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Abstract A crystallizable glass which can precipitate
barium titanate was added to BaTiO3 ceramics to study its
effect on sintering behavior and dielectric properties of the
composites. High densification ([95 % theoretical density)
was achieved by addition of glass phase and the dielectric
constant of composites was enhanced through the crystallization of glass phase. A composite with 90 wt% BaTiO3
and 10 wt% glass showed a dielectric constant of *2,300
at room temperature at 1 kHz and a dielectric breakdown
strength about 140 kV/cm.

1 Introduction
Barium titanate (BaTiO3) has been widely studied as a
dielectric for commercial energy storage capacitors due to
its high dielectric constant [1–3]. However, the dielectric
breakdown strength of polycrystalline bulk BaTiO3 ceramic is relatively low (*100 kV/cm) [4]. In order to
achieve a high energy storage value by a capacitive
approach, both high dielectric constant (er) and high
dielectric breakdown strength (Eb) are necessary. Recently,
numerous studies have been conducted to investigate the
effects of glass addition on BaTiO3, especially on sintering
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and electrical properties of composites [5, 6]. Many benefits can be expected by adding glass to ceramics, including
reduction of the porosity and the sintering temperature,
refinement of microstructures and improvement of some
electrical properties. Hsiang et al. [7] reduced the sintering
temperature of BaTiO3 from 1,300 to 900 °C by using a
ZnO–B2O3–SiO2 (ZBS) glass as the sintering agent. Lower
sintering temperature is not only beneficial to decrease
processing cost but also allows for the usage of base metal
electrodes such as copper and nickel [8]. Due mainly to the
reduction of the sintering temperature, abnormal grain
growth of BaTiO3 was prevented by the addition of
Mn2O3–SiO2 glass [9]. Moreover, the added glass can
improve dielectric breakdown strength of composites significantly. Young [10] used BaO–SrO–SiO2–Al2O3–B2O3–
ZrO2 glass to sinter BaTiO3 and investigated the influence
of glass addition on the dielectric breakdown strength of
BaTiO3. The dielectric breakdown strength of samples with
20 vol% glass was found to become higher by a factor of
2.8 compared to that of the pure BaTiO3. In addition, it was
demonstrated that capacitance temperature stability can be
also enhanced by adding calcium borosilicate glass to
BaTiO3 based ceramics [11]. However, the addition of
glass phase often deteriorates the dielectric constant of
composite drastically, especially when the loading of glass
phase is over 10 wt% [5, 12]. An addition of 13 wt% lead
borate glass was found to decrease the dielectric constant
from above 2,000 to around 1,000 [5]. Previous work [13]
demonstrated that this low dielectric permittivity is undesirable for high energy density application.
Herein, we consider another approach to maintain the
high dielectric constant of BaTiO3/glass composite. A
crystallizable glass is used as a sintering agent for BaTiO3
ceramics. Some glasses can precipitate BaTiO3 phase upon
a subsequent crystallization heat-treatment [14] after
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sintering process. This paper provides a new approach to
keep the benefits of glass sintering aid without sacrificing
high dielectric constant of BaTiO3. The effect of crystallizable glass addition on sintering behavior and dielectric
properties was studied.

