
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

Technology, Sc

People’s Repub

fax: þ86 290 2

E-mail addr
Ceramics International 39 (2013) 6787–6793

www.elsevier.com/locate/ceramint
Dielectric relaxation behavior and energy storage properties
in Ba0.4Sr0.6Zr0.15Ti0.85O3 ceramics with glass additives

Ting Wua,b,n, Yongping Pua, Kai Chena

aSchool of Materials Science and Engineering, Shaanxi University of Science & Technology, Xi’an 710021, People’s Republic of China
bKey Laboratory of Auxiliary Chemistry & Technology for Chemical Industry, Ministry of Education, Xi’an 710021, People’s Republic of China

Received 23 November 2012; received in revised form 25 January 2013; accepted 6 February 2013

Available online 13 February 2013
Abstract

Ba0.4Sr0.6Zr0.15Ti0.85O3 ceramics with SrO–B2O3–SiO2 glass additives were prepared via the solid state reaction route. The effects of

glass contents on the sintering behavior, dielectric properties, microstructures, and energy storage properties of BSZT ceramics were

investigated. Dielectric breakdown strength of 22.4 kV/mm was achieved for BSZT ceramics with 20 wt% glass addition. Dielectric

relaxation behavior was observed in dielectric loss versus temperature plots. In order to investigate the mechanism of dielectric

breakdown performance, the relationship between dielectric breakdown strength and grain boundary barrier was studied by the

measurements of breakdown strength and activation energy. A discharged energy density of 0.45 J/cm3 with an energy efficiency of

88.2% was achieved for BSZT ceramics with 5 wt% glass addition.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Future technological advances in power inversion sys-
tems based on SiC modules will depend on advances in
dielectric materials with high energy and power densities.
One way to achieve these advances is to develop new
materials for ceramic capacitor with high energy storage
density [1–3]. High energy storage density capacitors with
decreased volume, weight and cost are urgently needed for
electric vehicles. In accordance with the energy storage
density equation for nonlinear dielectrics [4,5], two key
materials parameters to obtain high energy density are
high dielectric constant and high breakdown strength
(BDS, Eb), while high Eb makes a more pronounced
contribution toward the energy density.

Recently, BaxSr1�xTiO3 (BST) ceramics have received
interest in energy storage densities of the dielectric
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materials because of their extremely high dielectric con-
stants [6,7]. Unfortunately, BST ceramics have a relatively
low Eb due to the existence of defects (such as pores).
Researches [8–11] have shown that the substitution of Ti4þ

with Zr4þ ions in BST can reduce the dielectric loss or
leakage current in the material, which improved the
dielectric BDS obviously. In addition, it was reported that
the addition of glasses to BST ceramics notably improved
its BDS as well [12–14]. However, researchers mainly
focused on the effect of glass additives on the sintering
temperature and microstructure, rarely mentioned on the
mechanism of breakdown. Huang et al. [15] found that
dielectric breakdown strength strongly depends on the
interface polarization in BST glass ceramics. In fact,
interface polarization is also present in the glass added
ceramics. The glass located at the grain boundary or
surrounding the grains in glass added ceramics [12–14],
impeding the transfer of free charge, and resulting in
accumulation of charges or ions in intergranular area.
In this paper, SrO–B2O3–SiO2 glass used as sintering

additives for Ba0.4Sr0.6Zr0.15Ti0.85O3 (BSZT) ceramics was
prepared. The effect of glass contents on the dielectric
properties, microstructures, and energy storage properties
ll rights reserved.
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Fig. 1. Frequency dependence of dielectric constant and dielectric loss for

BSZT ceramics with different glass contents.
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was investigated. In addition, we mainly discussed the
dielectric relaxation behavior and the mechanism of break-
down of BSZT ceramics. The goal is to get new informa-
tion on the dielectric relaxation behavior and mechanism
of dielectric BDS of BSZT ceramics.

2. Experimental procedure

BSZT powder was prepared by the solid-state method
using analytical reagent grade BaCO3, SrCO3, ZrO2 and
TiO2 powders. Stoichiometrically weighed powders were
wet-milled with distilled water for 4 h, dried and calcined
at 1300 1C/4 h. According to the glass formation region
[16], a glass with the composition of 51.62% SrO, 41.35%
B2O3, 7.03% SiO2 (weight fraction) was prepared from the
analytical reagent grade carbonates or oxides. The appro-
priate constituents were well mixed and melted in corun-
dum crucible at 1250 1C for 1 h. The molten glass was
quenched in distilled water and then ball milled to fine
powders. The glass powders were mixed with BSZT
powder in the ratio corresponding to the following chemi-
cal composition: (100�x)% BSZTþx% glass (weight
fraction), where x¼0, 5, 10, 15 and 20. The mixed powders
were pressed into pellets and then sintered at different
temperatures for 2 h in air.

