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Dependence of applied electric fields on electrical properties
of BCZT ceramic
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ABSTRACT: It is vital to understand the characteristics of piezoelectric ceramics at high electric fields to use them
effectively. The effects of applied electric fields such as applied electric and poling fields on the electrical characteristics
of a (Ba,Ca)(Ti,Zr)O, or BCZT ceramic system were investigated in this research. A solid-state reaction process was
used to make the BCZT ceramic. There was no impurity in the sample, which had a mixed phase of rhombohedral,
tetragonal, and orthorhombic phases. A high degree of dielectric tunability was found under the applied electric fields.
Large improvements in polarization prosperities were reported with non-linear relationships with the applied electric
fields. The ferroelectric data matched with the electric field-induced strain behavior data, while the field-induced strain
behavior data revealed a near-linear relationship with the field. There was also a significant reduction in the degree
of strain hysteresis. In addition, the poling field had a significant impact on the d;; and g;; values. The piezoelectric
coefficients discovered in this study suggest that this material has promise for use in piezoelectric and energy harvesting

devices.
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INTRODUCTION

Complex perovskite oxides are represented by
A(B'B")O, [1]. Because of their outstanding
ferroelectric, piezoelectric, and dielectric capabilities,
they are intensively investigated and developed.
The perovskite oxide lead zirconate titanate,
Pb(Zr,Ti, )O, (PZT), has remarkable electrical
properties. Since the early 1950s, this material has
been intensively researched [1]. The morphotropic
phase boundary (MPB) of PZT is the border between
tetragonal and rhombohedral phases (Zr/Ti~53/47).
At the phase transition temperature (T), at which the
cubic phase occurs, the MPB boundary is practically
temperature independent [1-3]. The best electrical
characteristics of PZT were found in compositions
around the MPB limit. Many piezoelectric materials
have been devised and manufactured based on the
MPB principle to achieve excellent characteristics
[4-7] However, because of the toxicity of lead oxide,
PZT and its modified materials are not ecologically
benign. As a result, it is necessary to investigate
lead-free piezoelectric ceramics with comparable
qualities that might be utilized in place of lead-based
ceramics such as PZT. Bismuth sodium titanate (BNT)
and Barium zirconium titanate (BZT) are among
the most researched lead-free ceramics [8-12].
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Because of its good dielectric constant (with low
loss) and ferroelectric and piezoelectric properties,
this material looks like a good replacement for
lead-based materials [10]. BaTiO, lattices can be
substituted at the B-site with Zr ions to produce
the BZT ceramic. The electrical and structural
characteristics of BaTiO, are considerably altered
by this replacement [13], A diffuse phase transition
and relaxor ferroelectric behavior are among the
features [8-10]. Zr concentration affects the
transition temperatures of BZT from rhombohedral
to orthorhombic (Tz_g), orthorhombic to tetragonal
(To_1), and tetragonal to cubic (T;) phases. Three
phase transitions merge into a single diffuse transition
when the Zr concentration is less than 15%. Zr
concentrations of more than 25% have been observed
with relaxor ferroelectric properties [8].  High
dielectric tunability has also been reported for some
compositions, especially for Zr ~ 30 at% [10].
The modified BZT ceramics show many interesting
electrical properties. For example, Ba(Zr, ;,Ti; 43)O04
ceramics show good piezoelectric properties with
high strain values [14]. Therefore, the BZT-based
ceramics have the potential for multilayer capacitors,
actuators, and sensors. Recently, the solid solution
of BZT-based ceramics [15] demonstrated extremely
high piezoelectric characteristics in comparison
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to a number of well-known piezoelectric lead-
based ceramics such as PZT and lead-free ceramics
such as BZT-based ceramics [16]. The BZT-based
materials, therefore, have potential for various device
applications, including piezoelectric transducers
and microelectromechanical systems (MEMS) [17].
Among BZT-based ceramics, BCZT ceramics also show
good electrical properties. The BCZT-ceramics with
the formula 0.5 Ba(Zr, ,Ti; 4)0, - 0.5 (BaO.7CaO.3)TiO3
showed a high dielectric constant (3060), large kP
(0.50), and excellent piezoelectric response with a
ds5 of 500-600 pC/N [18,19]. The high piezoelectric
properties of BCZT were proposed to be due to the
formation of multi-phase coexistence of R, O, and T
phases that are closely linked to the morphotropic
phase boundary (MPB) composition (x = 0.5) along
with domain wall motion [20]. Furthermore, the
piezoelectric properties of BCZT ceramics strongly
depend on the ratio of Zr:Ti [3], grain size [21],
porosity [3], method of preparation technique [3],
and poling technique. Among them, the poling process
is a method to promote the piezoelectric properties
of many piezoelectric ceramics [15]. Normally, the
electric poling can produce an alignment of domain,
and the ceramics can be polarized with a non-zero
polarization, which develops along the applied field
direction [15,22]. Furthermore, poling also impacts
the coexistence of R, O, and T phases, reducing the
energy barrier during polarization switching. This can
improve the piezoelectric characteristics of several
piezoelectric ceramics such as BCZT ceramics.