2 Experimental procedure
2.1 Glass fabrication and characterization
Glass with the composition (34.2 mol% BaO–35.8 mol%
TiO2–20 mol% SiO2–10 mol% Al2O3) was prepared by a
conventional glass melting technique. First, reagent grade
BaCO3, TiO2, SiO2 and Al2O3 powders were mixed thoroughly and melted in a platinum crucible at 1,450 °C for
2 h. The melt was cast onto a preheated stainless steel plate
and the resulting transparent glass was transferred to an
annealing furnace. Glass powder was prepared by grinding
the glass in an agate mortar with pestle. Differential thermal analysis (DTA) of BaO–TiO2–SiO2–Al2O3 glass
powder was performed using a DTA analyzer (STA 409C/
CD, NETZSCH, Selb, Germany) with a heating rate of
10 °C/min in helium atmosphere. Crystallization of glass
powder upon heating was investigated by in situ X-ray
diffraction (XRD) using a diffractometer (X’pert Pro.,
PANalytical, Almelo, Netherland) with Cu Ka radiation
(k = 1.5406 Å). The heating rate was 10 °C/min with a
dwell time of 15 min at selected temperatures.
2.2 Pellet preparation
The glass powder was mixed with BaTiO3 powder
(\100 nm particle size, C99 % in purity, Sigma-Aldrich
Co., USA) using agate mortar and pestle at glass weight
percents of 10, 15 and 20. The mixtures were designated as
BG10, BG15 and BG20 (the corresponding glass volume
percentages were 13.4, 19.8, and 25.9 vol% respectively).
The mixture powder was added with 4 wt% polyvinyl
alcohol (PVA) solution and pressed into pellets with
13 mm diameter and 0.4 mm thickness by applying 6,000
lbs load for 1 min. Pellets were sintered at 1,200 °C for 4 h
in air and given crystallization heat-treatment at 1,000 °C
for 2 h followed by furnace cooling.
2.3 Characterization of pellets
The density of pellets after heat-treatment was measured by
the Archimedes method. Microstructure investigation of
composites was performed using a high resolution field
emission scanning electron microscope (SUPRA 55, Carl
Zeiss Microscopy LLC, Thornwood, NY, USA). Crystal
phases of samples were studied by using the X-ray
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diffractometer. Silver electrodes of 6 mm diameter were
painted on both sides of pellets and dried at room temperature overnight. The dielectric properties (dielectric
constant and loss tangent) were characterized by a RLC
Digibridge (RLC 1689 Tester, IET Labs Inc., Westbury,
NY, USA) with a frequency range from 100 Hz to 100 kHz
at temperatures from room temperature to 150 °C. The DC
dielectric breakdown voltage of pellets was measured at
room temperature using the Hipotronics high voltage DC
power supply (Hipotronics Inc., Brewster, NY, USA).
Pellets were immersed in silicone oil to avoid surface
flashover. Approximately 10 pellets for each composition
were measured with the voltage ramp rate of approximately
10 kV/min. The accurate sample thickness was measured
by an optical microscope observation of its cross-section
after the breakdown voltage measurements to obtain the
dielectric breakdown strength in kV/cm.

3 Results
3.1 Glass characterization
The DTA result of glass powder shown in Fig. 1 was
analyzed to obtain the glass transition temperature of
*735 °C, crystallization initiation temperatures of
Tx1 = 835 °C and Tx2 = 958 °C, and melting temperature
of *1,200 °C. Crystallization and phase evolution processes of glass powder were also observed by in situ X-ray
diffraction pattern as shown in Fig. 2. At room temperature
(25 °C), the broad peak demonstrated the amorphous nature of glass powder. When temperature reaches 850 °C,
BaO and TiOx phases precipitated first which contribute to
the first exothermal peak of DTA curve at around 835 °C.
With further increasing temperature, BaO and TiOx peaks
decreased while BaTiO3 and BaAl2Si2O8 phases precipitated, resulting in the second exothermal peak of DTA at
958 °C. At 1,000 °C, BaTiO3 is the primary crystallized
phase, accompanied by the secondary phase BaAl2Si2O8.
Therefore, in order to precipitate BaTiO3 phase in this
glass, heat-treatment around 1,000 °C is necessary.
3.2 Liquid phase sintering and crystallization
The theoretical density of BaTiO3 was taken as 6.02 g/cm3
[15], while that of glass component with precipitated BaTiO3 was estimated, by measuring the density of pore-free
pure glass plates after crystallization heat-treatment at
1,000 °C for 2 h, as 4.32 g/cm3. The theoretical density of
composites can be calculated using a linear mixing rule.
Relative densities of three composites are shown in Fig. 3
(BG10 95.8 %, BG15 96.6 % and BG20 97.0 %). High
densification of greater than 95 % theoretical density was
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Fig. 1 Differential thermal analysis of the crystallizable glass,
34.2BaO–35.8TiO2–20SiO2–10Al2O3 (mol%)
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Fig. 3 Relative density (% theoretical density) of BG10 (90 wt%
BaTiO3–10 wt% Glass), BG15 (85 wt% BaTiO3–15 wt% Glass) and
BG20 (80 wt% BaTiO3–20 wt% Glass)