The sintered samples for dielectric measurement were
polished to 0.5 mm in thickness and painted with silver
paste and fired at 650 1C for 20 min. The frequency
dependence of dielectric properties was measured using a
precision LCR Meter (E4980A, Agilent Tech., CA, US)
over a frequency range from 20 Hz to 2 MHz at room
temperature, the temperature dependence of dielectric
properties were measured over a temperature range from
40 to 450 1C, and the impedance data were measured over
frequencies from 20 Hz to 2 MHz in a temperature range
of 200–500 1C without bias voltage. The DC BDS mea-
surement was performed using a withstanding voltage
tester at room temperature. All samples were immersed
in silicone oil to prevent surface flashover. At least 10
specimens were used for each composition during BDS
testing. The polarization–electric field (P–E) hysteresis
loops were measured using a ferroelectric tester (TF
Analyzer 2000, aixACCT, Aachen, Germany) at room
temperature.

3. Results and discussion

In order to determine the suitable sintering temperature
(SST) [8], the bulk density of all samples sintered at
different temperatures was measured by the Archimedes
method. The measured density shows that the SSTs of the
ceramics are 1450, 1240, 1220, 1180, and 1160 1C, when
x¼0, 5, 10, 15, and 20, respectively. The addition of glass
largely decreases the SSTs of BSZT ceramics. In the rest of
this paper, all the samples were prepared at their SSTs.

Fig. 1 presents the frequency dependence of dielectric
constant and dielectric loss for BSZT ceramics with
different glass contents. The dielectric constant of samples
shows good frequency stability in the measured frequency
range. Pure BSZT ceramic possesses a dielectric constant
of about 1000, while the dielectric constant of BSZT
ceramic with 20 wt% glass addition is only about 100, an
order of magnitude reduction in dielectric constant was
observed. The sharp decrease in the dielectric constant can
be attributed to the addition of low dielectric constant
component (glass). The dielectric loss of samples decreases
gradually with increasing frequency, which tends to be
stabilized at about 1� 10�3 from 1 kHz to 2 MHz.
According to the previous report [17], the dielectric loss
at frequency range from 20 Hz to 1 kHz may induced by
the leakage currents.
Fig. 2 shows the variation of dielectric constant and

dielectric loss with temperature at a few selected frequen-
cies for pure BSZT ceramics and ceramics with 10 wt%
glass addition. The dielectric constant and dielectric loss
remain constant up to a certain temperature and there-
after, increase rapidly with increasing temperature. The
temperature dependence of dielectric loss plot shows a
peak. The position of the peak shifts to higher temperature
with increasing frequency. Similar results were observed in
other samples (x¼5, 15, and 20). It is indicated that some
relaxation polarization mechanism is existed in both pure
BSZT ceramics and glass-added ceramics [18,19].
The complex impedance spectrum has been proved to be

a powerful method for investigating the relaxation polar-
ization mechanism of grain and grain boundary in cera-
mics [15,20]. The samples are measured at different
temperatures at every 20 1C interval in order to get series
of the Cole–Cole images. The complex impedance spectra
measured at different temperatures for pure BSZT cera-
mics and ceramics with 10 wt% glass addition were
presented in Fig. 3. Similar results were observed in other
samples (x¼5, 15, and 20). Two semicircles can be
observed in the two diagrams, which indicate that two
distinct dielectric relaxation processes exist in the sample.
At low temperature (o380 1C), the first semicircle at low
frequency cannot be obtained because of the high resistivity.



Fig. 2. Variation of dielectric constant and dielectric loss with temperature at different frequencies for pure BSZT ceramics (a) and ceramics with 10 wt%

glass addition (b).

