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Abstract High dense Ba0.5Sr0.5TiO3 ceramics with Al2O3

additives have been prepared by a method combined the
sol–gel process and the solid state reaction. Phase composi-
tions, microstructure and dielectric behaviors are investigated
systematically. Our experiment results reveal that the Al2O3

additives reduce the dielectric constant slightly and increase
the breakdown strength greatly due to the refined microstruc-
ture and the formation of the second phases. The estimated
energy density of Ba0.5Sr0.5TiO3 ceramics with optimized
Al2O3 additives is improved by 1.5 times as compared with
that of pure Ba0.5Sr0.5TiO3 ceramics.
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1 Introduction

The perovskite structure materials have been extensively
studied for dielectric, ferroelectric and multiferroic properties
[1, 2]. Capacitive components with high dielectric constant,
low loss tangent and good physical stabilities have been
attractive for potential application in various fields such as
the microelectronic devices and the energy-storage capacitors.
Barium strontium titanate (Ba1-xSrxTiO3, abbreviated as BST)

is one of the candidates which have been widely investigated
to achieve the high dielectric constant and high breakdown
voltage simultaneously. Previous studies [3, 4] have shown
that the composition of Ba1-xSrxTiO3 has great effects on the
energy storage behavior. The optimized value of x over the
range of working field has been predicted by the theoretical
calculation [4]. The energy density of BST is strongly limited
by the low breakdown strength. Therefore, it is an important
issue to increase the breakdown strength of BST ceramics
before it can be used in the high energy density capacitors.

It is a common approach to use the glass additives, which
can refine the microstructure of ceramics. A. Young et al. [5]
found that the addition of glass dramatically increased the
breakdown strength of ceramics. Q. Zhang et al. [6] studied
the energy density of ceramics with glass additives and
observed the improvement by the factor of 2.4. Glass-
ceramic has also been studied by starting with the defect-
free glass matrix [7]. E. Gorzkowski et al. [8] investigated
the energy density of glass-ceramic and prepared samples
with both high dielectric constant and high breakdown
strength. Furthermore, H. Ogihara et al. [9] studied the solid
solution of 0.7 BaTiO3–0.3 BiScO3 ceramics and observed a
higher energy density than many commercial capacitors.

In this paper, we presented a new way to increase the
breakdown strength and the energy density of BST.
Normally, alumina (Al2O3) has much higher breakdown
strength than BST ceramics [10, 11]. Therefore, we prepared
the composite materials consisted of two phases in order to
combine the excellent dielectric properties of BST with the
high breakdown strength of Al2O3. The X-ray diffraction
(XRD) confirmed the compositions. The Al2O3 additives
improved the breakdown strength of BST ceramics, which
was further discussed considering the microstructure and
compositions.
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2 Experimental procedure

The nanoscaled Ba0.5Sr0.5TiO3 powders were prepared by
the method reported by Qi et al. [12]. Ba(NO3)2, Sr(NO3)2,
NaOH and Ti(OC4H9)4 were employed as the raw materials
(all reagents are analytical purity). The phase compositions
and particle sizes of the as-grown Ba0.5Sr0.5TiO3 (BST)
powders were confirmed by XRD and scanning electron
microscopy (SEM). The molar ratio of Al2O3 to BST was
0, 0.2, 0.25 and 0.5 respectively abbreviated as BST-A0,
BST-A1, BST-A2 and BST-A3. The as-prepared BST pow-
ders were dispersed in ethanol by ball-grinding for a certain
time. Then they were mixed homogeneously with the Al-
solution, which contained certain amount of Al(NO3)3
corresponding to the different ratio above, by ultrasonic
agitation. Ammonia was subsequently added until the reac-
tion was completed. The precipitants were filtered and
washed carefully for several times before they were dried
and calcined at different temperatures (350–1050 °C). Then
the precursor powders were pressed to green pellets (12 mm
in diameter) and sintered at 1250 °C for 3 h in air.