was also BaTiO3 as shown in Fig. 2. Thus, it is difficult to
characterize crystallization process of glass phase in composites by the normal XRD plot. However, small peaks due
to BaAl2Si2O8 phase can be observed in the semi-log plot
of Fig. 5. Figure 2 showed that secondary phase BaAl2Si2O8
precipitated simultaneously with primary phase BaTiO3.
Thus, BaAl2Si2O8 peaks in the XRD semi-log plot of Fig. 5
is an indication of crystallization of the glass component
during heat-treatment of the composite samples.

Fig. 2 In-situ X-ray diffraction pattern of the glass powder (intensities are displaced for clarity)

achieved for all composites, with the highest percent
theoretical density being obtained for the composite with
the largest volume fraction of glass component. It appears
that densification is promoted with increasing glass additions since glass can fill the air-filled pores of ceramics
while sintering. The scanning electron micrographs of heattreated composites with different amount of glass component from 10 to 20 wt% are shown, together with that of
as-received BaTiO3, in Fig. 4. As-received BaTiO3 nanopowder had nearly uniform grain size with the average
value of 50 nm in diameter. BaTiO3/glass composites with
10 wt% glass have fine microstructures as shown in
Fig. 4b. Composite pellets containing 15 or 20 wt% glass
showed larger grain size of approximately several hundred
nanometers with highly densified microstructure.
XRD patterns of the three composites are shown in
Fig. 5 in semi-log plot to accentuate the minor crystalline
components. Since the composite samples contain 80 wt%
or more BaTiO3, their diffraction peaks in the XRD pattern
are dominated by those of BaTiO3. The primary precipitated phase of glass upon heat-treatment at 1,000 °C for 2 h

3.3 Dielectric permittivity and dielectric breakdown
strength
Figure 6 shows (a) relative permittivity (dielectric constant) and (b) loss tangent of three composites at 1 kHz as a
function of temperature. The dielectric constant decreased
with increasing fraction of added glass. The broad peaks
around 130 °C of three composites resulted from the ferroelectric transition of BaTiO3. The peak positions (Curie
temperature TC) of three composites remained unchanged
within the experimental error in this work. The peak diffuseness changed with glass addition, with BG10 having
the sharpest peak and BG20 the broadest one in terms of
the full width at half maximum (FWHM) normalized by
peak height. Bae et al. [16] showed that diffusive phase
transition contributed to the nearly temperature-independent dielectric constant, which is desirable in applications
of multilayer ceramic capacitors. The loss tangent of three
composites decreased with increasing temperature and
most values are below 0.01 in the temperature range of
40–150 °C. Figure 7 presents the temperature coefficient
of capacitance (TCC) of three composites at 1 kHz over the
temperature range of 22–150 °C. All TCCs are within
±15 % for BG15 and BG20, while the TCC value at TC for
BG10 is around 20.0 %.
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Fig. 4 Scanning electron
micrographs of a as-received
BaTiO3 nanopowder, b BG10
(90 wt% BaTiO3–10 wt%
Glass), c BG15 (85 wt%
BaTiO3–15 wt% Glass), and
d BG20 (80 wt% BaTiO3–20
wt% Glass) after sintering and
crystallization heat-treatment

Fig. 5 Semi-log plot of XRD patterns for three composites (intensities are displaced for clarity)

Figure 8 is the Weibull plot of dielectric breakdown
strength for three composites. Weibull distribution is generally applied for dielectric breakdown analysis, which can
be described as,
   
Ei
F ¼ 1  Exp 
m
ð1Þ
a
ln½ lnð1  F)] = mlnEi  m ln a
F=

i
nþ1

E1  E2      E i      En

ð2Þ
ð3Þ
ð4Þ

where F is failure probability, Ei is the dielectric breakdown strength value of the ith sample when the strength is
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arranged in the ascending order, n is the total number of
sample measured, m is the distribution parameter, with a
larger m value indicating a narrower distribution and a is a
constant which indicates the value of characteristic
dielectric breakdown strength of the material.
There will be a linear relationship between lnEi and
ln(-ln(1 - F)) as shown in Fig. 8. The value of m can be
obtained by the slope and dielectric breakdown strength at
63.2 % failure probability is defined as the characteristic
dielectric breakdown strength of each composite. Figure 8
shows that the distribution of breakdown strength for BG15
(m = 12.4) and BG20 (m = 8.1) are narrower than that of
BG10 (m = 3.8). BG10 exhibited a characteristic dielectric breakdown strength of 140 kV/cm while BG15
116 kV/cm and BG20 125 kV/cm.

