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Abstract

The effect of sintering temperature on microstructure, dielectric properties and energy storage properties of BaTiOs;—(Sr;_ 5.Bi,)TiO3
(x=0.09) (BT-SBT) ceramics was investigated. The sintering temperature has pronounced influence on the grain size, shrinkage, and dielectric
properties of the BT-SBT ceramics. With increasing sintering temperature, the dielectric constant increases largely. However, the increasing
tendency of the dielectric breakdown strength (BDS) is less noticeable but become more evident with the consideration of Weibull modulus. For the
BT-SBT ceramics, the unreleased energy density decreases and the electric field stability of the energy storage efficiency enhances with the

increase of sintering temperature.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the rapid depletion of fossil fuels and increasingly
worsened environmental pollution caused by vast fossil-fuel
consumption, there is high demand to make efficient use of
energy and to seek renewable and clean energy sources such
as solar energy and wind energy that can substitute fossil
fuels to enable the sustainable development. Energy storage,
as an intermediate step to the versatile, clean, and efficient
uses of energy, receives tremendous attention and research
interests. The conversion and storage of energy are closely
related to energy storage materials [1]. Therefore, the
development of energy storage techniques can be largely
attributed to the innovation and advancement of energy
storage materials.

Up to now, many efforts, such as using compositions with
Curie temperatures well below the operating temperature [2],
optimization of the microstructure [3], sintering and crystal-
lization [4], addition or doping in the glass ceramics [5-7] and
so on, have focused on improving the energy storage properties
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of ceramics so as to attain high energy storage density
capacitors. Since the energy storage density is related to the
product of applied electric field squared and dielectric constant
[8], improvements in dielectric properties, especially dielectric
constant and breakdown strength, have a more pronounced
effect on the energy storage density.

The earlier works have reported that sintering temperature
had significant influences on the densification, microstructure
[9] and dielectric properties [10,11] of ceramics. Such behavior
was also found in (Ba,Sr)TiO3 glass-ceramics [12] and
suggested that the density, grain size, dielectric constant and
tunability increase with increasing sintering temperature. Much
attention has been paid to the sintering temperature dependence
of the microstructure and dielectric properties of Ba;_,Sr, TiO3
ceramics. However, only a few studies have been reported on
the relation between the energy storage properties and the
sintering temperature, especially in the BaTiO3—(Sr;_ 5,Bi,)-
)TiO3 (BT-SBT) ceramics which integrate the high dielectric
constant of BaTiO; ceramics near Curie temperature and the
good dielectric properties of (Sry_; 5,Bi,)TiO5 ceramics, such
as low Curie temperature, low dissipation factor, and good
electric-field tunability [13]. In this paper, the BT-SBT
ceramics were prepared by a solid state reaction method.
The microstructure, dielectric properties and polarization
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hysteresis loops of the BT-SBT ceramics as a function of
sintering temperature were investigated and the relationship
between these observations and the variation of energy storage
properties was revealed.

2. Experimental procedure
2.1. Synthesis

Conventional solid state reaction method was applied in
preparing the BT-SBT samples from analytical reagent grade
powders of SrCO;, Bi,03, TiO,, MnO,, SnO, (AR, Beijing
Sinopharm chemical reagent Co. Ltd., Beijing, China) and
commercial-grade hydrothermal BaTiO3 (Guoteng Co. Ltd.,
Shandong, China). The SrCOj;, Bi,O3, and TiO, powders
were ball milled with alcohol and zirconia balls in
polyethylene jars for 6 h. After drying, the mixture was
calcined at 1090 °C for 2 h to synthesize (Sr_;.5,Bi)TiO3
(x=0.09) (SBT) followed by re-milling. The appropriate
amounts of BaTiO3, MnO,, and SnO, powders were mixed
with the SBT powder to synthesize BaTiOz—(Sr;_; s,Bi,)-
)TiO3; (BT-SBT) phase. Then the BT-SBT powder was
mixed with a small amount of polyvinyl acetate (PVA) binder
and uniaxially pressed to form disk-shaped pellets with
10 mm in diameter and 1-2 mm in thickness under a pressure
of 40 MPa. After binder burnout, the pressed disks were
sintered in a temperature range from 1160 °C to 1220 °C for
2 h in a closed crucible.