Fig. 3. Complex impedance spectra measured at different temperatures for pure BSZT ceramics (a) and ceramics with 10 wt% glass addition (b).
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In general, the sample is composed of two parts, ceramic
and electrode. The silver paste used in this work achieved
the ohmic contact between silver electrodes and ceramic,
thus the contact capacitance Ce and contact resistance Re

can be omitted. In order to model the electrical response
and extract resistance and capacitance of each electroactive
element, an equivalent circuit, shown in the inset of
Fig. 3(b), was fitted using ZSimpwin Electrochemical
Impedance Spectroscopy Data Analysis software (version
3.10). While the ceramic typically consists of grains and
grain boundaries two different regions. Therefore, the two
R–C circuit elements represent the contributions from the
grain phases and grain boundary phases, respectively. In
addition, as can be seen in Fig. 3(a) and (b), both the two
impedance semicircles become smaller with increasing mea-
suring temperature, thus the two observed dielectric relaxation
behaviors corresponding to the grain boundary phases and
the grain phases are correlated with the thermally activated
motions of defect and polar nanoregions, respectively.
Meanwhile, the impedance semicircle of grain boundary
phases in Fig. 3(b) (ceramics with 10 wt% glass-added)
increases obviously when compared with the impedance
semicircle of grain boundary phases in Fig. 3(a) (pure
BSZT ceramics). It is suggested that the effect of grain
boundary phases on the ceramics is enhanced with glass
addition.
The reciprocal value of measurement frequency at the

extreme point of each semicircle represents the relaxation
time t at a certain measurement temperature. According
to the Arrhenius relationship, the activation energy for
relaxation can be calculated from the slope using the
following equation:

ln s¼
1

kBT
Eaþ lns0 ð1Þ

where t0 is a pre-exponential factor, Ea is the activation
energy for the relaxation process, kB is the Boltzmann
constant and T is the absolute temperature. Fig. 4 plots the
relaxation time as a function of measuring temperature for
BSZT ceramic with 10 wt% glass addition, the activation
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energy corresponding to the grain boundary phases (Ea, 1)
and the grain phases (Ea,2) can be obtained from the slope
of solid lines which linear fits through the data. In our
measurement condition, Ea,1 corresponds to the relaxation
of space charge, which characterizes the effective energy
barrier that impedes the transfer of free charge. Ea,2

corresponds to the relaxation of polar nanoregions, which
characterizes the traps energy that prevents the polar nano-
regions to make an orientation under external electric field.

The microstructures of pure BSZT and glass-added
specimens were observed in Fig. 5. Two effects of glass
addition on the microstructure could be observed. On one
hand, the grain size reduced notably and distributed more
uniform. As shown in Fig. 5(a), pure BSZT has large
grains and uneven distribution, while the grain size of
Fig. 4. Relaxation time as a function of 1000/T for BSZT ceramic with

10 wt% glass addition. The solid lines are linear fits through the data.

Fig. 5. Scanning electron micrographs for BSZT ceramics with different gla
BSZT with glass-added decreases and the distribution is
more uniform (Fig. 5(b), (c) and (d)). On the other hand,
further addition of the glass led to unobvious grain
boundary (Fig. 5(e)).
Fig. 6 shows the Weibull distribution of the BDS for BSZT

ceramics with different glass contents. This distribution has
been found, both in theory and in practice, to be most
appropriate for the BDS analysis. The reasonable values of
BDS can be calculated by the Weibull linear equation which
is described in detail elsewhere [3,15]. As can be seen in
Fig. 6, all the five samples fit well with the Weibull
distribution, and an increasing the Weibull modulus m was
observed with increase in glass content, thus the samples have
a more concentrative distribution of BDS as well.
ss contents:(a) pure BSZT, (b) x¼5, (c) x¼10, (d) x¼15 and (e) x¼20.

Fig. 6. Weibull distribution of the BDS for BSZT ceramics with different

glass contents.
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The glass content dependence of BDS, grain boundary
barrier Ea,1 and polar nanoregion trap energy Ea,2 for
BSZT ceramics was illustrated in Fig. 7. The BDS value
and grain boundary barrier Ea,1 increase gradually with
enhance in glass content. While the trap energy Ea,2 nearly
no changed with variation of glass content. Comparing the
BDS curve with that of Ea,1, it is readily seen that a positive
relationship presented between the BDS and the grain
boundary barrier.