Therefore, it is crucial to evaluate the influence
of the poling on the piezo-response of the studied
ceramics. In the present work, the effect of poling
conditions on the dielectric, ferroelectric, and piezo-
electric properties of BCZT ceramic was investigated.
The results were discussed and compared to what had
been done previously.

MATERIALS AND METHODS

To prepare the A(B'B”)O, complex perovskite oxides,
many methods have been demonstrated such as sol-
gel [23], microwave-assisted sol-gel-hydrothermal [3],
molten-salt [24], plasma-activated sintering [25], and
solid-state reaction techniques. However, the solid-
state reaction technique has attracted a lot of attention
for the fabrication of BZT-based materials [26], due to
it being cheaper and easier than many techniques. Fur-
thermore, the yield product obtained from this tech-
nique is higher when compared with many other meth-
ods [27]. Reagent-grade oxide powders of BaCO,,
Zr0,, CaCO,, and TiO, from Sigma-Aldrich, St. Louis,
MO, USA were used as raw materials. The metal
oxide powders were weighed based on the stoichio-
metric formula of (Ba, ¢sCa, 1) (Zr,, , Tij) o) O4 (BCZT).
The weighed batch was ball-milled in alcohol and
zirconia milling media for 24 h in ethanol. The mixed
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Fig. 1 XRD diffraction pattern of the BCZT sample. The inset
figure shows a SEM image observed of the surface of sample.

powder was calcined at 1250 °C for 4 h. The obtained
powders were pressed into disc-shape pellets 10 mm
in diameter after adding with 4 wt % polyvinyl alcohol
(Sigma-Aldrich) binder. After burnout PVA at 700 °C,
the green pellets were sintered at 1450°C for 4 h.
Phase formation of the ceramics was studied by X-ray
diffraction (Miniflex6g, Rigaku, Tokyo, Japan). The
bulk density of the sintered samples was measured
using the Archimedes method, ASTM C373-88. A
microstructural study of the sintered samples was per-
formed under a scanning electron microscope (JSM-
IT300, JEOL, Tokyo, Japan). For the electrical study, a
silver paste was painted on both sides of the samples.
The hysteresis loops were measured at room temper-
ature using a hysteresis circuit (Precision Premier II,
Radiant technologies, Albuquerque, NM, USA). For
piezoelectric measurement, the ceramics were placed
in a silicone oil bath at room temperature for 30 min
and with an electric field of 10-30 kV/cm, before the
measurement. The piezoelectric coefficients ds; of
the samples were measured using a d;; meter (S5865
ds3 Meter, KCF technologies, State College, PA, USA).
The planar electromechanical coupling coefficient k,
was tested by a resonance-antiresonance method using
an impedance analyzer (E4980A, Agilent technolo-
gies, Santa Clara, CA, USA). Room temperature strain-
electric field (S-E) data were obtained using an optical
displacement sensor (MTI-2100 Fotonic sensor, MTI In-
struments, Albany, NY, USA) combined with a Radiant
ferroelectric test system.