2.2. Characterization

The microstructure observation and analysis of the
fracture surfaces of the ceramic specimens were performed
with a scanning electron microscope (SEM: FEI Qunanta 200
FEG). To determine the dielectric properties, silver paste was
coated to form electrodes on both sides of the parallel
surfaces, and subsequently fired at 550 °C for 30 min. The
temperature dependence of dielectric constant and loss was
determined at frequencies between 1kHz and 1 MHz by
means of a LCR meter (HP4284) interfaced with a computer,
while the specimens were heated at a constant rate of 2 °C/
min. For dielectric breakdown strength (BDS) testing, the
circular specimens with 1-1.5 mm in thickness were tested in
silicon oil to prevent arcing. The BDS measurements were
carried out with a high voltage source HF5013 K (Changz-
hou Huiyou Electronics Co. Ltd., China). A DC voltage
ramp of about 1 kV/s was applied to the specimens until
the dielectric breakdown occurred. At least 8 specimens
were used for each sintering temperature during BDS testing.
The polarization-electric field (P-E) hysteresis loops
were measured at room temperature by a Sawyer—Tower
capacitive voltage divider in a computerized measuring
system. All electric fields were supplied by a high voltage
power supply (Trek 609-B, NY, USA) driven by
a frequency generator (HP33220A, CA, USA). The electric
field was applied from 1 to 6 kV/mm under 1 Hz during
measurement.

3. Results and discussion
3.1. Microstructure

SEM micrographs of the fracture surface of the BT-SBT
ceramics as a function of sintering temperature are shown in
Fig. 1. The microstructures of the BT-SBT ceramics varied
with the sintering temperature. As the sintering temperature
increased, the average grain size increased, and the porosity
decreased. At 1220 °C, sufficient grain growth occurred,
resulting in a homogenous grain size distribution with a little
amount of pores being trapped in the microstructure. This leads
to the largest shrinkage rate and the highest density for the BT-
SBT ceramic specimens sintered at 1220 °C. The average grain
size and shrinkage as a function of sintering temperature for the
BT-SBT ceramics are illustrated in Table 1.

3.2. Dielectric properties

As shown in Fig. 2, we employ the Weibull distribution to
perform the statistical analysis for the BDS of the BT-SBT
ceramics sintered at various temperatures. The reasonable
values of the BDS can be described in the form of following
equation:

(E”)m) 1)

1
Inln =mln(E; — E,) — In{ ——
1-P; N

where P; is the probability for dielectric breakdown, N is the
specimen space, E; is the resultant BDS, E, is the BDS when the
probability for electric breakdown is zero, E,, is the mean BDS,
and m is the Weibull modulus which represents the credence of
the statistic results [14]. When m < 1, it indicates that the
model is improper for the failure analysis, and the breakdown
distribution does not obey the Weibull function. And when
m > 1, it indicates that the failure could be analyzed by the
Weibull model [15]. The greater the m is, the more reliable the
model would be [16].

The specimens are arranged in ascending order of BDS
values so that £y < E; < ...E;... < E,. The estimator of P;
for the ith strength is expressed as

i
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The Weibull plots of the BDS of the BT-SBT ceramics sintered
at different temperatures are shown in Fig. 2. It was observed
that with all these m values being bigger than 1, the BDS are
more reliable. In addition, it is seen that all of the plots show
relatively good linearity, indicating that the scattering in each
data set can be expressed by the two parameter Weibull
distribution function. By Eq. (1), the average dielectric break-
down strength Ej, is obtained by the slope m and the intercept
—m In (Ep).

