 0�C to
34.9�C at x = 0.15, indicating that the diffuse phase
transition and relaxor-like ferroelectric character-
istics were enhanced with increasing zirconium
contents. Moreover, C values of the samples were in
the order of �105, suggesting that the high-tem-
perature paraelectric phase was driven by a dis-
placive transition.41 The C value decreased
with increasing x values that also indicated that
the relaxor-like ferroelectric characteristics were
enhanced.42

The degree of relaxor-like ferroelectric charac-
teristics and the ferroelectric diffuseness of the
BCT–BZT ceramics were investigated by a modified
Curie–Weiss law (Eq. 3)43:

1

er
� 1

em
¼ ðT � TmÞc

C0 ; (3)

where em is the maximum relative permittivity; C¢ is
the modified Curie–Weiss constant; and c is the de-
gree of the diffuseness exponent. Parameter c is
calculated from the slope of the graph of ln(1/er � 1/
em) versus ln(T � Tm). The obtained c value was
between 1 (normal ferroelectric) and 2 (typical relaxor
ferroelectric). The c values of the BCT–BZT ceramics
at x = 0, 0.05, 0.10, and 0.15 under 10 kHz are shown
in Fig. 7. The value of c increased from 1.235 (x = 0) to
1.792 (x = 0.15), indicating that the diffuseness of the
ceramics was enhanced upon the addition of zirconi-
um, and this result was consistent with the above
analysis and the literature reports.37,44,45 Further-
more, the enhanced diffuseness was associated with
the compositional fluctuation and structural disor-
dering in the ABO3 structure site, causing a micro-
scopic heterogeneity.46

Figure 8 shows the polarization–electric field
(P–E) hysteresis loops of the BCT–BZT ceramics
prepared with different zirconium contents (x). All
the samples showed a typical saturated hysteresis
loop under a direct-current electric field of 25 kV/cm.
Variations of the remnant polarization (Pr) and
coercive field (Ec) are shown in the inset figure

Fig. 5. Temperature dependence of relative permittivity (er) of BCT–BZT ceramics with zirconium contents (x) of (a) 0; (b) 0.05; (c) 0.10; and (d)
0.15 under different measuring frequencies.
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(Fig. 8a). Pr first increased with increasing x value,
reaching a maximum value of 16.4 lC/cm2 at
x = 0.10, which was attributed to the coexistence of
the O and R phases in the PPT/MPB-like region.28,47

In the PPT/MPB-like region, the domain was easy to
switch under the external electric field, showing a
high spontaneous polarization. Thus, the ferroelec-
tric properties in that region were better than that in
a single-phase region of the samples. Moreover, the
BCT–BZT ceramics prepared via sintering of BCT
and BZT nanoparticles had fewer PNRs and more
non-180� domains than those obtained via the con-
ventional method that resulted in the improved
ferroelectric properties.48 However, Ec was only

slightly enhanced at x = 0.10, which was due to the
restoring force provided by the defect dipole under
an external electric field with increasing x values.49

Moreover, the decreasing tendency of the Pr and
Ec values at excessive zirconium contents was
attributed to the distortion in the ABO3 structure.

The piezoelectric constant (d33), electrome-
chanical coupling factor (kp) and mechanical quality
factor (Qm) of the BCT–BZT ceramics prepared with
different zirconium contents (x) are shown in Fig. 9.
The d33 and kp values initially increased and then
decreased with further addition of zirconium; the
maximum values (d33 = �240 pC/N; kp = 0.22) were
obtained close to the PPT/MPB-like region at

Fig. 6. Temperature dependences of inverse permittivity (104/er) of BCT–BZT ceramics at 10 kHz with zirconium contents (x) of (a) 0; (b) 0.05;
(c) 0.10; and (d) 0.15.

Table I. Temperature of the maximum permittivity (Tm); Curie–Weiss temperature (TCW); temperature of the
permittivity starts to follow Curie–Weiss law (TB); temperature deviation (DTm); and Curie–Weiss constant
(C) for the BCT–BZT ceramics measured at 10 kHz

BCT–BZT Tm (�C) Tcw (�C) TB (�C) DTm (�C) C (3105�C)

x = 0 124.9 112.7 145.5 20.6 1.547
x = 0.05 124.1 121.1 146.4 22.3 1.458
x = 0.10 115.3 110.5 141.7 26.4 1.232
x = 0.15 108.7 110.2 143.6 34.9 0.926
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x = 0.10, in which polarization could be easily
enhanced by an external electric field, resulting
in improved piezoelectric properties than that
obtained for a single-phase region.50 However, the
piezoelectric properties were lower than those
reported in the literature which was attributed to
the fine grain size in our study. In addition, Qm

dropped sharply in the PPT/MPB-like region, and
this result was associated with the reduced internal
strain stress and weak pinching effects in the
domain wall.51

The relationship between d33 and Pr is shown in
Eq. 441,52:

d33 ¼ 2Q11 � Pr � e33; (4)

where Q11 is the electrostrictive coefficient and e33 is
the dielectric constant. The Q11 and e33 values of the
BCT–BZT ceramics were comparable to each other
under the specified conditions in our study. Thus,
d33 was proportional to Pr at a certain extent. This
observation was consistent with the obtained
results discussed above.

CONCLUSIONS

0.50Ba0.9Ca0.1TiO3–0.50BaTi1�xZrxO3 (BCT–BZT)
lead-free ceramics were prepared via sintering of
BCT and BZT nanoparticles at a low temperature of
1260�C. All the BCT–BZT ceramics featured a dense
microstructure and a high level of densification
under the synthesis conditions employed. XRD
analysis revealed the onset of a phase transforma-
tion from O to R phase with increasing x values, and
the PPT/MPB-like region was observed at x = 0.10.
The level of dielectric dispersion, DPT, and relaxor-
like ferroelectric characteristics of the ceramics
increased with increasing x values, thus showing a
strong dependency on the zirconium content. The
excellent electrical properties, Pr = 16.4 lC/cm2,
d33 = �240 pC/N, and kp = 0.22, were detected at
the PPT/MPB-like region, thus suggesting that the
BCT–BZT ceramics are a promising candidate for
application as lead-free ferroelectric ceramics.
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