RESULTS AND DISCUSSION

To study the phase formation, the obtained ceramics
were examined by XRD at room temperature. Fig. 1
displays an XRD pattern of the obtained BCZT ce-
ramic. The ceramic sample possessed a pure perovskite
phase without minor peaks. Normally, the diffraction
peaks of BaTiO, and BCZT at Bragg’s angle around
44-46° correspond to (002)/(200)T of the tetragonal
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Fig. 2 Dielectric constant (&,) as a function of applied field
of the studied BCZT sample.

phase (T), (200)R of the rhombohedral phase (R), and
(200)/(220) of the orthorhombic phase (O) [28,29].
Based on the XRD analysis, all the main diffraction
peaks contained a mixed phase. The amounts of the
T, R, and O phases were calculated by Jana 2006
software. In this work, percentage of T, R, and O
phases as calculated from the software were 49, 31,
and 20%, respectively.

SEM micrograph image of the sintered ceramic is
shown in the inset of Fig. 1. From the SEM image,
the ceramic shows clearly the crystalline boundaries
with a round grain shape. The grain size of the sample
was evaluated from SEM figures, assisted by ImageJ
software. In this work, the average grain size was
16.6 ym. The obtained grain size value for this work
is close to the value reported in previous work that
sintered the samples at the same temperature [15].
This value is high as compared with the value obtained
from BaZr, ,Ti, ;O,(BZT) and BCZT ceramics. The
sample also exhibited a dense, crack-free surface with
few pores. This result consisted of the high-density
value that was evaluated following ASTM C373-88,
where the density in this work was 5.44 g/cm>. The
obtained density also agrees with values reported in
many previous works [30]. This indicates that the
sintering temperature in this work, 1450 °C for 4 h, is
suitable for the fabrication of the ceramics (by using
the solid-state reaction technique).

A plot of dielectric constant as a function of the
applied field is displayed in Fig. 2. The measurement
was conducted at room temperature. High tunability
was observed for the studied sample. A sharp decrease
in ¢, value was found for the applied field between
10-30 kV/cm, followed by a slight change for further
applied fields. To check the degree of tunability of the
dielectric constant, the relative tunability (n, (%)) was
calculated by the following expression [31].

3;(0) - gr(E)

(%) = — ©

x 100% €))
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where ¢,(0) and ¢,(E) are the capacitance at zero and
the higher electric field, respectively. In this work,
the ¢.(E) values were measured for the applied field
5 to 30 kV/cm. It was found that n, of the sample
was 62.3%. This value is very high as compared with
other materials [32]. This indicates that this material
has the potential for use in tunable device applications.
The value was slightly changed in n, value for the field
> 25 kV/cm, the tunable device should be operated
under 30 kV/cm. For a near linear tunable device, it
should be operated with the applied field between 5-
15 kV/cm (Fig. 2).

Plots of polarization-electric field loops (P-E) as
function applied electric field are shown in Fig. 3. For
more detail, remanent polarization (P,), maximum
polarization (P,), and coercive field (E;) as a function
of the applied electric field is also shown in Fig. 4 and
Table 1. A non-linear relationship of P-E was observed
for all conditions. No evidence of pinning effect or
asymmetric loop was detected for all applied electric
fields. At alow applied field such as 5 kV/cm, however,
the P-E loop exhibited a weak ferroelectric ordering,
which was evidenced by a slim with low P,, P, and E
values. Howevey, in this field, the P-E loop still exhib-
ited a ferroelectric characteristic. This indicates that
this low electric field has enough energy to constrain
the realignment of some domains in the direction of
the applied fields [36], while this field could not switch
any domains for some lead-based ceramics such as
Pb[(Zrl/zTiuz)'(an/ssz/s)]03 ceramic system, and
results in the formation of a banana-like P-E loop
at 5 kV/cm (or near-linear relationship of P-E) [36].
It was also found that the shape of hysteresis varies
greatly with the electric field. Furthermore, the P,
and P,, values increased with increasing the applied
field as depicted in Fig. 4(a) and Table 1. However,
the increasing trends of P, and P, values with the
applied field exhibited non-linear behavior. Instead,
these values are consistent with some exponential
functions. In this work, empirical relations between P,
and E; values and the applied fields were developed,
as expressed by P, = 14.14 —13.72 exp(—0.066E) and
P, =23.19—23.72exp(—0.093E), respectively. The E;
value versus the applied fields is presented in Fig. 4(b).
It is interesting to note that E value increased with the
applied field by a linear trend, which can be expressed
as Ec =1.573+0.078E.