In fact, due to the presence of grain phases, glass phases
and pores, ceramics usually performed as an inhomoge-
neous material. The distribution of electric field in material
becomes vastly different under the external electric field.
Considering the different electrical properties between
grain boundary phases and grain phases, the double-
layer dielectric model was employed to illustrate the
distribution of electric field in this work. When a DC
voltage was applied to the sample, both the electric field
strengths corresponding to the two layers are different
from the average electric field strength, which are given by

Egb ¼
rgðdgbþdgÞ

rgbdgþrgdgb

� Eavg ð2Þ

Eg ¼
rgbðdgbþdgÞ

rgbdgþrgdgb

� Eavg ð3Þ

where Egb, Eg, and Eavg are the electric field strength
corresponding to grain boundary, grain and average value.
sgb and sg are the electric conductivity corresponding to
grain boundary and grain. dgb and dg are the thickness
corresponding to grain boundary and grain, respectively.
According to the complex impedance spectrum in Fig. 3, it
can be deduced that the grain boundary resistance Rgb is
far greater than the grain resistance Rg at room tempera-
ture, i.e. sgb5sg. Thus the grain boundary sustains higher
electric field strength, which is more prone to result in
breakdown than grain. Once the grain boundary layer was
broken down, more voltage will apply to the grain layer,
which leads to distorting of the electric field, and results in
the grain layer is broken down as well. Consequently, the
Fig. 7. Dielectric BDS and activation energy Ea as a function of glass

content for BSZT ceramics.
grain boundary plays a major role in determining the
breakdown performance of ceramics.
In glass-added ferroelectric ceramics [12–14], the glass

phase is usually located at grain boundaries and triple
joints of particles, the grain size reduced notably with
increasing glass content. However, the decrease of grain
size results in a higher grain boundary density, i.e. more
interfaces occurs between ferroelectric phase and glass. In
addition, due to the big difference in dielectric constant
between ferroelectric phase and glass, larger amounts of
bulk charges will accumulate at the interfaces with increase
in glass content. This leads to the obvious increase in
the grain boundary barrier. On the other hand, it was
observed [21] in materials with microstructures containing
high interface densities, the dielectric BDS is improved
when materials are able to stabilize a great amount of
charges at room temperature. Higher grain boundary
barrier limits the charge spreading behavior at the inter-
faces, which delays the breakdown performance, leads to
the increase of Eb.
In order to investigate the energy storage properties, the

P–E hysteresis loops for BSZT ceramics with different
glass contents were measured at 1 Hz until the sample
undergoes a breakdown and plotted in Fig. 8. It is worth
noting that the polarization decreases gradually with
increasing glass addition. It can be attributed to the glass
phase diluting the BSZT phase.
The energy density charged (Jc), discharged (Jd) and

energy efficiency (Jc/Jd) [22] as a function of glass content
were calculated from the P–E hysteresis loops and pre-
sented in Fig. 9. The Jc and Jd increase first and then
decrease gradually with increase in glass content. The
addition of the glass improves the BDS of BSZT and
consequently results in a higher energy density. Moreover,
because of the low leakage currents, all samples possess a
high energy efficiency of above 87.0%. Among all the
measured samples, BSZT ceramic with 5 wt% glass addi-
tion has the highest Jd and Jc of 0.45 and 0.51 J/cm3
Fig. 8. P–E hysteresis loops for BSZT ceramics with different glass

contents.



Fig. 9. Energy density and energy efficiency of BSZT ceramics as a

function of glass content.
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respectively, and which is accompanied by an energy
efficiency of 88.2%.

4. Conclusion

SrO–B2O3–SiO2 glass powders were prepared and
employed as the sintering additives to reduce the sintering
temperature of Ba0.4Sr0.6Zr0.15Ti0.85O3 ceramics. The glass
contents show a strong influence on the dielectric constant,
microstructure, and discharged energy density. Impedance
analysis suggests that there are two dielectric relaxation
behaviors corresponding to the thermally activated motions
of defect and polar nanoregions, respectively. The BDS
result indicates that the ceramics have a more concentrative
distribution of BDS with the increase in glass content. By
comparing the glass content dependence of BDS and grain
boundary barrier, it was found that the dielectric BDS of
sample strongly depends on the grain boundary barrier. It
can be concluded that it is the grain boundary barrier, by
limiting the charge spreading behavior at the interfaces,
which affects the breakdown performance of glass added
ceramics. A discharged energy density of 0.45 J/cm3 with an
energy efficiency of 88.2% was achieved for Ba0.4Sr0.6Zr0.15-
Ti0.85O3 ceramic with 5 wt% glass addition sintered at
1240 1C. These results provided useful information for
barium strontium zirconate titanate in the application of
energy storage capacitor ceramics.
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