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Abstract

(Ba,Sr)TiO3 (BST)-based ferroelectric glass-ceramic powders with different BaO–SiO2–B2O3 glass content, ranging from 0 to 30 mol%,
were prepared by a sol–gel process. The crystalline structure and morphology were studied by XRD and SEM, respectively. The temperature
dependence of dielectric constant and loss (ε − T), dielectric constant versus applied dc field (C–V) was measured for the BST glass-ceramics.
Effects of doping glass on the structures and the dielectric characteristics of the BST glass-ceramics were discussed. Experimental results
show that the BST glass-ceramics with pure perovskite phase can be well sintered at a lower temperature compared to the conventional BST
ceramics. The dielectric constant and tunability decrease with the increasing of glass content. The sample with a glass content of 2 mol%
shows a dielectric constant tunability of 37.1% and a dielectric loss of 0.008 at the paraelectric state.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Barium strontium titanate (BST) has been recognized as
an ideal material for multiplayer ceramic, thick film capac-
itor and phase shifter because of its outstanding dielectric
properties. The trends of electronic packaging are toward
miniaturization and cost saving[1–3]. (Ba,Sr)TiO3 has a sin-
tering temperature of∼1400◦C [4]. Such a high temperature
is almost impossible for BST to co-fire with electrode ma-
terials, and increases manufacturing cost. Therefore, studies
of (Ba,Sr)TiO3 ceramics have focused on decreasing the sin-
tering temperature and improving the dielectric properties.
The addition of a fluxing agent with BST, such as glass, is
an effective method, which promotes densification by liquid
phase sintering at low temperatures.

Adding glass sintering aids, however, may not always re-
sult in good dielectric properties. This is especially true if
the dielectric constant is diluted by the presence of a contin-
uous glass boundary phase. Thus, the key steps are to tailor
the glass composition and to reduce the glass content and
porosity [5,6]. BaO–SiO2–B2O3 glass has a higher dielec-
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tric constant in comparison with many glass materials, and
BaO is effective in raising the dielectric constant[7].

In this study, we used BaO–SiO2–B2O3 glass as sintering
aids to fabricate BST glass-ceramics with a pure perovskite
phase, and reported how the glass dopant affects the dielec-
tric properties of BST ceramics.

2. Experimental

The precursors used to prepare (1−x) mol% (Ba0.65Sr0.35)
TiO3 + x mol% (BaO–SiO2–B2O3) (x = 0, 2, 5, 10, 20,
30) powders were barium acetate (Ba(CH3COO)2, purity >
9.0%), strontium acetate (Sr(CH3COO)2·1/2H2O, purity >
99.0%), tetrabutyl titanate (Ti(C4H9O)4, purity > 98.0%),
tetraethyl orthosilicate (TEOS, purity > 98.0%) and tributyl
borate (B(C4H9O)3, CP). All these reagents were, respec-
tively, dissolved into ethanol and acetic acid glacial, and
then mixed to get final solution. The flow chart is shown in
Fig. 1. After aging and drying, the xerogels were calcined at
800◦C for 4 h, then crushed and ground by ball milling with
ethanol for 24 h to obtain fine powers. The powders were
mixed with 8 wt.% of 10% PVA solution and then pressed
into disc-shaped pellets with a diameter of 12 mm. The green
pellets were sintered at 1340 or 1150◦C for 2 h.
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Fig. 1. Flow chart for the preparation of BST glass-ceramics.

Bulk density measurements were made using the
Archimedes technique, using distilled water as liquid
medium. The theoretical densityρth of the samples was
determined using the atomic weight and lattice constant.
The X-ray diffraction analysis was carried out using Cu K�
radiation with 2θ from 20 to 60◦. The microstructures were
investigated on the as-fired surfaces of the sintered spec-
imens using scanning electronic microscopy (SEM, JSM
EMP-800).

Ag paste was painted onto the surface of the polished par-
allel disks as the electrode and fired at 520◦C for 20 min. The
dielectric constant and loss were measured using a HP4284
at a frequency of 100 kHz and at the temperature range of
−50 to 100◦C. The dielectric constant was also measured
under various dc field. At each equilibrium temperature, the
dc field was applied on the specimens in the following con-
secutive cycles including (1) increasing from 0 to 30 kV/cm,
(2) decreasing from 30 kV/cm to 0, (3) from 0 to−30 kV/cm
by switching the polarity of field, (4) from−30 kV/cm to
0, and (5) increasing from 0 to 30 kV/cm. The data were
collected after two cycles. To get a comprehensive under-
standing about the effect of dc field on the dielectric prop-
erties of (Ba,Sr)TiO3 glass-ceramics,C–V properties were
measured at three different temperatures:−10◦C, the Curie
temperature (Tc) and 60◦C (aroundTc).

3. Results and discussion

The effect of glass content on the sintered (Ba,Sr)TiO3
glass-ceramics is correlated with their densification, grain
growth behavior and dielectric properties.Table 1 shows
the composition, sintered temperature, relative density and
porosity of all samples. The density of the samples is above

Table 1
The composition, sintering temperature, relative density and porosity of
all samples

Sample Glass content
(mol%)

Sintering
temperature (◦C)

ρrel (%) Porosity (%)

BST0 0 1340 96.5 3.5
BST1 2 1150 98.7 1.3
BST2 5 1150 97.8 2.2
BST3 10 1150 97.9 2.1
BST4 20 1150 97.1 2.9
BST5 30 1150 95.3 4.7

95% of the theoretical value. The relative density increases
initially with the increasing of glass content, and then de-
creases for the glass content beyond 10 mol%.