Electric field-induced strain behavior of the ceram-
ics obtained at room temperature and measured under
various applied fields is presented in Fig. 5 and Table 1.
The normalized strain coefficient (d3,) is also shown in
Fig. 6. In this work, the d}, coefficient was calculated
from the following equation [1, 37]:

* Smax
djy = 2 )

max

The ceramic exhibited a typical butterfly-shaped strain
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Fig. 3 Polarization-electric field loops (P-E) of the ceramics measured at room temperature and different applied electric

fields.

Table 1 The summary of physical properties and electrical properties for BCZT-ceramic.

Epoling Pr Pm EC S kp d§3 d33 833 X 1073
(kV/cm) (uC/em?) (W.C/cm?) (kv/cm) (%) (pm/V) (pC/N) (Vm/N)
10 7.53 14.14 2.40 0.056 0.39 560 364 15.88
20 10.60 19.94 3.12 0.117 0.54 585 485 33.56
30 12.42 21.83 3.88 0.151 0.55 503 490 42.14

loop corresponding with the P-E loop for all condi-
tions. The S,,, value has a nearly linear relation
with the applied field which can be expressed as the
equation: S, = 0.013 4+ 0.00475E. However, the
d;, coefficient has a non-linear relation with the ap-
plied field. The d3, coefficient was found to increase
from 560 pm/V for the applied field of 10 kV/cm

to 585 pm/V for the applied field of 20 kV/cm and
then decreased to 503 pm/V for the applied field of
30 kV/cm (Table 1). Normally, the d3, coefficient can
be calculated from the slope of the S-E loop, which has
a non-linear behavior (see Fig. 5(c)). Therefore, the
lower d3, coefficient can be caused by the increasing
rate of S, which is decreased by the high electric
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Fig. 4 (a) Plots of P, and P, versus applied field and (b) E.
value as a function of applied field.

fields. This is because the value of S, is approaching
its maximum value in the high field. Further increasing
the field value may result in not only a small change
in the increasing rate of S_,, but also an electrical
breakdown for the ceramics under consideration.

For piezoelectric actuator applications, high strain
as well as low hysteresis are required. As a result, in
this work, the degree of strain hysteresis (Hg (%)) was
determined using the following equation [38]:

AS
Hg= —222 . 100% (3)

max

where the ASg.y/, is the strain deviation during the
removal and application of the field which is carried
out at half of the maximum electric field. The Hg values
versus the applied field of the ceramics are given in
Fig. 6. The trend of Hg value with the applied field is
nearly linear, where the Hg value obviously decreased
from 70.71% for the applied field of 10 kV/cm to
14.57% for the applied field of 30 kV/cm. The change
of Hg value under the change the in applied field
was 79.39%. This result clearly demonstrates that
the hysteresis in the ceramic can be obviously reduced
by the applied field. In the present work, the linear
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Table 2 Comparison of the piezoelectric properties of BCZT-

ceramic with other works.

Composition dss (pC/N) Ref.
(Bi, ,Na, ,)TiO, 66 [33]
BaTiO, 190 [34]
BiFeO, 402 [34]
(K, ,Na, ,)NbO, 416 [35]
(Bao.sscao.ls) (Zro'lTiO'g)O3 490 This work

relation between Hg value and the applied field is
expressed as Hg = 95.11 —2.807E.

For some applications of piezoelectric devices, it
is necessary to have a highly efficient energy conver-
sion [39]. Normally, energy transfer is often consid-
ered when the device is operated at piezo-mechanical
resonant frequencies [40]. At the resonance state,
the piezoelectric devices efficiently convert electrical
energy into mechanical energy. Therefore, it is needed
to know these frequencies for applications. An ef-
fective way to measure these frequencies is by using
impedance spectroscopy. This can be performed by
using an impedance versus frequency plot (Z-f). To
achieve this, the ceramic was poled at various poling
fields. Fig. 7(a-c) displays the impedance value versus
frequency for different poling fields. There were two
resonance frequencies in the Z-f plots which indicated
the resonance state. Based on the obtained Z-f plots,
the electromechanical coupling coefficient (kp) was
calculated via the following equation [41].