The results of the change in the BDS as a function of
sintering temperature for the BT-SBT ceramics are shown in
Fig. 3. The increasing tendency of the BDS is not clearly seen
but become more evident with the consideration of Weibull
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Fig. 1. SEM micrographs of the fracture surface of the BT-SBT ceramics specimens sintered at. (a) 1160 °C, (b) 1180 °C, (c) 1200 °C, (d) 1220 °C.

modulus. The anomalous BDS of the BT-SBT ceramics
sintered at 1160 °C might be attributed in partly to the relatively
lower value of the Weibull modulus m as shown in Fig. 2. It is
noteworthy that both the BDS and shrinkage rate of the BT-
SBT ceramics increase with the increase of the sintering
temperature up to 1220 °C. The BDS of ceramics depends on
several factors, such as porosity [5,17], grain size [18], and
interfacial polarization [19] and so on. In this work, the porosity
of the samples was reduced with increasing sintering
temperature, which is believed to be the main reason for the
improvement of the BDS. On the other hand, the more
homogeneous microstructure also contributes to the improve-
ment of the BDS.

Table 1
The grain size and shrinkage rate of the BT-SBT ceramics sintered at various
sintering temperatures.

Sintering temperature (°C) Grain size (um) Shrinkage rate (%)

1160 0.97 12.19
1180 1.03 12.20
1200 1.05 12.60
1220 1.29 12.76

The variation of dielectric constant and dielectric loss with
sintering temperature for the BT-SBT ceramics is shown in
Fig. 4. The measurements were carried out in a temperature range
from —55to 120 °C at 1 kHz. The dielectric constant increases as
the sintering temperature increases over the entire measuring
temperature range. The dielectric constant maximum at the
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Fig. 2. Weibull plots of the dielectric breakdown strength of the BT-SBT
ceramics with different sintering temperatures.
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Fig. 3. The BDS as a function of sintering temperature for the BT-SBT
ceramics.

transition temperature (7,.) systematically increases as the
sintering temperature increases for the BT-SBT ceramics. Close
inspection of the transition temperature reveals that there is small
shift in 7, with sintering temperature. The increase in the
dielectric constant maximum with increasing sintering tempera-
ture was related to the increase in the grain size as shown in Fig. 1.
Additionally, with increasing sintering temperature, the dielectric
loss increases at the ferroelectric state, while it does not change
obviously at the paraelectric state. Furthermore, the dielectric loss
for the BT-SBT ceramics was less than 0.01 in the temperature
range from 0 to 120 °C. This is promising as most applications for
capacitors require low loss and good thermal stability.

As mentioned above, the general trends of the BT-SBT
ceramics indicate an increase in both the dielectric constant and
the BDS with increasing sintering temperature. This is
consistent with the measurement results of the shrinkage rate
for the BT-SBT ceramics.

3.3. Energy storage properties

The energy storage behavior of the BT-SBT ceramics with
different sintering temperatures was investigated in terms of the
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Fig. 4. Temperature dependence of the dielectric constant and dielectric loss at
1 kHz for the. BT-SBT ceramic specimens sintered at different sintering
temperatures.
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Fig. 5. Schematic illustration of P-E hysteresis loop for the BT-SBT ceramics.

polarization-electric field (P-E) hysteresis loops. Fig. 5 shows a
typical loop for the BT-SBT ceramics. The charged energy
density (J,.) of a dielectric material is equal to integral of the
area enclosed by charge curve and y-axis. And the discharged
energy density (J,) is equal to integral of the area enclosed by
discharge curve and y-axis [8,20].