4 Discussion
The addition of glass powder to ceramics can effectively
promote sinterability and reduce the sintering temperature.
Therefore, many glass compositions have been employed
to sinter ceramic dielectrics such as BaTiO3. However, the
relative permittivity of BaTiO3–glass mixture can decrease
because of the dilution of high dielectric constant ceramics
with glass phase which generally has low dielectric constant [5]. Glass–ceramics made by controlled crystallization of glass have shown excellent dielectric properties
when high volume fraction of ferroelectric phases like
BaTiO3 are precipitated in the glass matrix [14]. Thus,
precipitation of BaTiO3 crystals from glass phase by
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Fig. 7 Temperature coefficient of capacitance of three composites at
1 kHz

Fig. 6 a Relative permittivity of composites at 1 kHz as a function of
temperature. b Loss tangent of composites at 1 kHz as a function of
temperature

subsequent heat-treatment can be a new approach to
maintain the high dielectric constant of composites.
The following logarithmic mixing rule is often applied
to describe the physical properties of composites such as
dielectric constant [17],
log e ¼ f 1 log e1 þ f 2 log e2

ð5Þ

where f1 and f2 are the volume fraction of component 1 and
component 2, respectively, and e, e1 and e2 are the dielectric constant of the composite, component 1 and component
2, respectively. Figure 9 shows the logarithmic mixing rule
fitting of dielectric constant at room temperature at 1 kHz
for the composites before and after crystallization heattreatment. Pellets without crystallization heat-treatment are
prepared by cooling composites rapidly to room temperature after liquid phase sintering. The two fitting lines converge at one point where there is no glass addition, which
corresponds to the dielectric constant, *4,200, of pure
BaTiO3. Preliminary results of this work showed that the
dielectric constant of glass at room temperature after heattreatment at 1,000 °C for 2 h increased from 20 to 165, as
shown in the inset of Fig. 9. The fitting line of composites
after sintering and crystallization heat-treatment gave
dielectric constant value of 53 at 100 vol% glass, which is
lower than the experimental value of 165. This discrepancy

Fig. 8 Weibull plot of dielectric breakdown strength for three
composites

was probably caused by the imperfect accuracy of logarithmic mixing rule [18, 19]. Among those samples, BG10
after sintering and crystallization has the highest dielectric
constant at room temperature, approximately 2,300. Compared to the composites without crystallization heat-treatment, dielectric constant of samples after crystallization is
improved significantly. Thus, we have demonstrated that
the crystallizable glass did help increase dielectric constant
of composites by precipitation of ferroelectric phase during
crystallization heat-treatment.
For ceramic materials, the dielectric breakdown
strength, like mechanical strength, is influenced by many
factors, such as porosity, grain size as well as extrinsic
measurement conditions (sample geometry and electrode
materials) [20, 21]. Compared to bulk ceramic BaTiO3
(100 kV/cm), dielectric breakdown strength of the present
BaTiO3/crystallizable glass composites showed only
moderate improvement. This could be due to the agglomeration and growth of BaTiO3 nano-powders, which leads
to the non-uniform dispersion of glass powder around
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barium titanate from glass phase. Various methods to
improve the dielectric breakdown strength of composites
were considered such as uniform mixing of glass and
BaTiO3 powder, reduction of the grain size and tailoring
extrinsic measurement conditions such as sample geometry
or electrode material. We have demonstrated that crystallizable glass can be a new candidate as sintering aid for
barium titanate ceramics.
Acknowledgments This research was supported by NSF-EFRI
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present research was acquired through MRI award DMR 0821536.
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