kp:(%:_fr))l/Z

where f, and f, are the resonance and anti-resonance
frequencies, respectively. This parameter can measure
the degree of energy conversion. The k, value sharp
increased from 38.55% for the poling field of 10 kV/cm
to 54.31% for the poling field of 20 kV/cm and slightly
increased to 55.16% for the poling field of 30 kV/cm
(Table 1). The maximum kp value for this work is
comparably high as compared with many lead-based
and lead-free materials [23]. Overall obtained results
indicated that poling field had a strong effect on the k,
value. It should be noted that, at a low poling field,
the k, was very low. This is due to the low poling field
making the polarization switching inadequate [42].
However, this effect has a limit, since the kp for the high
poling field (30 kV/cm) was only slightly changed as
compared with that obtained for the field of 20 kV/cm.
Furthermore, a high poling field (> 30 kV/cm) may
lead to the dielectric breakdown of the studied sample
due to the formation of physical flaws and conduction
paths during the poling [15, 43].

To study the piezoelectric properties of the sam-
ple, a piezoelectric coefficient (ds;3) under different
electrical poling fields was evaluated. The results are
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Fig. 5 Electric field-induced strain behavior of the BCZT ceramics at various applied electric fields.
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strain coefficient (d3, = Sy.x/Emax) as a function of electric
field. The inset shows H, values versus the applied field of
the ceramics.

presented in Fig. 8. In this work, the d;; value was
determined from the ds; meter as described in the
experimental part. At the poling field of 10 kV/cm,
the sample showed a d;; value of 364 pC/N. There
was a sharp increase in the d;5 value from this value to
485 pC/N (for the poling field of 20 kV/cm), followed
by a slight increase of this value for the poling field of
30 kV/cm. The maximum ds5 value (at 30 kV/cm) was

490 pC/N which is a 34% improvement as compared
with the sample at 10 kV/cm. This maximum value
is considered high as compared with many previous
works [44]. The high ds; value in this work is due
to the formation of mixture phases (multi-ferroelectric
phase) in the sample after sintering (described in the
previous part), as it is known that the optimization of
the multiphase coexistence can enhance the electrical
properties of BCZT ceramics [44]. A comparison of ds5
value between this work and other works is shown in
Table 2 [33-35]. It should be noted that the present
samples had high d;; value as compared with other
systems.

At present, piezoelectric materials are attractive
for the development of energy harvesting applica-
tions. In this work, energy harvesting properties of
the studied ceramics were carried out. It is known
that the piezoelectric voltage constant (g33) is an im-
portant factor for an energy harvester. Normally, a
material that has a higher g;; value can generate a
higher voltage output under given conditions [45, 46].
This parameter can be an indicator of evaluating the
amount of electrical energy generated by the applied
pressure [47,48]. Furthermore, it was suggested that
the sample which has a higher piezoelectric charge
constant should generate a higher voltage [47]. A plot
the of g5 value as a function of poling field is also
shown in Fig. 8(a). In this work, the gs5 value was
calculated using the following equation [48], as seen

www.scienceasia.org
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in Table 1.
ds3

€08,

833 = (5)
where ¢, is the permittivity of free space and ¢, is the
dielectric constant. For this equation, the piezoelectric
voltage coefficient is dependent on the piezoelectric
coefficient and the dielectric constant of the studied
material. The gg5 value increased with the poling
field and showed the maximum value of 42.2x1073
Vm/N at the poling field of 30 kV/cm, which is 165%
enhanced as compared with the sample at 10 kV/cm

www.scienceasia.org

poling (15.9x1072 Vm/N). The increasing trend in the
g3z value is due to the increase in the ds; value. The
obtained result also indicates that the poling field has
a very strong effect on the g35 value. Furthermore, the
obtained piezoelectric coefficient suggested a potential
for using this material for piezoelectric and energy
harvesting devices.

CONCLUSION

A dense with no impurity BCZT ceramic was success-
fully fabricated via a solid-state reaction technique at
1450°C for 4 h. The ceramic contained the mixture
phases of rhombohedral, tetragonal, and orthorhombic
phases with a large grain size of 16.6 nm. Effects of
applied electric field on the electrical properties were
investigated. A high degree of dielectric tunability
of 62.3% was observed at 25 kV/cm. Polarization
properties exhibited non-linear behaviors with the ap-
plied field, while electric strain possessed a near linear
behavior. A large change in the degree of hysteresis of
the strain loop was also observed (79.39%). The d3;
and gs5 piezoelectric coefficients also had a large effect
on the poling field. This material has the potential for
use in piezoelectric and energy harvesting devices.
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