The XRD patterns for xerogels of BST4 calcined at dif-
ferent temperatures are shown inFig. 2a. At 600◦C the
(Ba,Sr)TiO3 perovskite phase starts to crystallize, and the
amount increases with the increasing of temperature. Minor
trace of (Ba,Sr)CO3 phase is detected at 800◦C, and is de-
composed below 900◦C. At higher temperatures, the phase
structure is tetragonal perovskite phase of (Ba,Sr)TiO3. No
secondary phase is observed from the XRD patterns. The
other samples have similar patterns with BST4.

Moreover, with the increasing of glass content, a clear
shift of the (2 1 0) diffraction peaks to higher initially and
then to lower 2θ values can be seen inFig. 2b. It could
be explained that the Ba2+ ions enter the BaO–SiO2–B2O3
glass when the glass content is small, or enter the BST
perovskite lattice when the glass content is above 10 mol%.
Thus, the Ba:Sr ratio in the BST phase changes with different
glass content. As can also be seen in theTc shift discussed
in the following.

Fig. 3shows the effect of glass dopant on the microstruc-
ture of the (Ba,Sr)TiO3 glass-ceramics. No abnormal grain
growth is observed. The grain size of the samples increases

Fig. 2. XRD patterns of BST4 xerogels calcined at different temperatures.



B. Zhang et al. / Ceramics International 30 (2004) 1767–1771 1769

Fig. 3. SEM micrograph of BST samples: (a) BST0, 1340◦C (b) BST1, 1150◦C (c) BST2, 1150◦C (d) BST3, 1150◦C (e) BST4, 1150◦C and (f) BST5,
1150◦C.

initially and then decreases slightly for the glass content be-
yond 10 mol%. This indicates that adding 2–5 mol% glass
can greatly improve sintering property of BST ceramic. A
glass content more than 10 mol% on the contrary restrains
the growing of the grains, this being interpreted that the glass
phase present at the grain boundaries hinders the ion diffu-
sion and inhibits the grain growth. The SEM images show
more pores in BST4 and BST5, which is consistent with the
measurement data of relative density and porosity.

Temperature dependence of dielectric properties of the
specimens is denoted inFig. 4. The dielectric constant (ε)
decreases and its temperature spectrum broadens with in-
creasing glass content, due to the doping of low-ε glass.
However, the values for the maximum dielectric constant
(εmax) of BST1 and BST2 are larger than that of BST0. The
density measurements and SEM show that BST1 and BST2
have larger grain size and lower density of pores than BST0.
Thus, the samples with a glass content of 2 or 5 mol% have
largerεmax than BST0.

A slight shift of Tc for different samples can also be ob-
served from these curves. It could be interpreted in term
of the change of the Ba:Sr ratio, as discussed above. De-
creasing the Sr2+ concentration in the BST structure sys-

Fig. 4. Temperature dependence of the dielectric constant and dielectric
loss for samples.
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Fig. 5. Direct field dependence of the dielectric constant for sample BST3
at different temperatures.

tematically raises theTc at a rate of 2.3 K/mol%[8,9]. The
Tc for sample BST1 and BST5 are 25 and 33◦C, respec-
tively. That means a maximum change of 3.5 mol% for Ba:Sr
ratio.

The dc field dependence ofε at different temperatures
for sample BST3 is shown inFig. 5. Applying dc field,
especially in the neighborhood ofTc, reduces the dielec-
tric constant. At−10◦C, the dc field dependence ofε
shows a typical “butterfly” loops behavior corresponding
to its ferroelectric structure. While at 60◦C (aboveTc),
the hysteretic behavior ofε with the variation of dc elec-
tric field is not obvious, corresponding to its paraelectric
structure. The tunability (k) was calculated by using the
expression:

k = ε(0) − ε(E)

ε(0)
× 100% (1)

whereε(0) andε(E) represent the dielectric constant at zero
and a certainE field, respectively. For BST3,k exhibits
a value of∼66% at−10◦C, ∼75% at 30◦C (Tc), ∼35%
at 60◦C. The dielectric loss exhibits a value of∼0.04 at
−10◦C, ∼0.05 at 30◦C and∼0.006 at 60◦C. The dielec-
tric loss is usually lower in the paraelectric state than in
the ferroelectric state, owing to the disappearance of do-
main. The influence of dc field on the dielectric loss is much
less than that on the dielectric constant. The tunability for
(Ba,Sr)TiO3 glass-ceramics with different glass content is
shown inFig. 6. The dielectric tunability decreases with in-
creasing of glass content. The samples doped a glass con-
tent from 2 to 10 mol% behave the largest tunability than
BST0. It could be explained that the grain size and the in-

Fig. 6. Tunability for different samples at−10◦C, Tc and 60◦C.

ternal stress among grains affects the dielectric properties.
The larger grains have the smaller stress[10,11]. Therefore,
sample BST2 and BST3 has the best tunable characteristics.
Conclusion The BaO–SiO2–B2O3 glass-doped (Ba,Sr)TiO3
ceramic have been characterized. The results demonstrated
that adding BaO–SiO2–B2O3 glass to BST promoted sin-
tering at low temperature by the formation of liquid phase
with a low melting point. And there is a slight change of the
Ba:Sr ratio in the BST structure according to different glass
content. The dielectric constant decreases and its tempera-
ture spectrum broadens with increasing glass content. When
applying a dc field, the dielectric constant reduces strongly,
especially in the neighborhood ofTc. The tunability of the
samples is affected by the glass content and the grain size.
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