The phase compositions of the as-prepared powders and as-
sintered samples weremeasured by the XRD (Rigaku, D/max-
RB, Cu Kα radiation). The microstructure of the as-sintered
samples was studied by the SEM (Shimadzu Corporation,
SSX-550). The ceramic samples for electrical measurements
were polished to around 1.5 mm in thickness and pasted by
silver paste on both sides, followed by 600 °C heat treatment
for 20 min. The dielectric response was measured by the HP
4194A over the frequency from 100 Hz to 2 MHz. To deter-
mine the breakdown voltage, a DC load from the high voltage
power source (CS 2674C, Changshen corp.) was applied to
the samples immersed in silicone oil.

3 Results and discussion

Figure 1 shows the XRD patterns of the as-prepared powders
calcined at 350 °C, 650 °C, 850 °C, 1050 °C and the samples
sintered at 1250 °C respectively. The molar ratios are all 0.2.
The XRD patterns reveal that the crystallized BST exists
during the heating process. The peaks of BST move slightly
to the higher angle as the temperature increases, which indi-
cates the decrease of lattice parameter and is consistent with
other studies [12, 13]. Al(OH)3 is observed at low temperature
and disappears as the temperature increases due to the decom-
position. At 850 °C, no peaks related with Al2O3 are detected
in the current resolution. The emergence of several extra peaks
at high temperature reveals that BST reacts with Al2O3. At
high temperature, Barium Aluminum Titanium Oxides (main-
ly Ba1.23Al2.46Ti5.54O16, labeled as BATO) and Barium Alu-
minum Oxides (mainly BaAl2O4, labeled as BAO) are
observed. The Barium Strontium Aluminum Oxides (mainly

Ba0.6Sr2.4Al2O6, labeled as BSAO) also forms to keep the
chemical composition ratio. However since the XRD
patterns of these oxides are complicated and overlap with each
other, it is not easy to analyze them quantitatively. The inset is
the TEM photograph of the powders calcined at 350 °C, and
the size of the BST core is around 50 nm.

We also compare the phase compositions of the as-
sintered samples with different molar ratios of Al2O3/BST
(Fig. 2). When the ratio of Al2O3 to BST is low (BST-A1
and BST-A2), the phase compositions are the same as we
analyze above. As the content of Al2O3 increases (BST-A3),
Barium Aluminum Oxides (BAO) and Strontium Aluminum
Oxides (SAO) are detected. Besides, there are also extra
weak peaks of Al2O3 in the pattern of BST-A3. The changes
of the phase compositions with different molar ratio can be
explained as following. At high temperature, Al2O3 reacts
with BST. BATO and BSAO form when the content of
Al2O3 is low. As the content of Al2O3 increases, BATO will

Fig. 1 XRD patterns of the as-prepared powders calcined at 350°C,
650°C, 850°C, 1050°C and the samples sintered at 1250°C respec-
tively. The inset is the TEM photograph of the powders calcined at
350°C. The molar ratio of Al2O3 to BST is 0.2

Fig. 2 XRD patterns of the as-sintered samples with different molar
ratio of Al2O3 to BST. The ratio is 0, 0.2, 0.25 and 0.5 for BST-A0,
BST-A1, BST-A2 and BST-A3 respectively
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be more Al-rich, which leads to the formation of BAO/SAO.
Besides, certain amount of Al2O3 remains unreacted due to
the limited sintering time and temperature.

The microstructure of pure BST and Al2O3-added BST
ceramics were observed by the SEM. Figure 3 shows the
SEM micrographs of (a) BST-A0, (b) BST-A1 and (c) BST-
A2, which reveal the relationship between Al2O3 additives
and the grain growth as well as the microstructure develop-
ments. The grain size of Al2O3-added BST (~1–3 μm) is
smaller than that of the pure BST, which can be seen clearly
by comparing the insets in Fig. 3. Besides, the grain size
decreases as the amount of Al2O3 increases. Similar phenom-
ena have been reported by Q. Zhang et al. [6] in the study of
BST ceramics with glass additives. In general, the size of
pores in the ceramics reduces when certain amount of Al2O3

is added (BST-A1). In pure BST (BST-A0), the average pore
size is about 2–4 um, as shown in Fig. 3(a). In BST-A1, the
average pore size is about 300 nm comparing with about 1 um
in BST-A2. Besides, the number of pores is less in BST-A1
based on counting in different areas. Previous works [6, 14]
have reported the refinements of microstructure and the elim-
ination of pores by using different additives in BST, which is
also observed in our work. It is likely that the small amount of
Al2O3 surrounding the BST particles act as binder to join the
BST grains together during the sintering process.