The charged and discharged energy densities of the BT-SBT
ceramics were calculated from the P-E hysteresis loops
measured at room temperature. It was shown that both the
charged and discharged energy densities increase with the
increase of measuring electric field. However, they are not very
sensitive to the sintering temperature. Though the dielectric
constant and the BDS increased with the increase of sintering
temperature, the energy density only slightly changed. This
result was partially due to the relatively low polarization as
shown in Table 2. And the highest charged energy density of
0.3 J/em?® was obtained under a high electric field (6 kV/mm).
Furthermore, the relation between the discharged energy
density and the electric field could be well simulated by
quadratic polynomial, J; = aE? + bE + c, as listed in Table 3.
And the results showed that J, increased with the square of E,
which suggests that, by improving the ceramic microstructure
to raise the E,, a much higher energy density can be achieved.

As a parameter to evaluate the energy storage property, the
unreleased energy density is as important as the discharged
energy density. The unreleased energy densities as a function of
electric field are presented in Fig. 6. All the samples exhibited
the unreleased energy densities of less than 0.07 J/cm® at the
electric field of 6 kV/mm. With the increase of the sintering
temperature, the unreleased energy densities of the BT-SBT
ceramics decrease over the entire electric field range. This
observation can be explained in terms of the increase in grain

Table 2
The coercive electric field (E.) and remanent polarization (P,) for the samples
with different sintering temperatures.

Sintering temperature (°C) 1160 1180 1200 1220
E, (kV/mm) 0.34 0.26 0.28 0.28
P, (wC/cm?) 0.69 0.42 0.46 0.40
Poax (wClem?) 7.5 7.82 7.33 735
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Table 3
The values of quadratic polynomial coefficient and intercept for the samples
sintered at different sintering temperatures and the corresponding adjusted R>.

Sintering temperature (°C)  Coefficient Intercept  Adjusted R*
a b c
1160 0.0047  0.0098  —0.0097  0.9981
1180 0.0056  0.0074  —0.0068  0.9999
1200 0.0050  0.0077  —0.0069  0.9999
1220 0.0052  0.0071 —0.0069  0.9999
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Fig. 6. The unreleased energy density versus electric field for the BT-SBT
ceramics sintered at different sintering temperatures.

sizes. It is believed that the unreleased energy density is related
with Maxwell-Wagner polarization. This interfacial polariza-
tion of coarse-grained ceramics is much lower than that of fine-
grained ceramics. In addition, these results agree well with the
values of coercive electric field (E.) and remanent polarization
(P,) shown in Table 2.

Fig. 7 illustrates the values of energy storage efficiency
(J4J.) [4] for the BT-SBT ceramics sintered at different
temperatures. Interestingly, the energy storage efficiency of the
BT-SBT ceramics was up to 90%. The energy storage
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Fig. 7. The energy storage efficiency as a function of electric field for the
BT-SBT ceramics with different sintering temperatures.

efficiency of the BT-SBT ceramics decreases with increasing
electric field, which originates from a dramatic increase in the
unreleased energy density (Fig. 6). The energy storage
efficiency has a complex dependence on the sintering
temperature. The BT-SBT ceramics sintered at 1220 °C
exhibit a steady dependence of the energy storage efficiency
on the electric field. A slight change appears between 1 and
6 kV/mm. Such electric field stability of the energy storage
efficiency increases with the increase of the sintering
temperature. Less variation of the energy storage efficiency
is benefit for the utilization of ceramic capacitors in a wider
field range.

4. Conclusions

The BT-SBT ceramics were fabricated by a solid state
reaction process with various sintering temperatures. As the
sintering temperature increases, both the average grain size and
the shrinkage rate of the BT-SBT ceramics increase. The major
effect of the sintering temperature on the dielectric character-
istics of the BT-SBT ceramics is the increase in dielectric
constant. Also, by taking the Weibull modulus into considera-
tion, the dielectric breakdown strength of the BT-SBT
ceramics was found to be increased with the increase of the
sintering temperature. The unreleased energy density decreases
as the sintering temperature is increased. Moreover, a steady
dependence of the energy storage efficiency on the electric field
was observed for the ceramic samples sintered at 1220 °C. It is
believed that the larger grain size results in the improvement of
the energy storage behavior for the BT-SBT ceramics.
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