Figure 4 shows the dielectric constant versus frequency
for different samples. As the content of Al2O3 increases, the
dielectric constant decreases slightly. The decline of the
dielectric constant is mainly resulted from the formation of
the second phases, which have relatively low dielectric
constant. The reduction of Ba in BST can also lead to the
decrease in dielectric constant. However, we don’t see dis-
tinct shift of the BST peaks in Fig. 2 when comparing BST-
A1, BST-A2 and BST-A3, which indicates that the reduction
of Ba is not the main reason. X. Liang et al. have reported
similar result that Al2O3 additives decrease the dielectric
constant [15]. The dielectric constant is stable during the
whole range of frequency from 100 Hz to 2 MHz for all
groups except BST-A3, which indicates that over-addition
of Al2O3 seriously destroys the dielectric properties of BST.

The breakdown strength (BDS) of the composite
ceramics is also correlated with Al2O3 content, which is
shown in Fig. 5. Pores are believed to be a very important
factor to determine the breakdown strength of the ceramics
since the gas discharge occurs within pores [14, 16]. Be-
sides, several other factors, such as the grain size and the
sample thickness, also change the breakdown behavior [6, 9,
17]. In addition, the intrinsic property of materials is another
essential factor when considering the breakdown strength.
Figure 5 shows that the samples with higher content of Al2O3

Fig. 3 SEM micrographs of the Al2O3-added BST ceramics: (a) BST-A0; (b) BST-A1; (c) BST-A2. Insets are micrographs with higher magnification

Fig. 4 Dielectric constant and loss versus frequency for BST-A0,
BST-A1, BST-A2 and BST-A3 respectively

Fig. 5 Breakdown strength (BDS) and energy density of the
Al2O3-added BST ceramics with different content of Al2O3
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tend to show higher breakdown strength. The breakdown
strength of BST-A3, which is the highest among all groups,
is almost 2.1 times higher than that of the pure BST. When
the content of Al2O3 is relatively low, the microstructure of
the samples is refined. The decrease of the pore numbers and
sizes is probably the main reason for the increase of break-
down strength. However, large amount of Al2O3 leads to
more pores (Fig. 3). The further increase of breakdown
strength is likely to result from the formation of the second
phases, which have higher breakdown strength. In fact, these
two factors act simultaneously, which lead to the great poten-
tial to increase the breakdown strength of ceramics.

The maximum energy density of the samples can be
estimated by the formula:

U ¼ 1

2
"0"rE

2

where ε0 is the vacuum permittivity, εr is the relative
permittivity and E is the breakdown strength. It is
shown by Fig. 5 that BST-A1, with the molar ratio of
Al2O3/BST 0.2, has the highest energy density, which is
nearly 1.5 times higher than that of pure BST. The
energy density is determined by both the dielectric
constant and the breakdown strength. Al2O3 additive
improves the breakdown strength and thus increases
the energy density by nearly 1.5 times.

4 Conclusion

We prepared the Al2O3/BST two-phase composite ceramics.
Our results indicate that the addition of Al2O3 improves the
breakdown strength of BST, which can be attributed to the
refinements of the microstructure and the formation of the
second phases. The dielectric constant decreases slightly as
the content of Al2O3 increases. The estimated energy den-
sity is greatly improved by the Al2O3 additive. The samples
with the molar ratio of Al2O3 to BST 0.2 (BST-A1) have the
highest energy density, which is about 1.5 times higher

than that of pure BST. The result reveals that it is
promising to increase the energy density by forming
the two-phase composites and further optimization is
needed for this system.
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