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Abstract

The Ba1�xSrxTiO3 materials have received increased attention as one of the most important materials for electroceramic
components, such as high dielectric ceramic capacitors, tunable phase shifters and PTCR. In this paper, the effect of SrTiO3

concentration and sintering temperature on the microstructure and dielectric constant of Ba1�xSrxTiO3 materials at the Curie

temperature have been investigated. When Ba1�xSrxTiO3 materials were sintered at 1350 �C, the peak value of the dielectric con-
stant, �max, monotonically decreased with increasing SrTiO3 concentration. At the sintering temperature of 1400 �C the dielectric
constant maximum at the TC increased with an increase in the x value, reaching the highest value at around x=0.4 and then
decreased. As sintering temperature increased to 1450 �C, �max increased with increasing SrTiO3 concentration up to x=0.6. The

dielectric properties of Ba1�xSrxTiO3 materials were discussed in terms of SrTiO3 concentration and microstructure.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Barium titanate has been investigated extensively
because of scientific interest as well as industrial appli-
cations such as high dielectric ceramic capacitors,1,2

tunable phase shifters,3 and PTCR.4,5 Pure BaTiO3

shows a paraelectric to ferroelectric phase transition at
120 �C, which is accompanied by a sharp peak in the
dielectric permittivity. Partial substitution of either Ba
ions or Ti ions is often employed to modify the nature
and temperature of the paraelectric–ferroelectric transi-
tion for particular applications. SrTiO3 is usually added
as a shifter in order to move the Tc to lower tempera-
tures because it is well established that the Curie point
of BaTiO3 decreases linearly with a solid solution of
Sr+2 in place of Ba+2.
It is not fully understood yet, however, how the SrTiO3

concentration effects on the peak value of dielectric
constant at the Curie temperature of Ba1�xSrxTiO3

solid solutions. Smolenskii6 and Zhou7 reported that the
maximum permittivity of Ba1�xSrxTiO3 ceramics at TC

increased with an increase in the x value, reaching
highest value at around x=0.6 and then decreased.
Lemanov8 insisted that the maximum value of the
dielectric constant increased with x up to x=0.8, and
Wang9 showed the highest value at x=0.2. Twari10

reported another result that the peak value of dielectric
constant increased with x up to x=0.08 and then
exhibited a monotonic decrease for x>0.08. Twari
explained that the maximum dielectric constant came
from the maximum tetragonality of Ba1�xSrxTiO3 at
x=0.08. On the other hand, Ota11 suggested that the
maximum dielectric permittivity decreased with increas-
ing x value.
Since Kniekamp and Heyang12 revealed a rather sig-

nificant dependence of the dielectric permittivity of
BaTiO3 ceramics on their grain size, the effect of grain
size on the dielectric properties of BaTiO3 has been an
active area of research. Nowadays, it is generally
accepted that the maximum dielectric permittivity at the
Curie temperature decreases with the decrease of the
average grain size of BaTiO3. Therefore, when the
effects of SrTiO3 concentration on the dielectric prop-
erties is investigated, the grain size effect should be
considered. This is the reason why such disagreements
occurred because the grain size effect with the change of
SrTiO3 concentration and sintering conditions was not
taken into account.
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This paper reports the variation of the dielectric
constant of Ba1�xSrxTiO3 ceramic solid solutions at the
Curie temperature in the range of x=0�0.6. Different
sintering temperatures were used in order to investigate
the influence of the microstructure on the dielectric
properties of the materials.
2. Experimental

Specimens were prepared from commercial BaTiO3

and SrTiO3 (Ferro Corp., Penn Yan, NY, USA) pow-
ders. According to the data provided by the producers,
the purity and average size of BaTiO3 were 99.8% and
1.5 mm, respectively, and those of SrTiO3 were 99.8%
and 1.3 mm. Powder slurries were made by mixing
(BaTiO3)1�x(SrTiO3)x (in unit of mol%) powder mix-
tures (where x=0.1, 0.2, 0.3, 0.4, 0.5, 0.6) for 24 h in a
polyethylene bottle with ethyl alcohol and zirconia
balls. The dried slurry was crushed in an agate bowl and
sieved to 125 mm. The pure BaTiO3 and mixed powders
were slightly pressed into disks 10 mm in diameter and 2
mm in thickness and then isostatically pressed again
under 150 MPa. The compacts were sintered at 1350,
1400 and 1450 �C, respectively, for 1 h in air.
The microstructures of the sintered specimens were

observed using an optical microscope after etching
polished sections in a 50 H2O–45 HNO3–5 HF (vol%)
solution for 10–30 s. X-Ray diffraction was performed
to identify the phases and their tetragonality. The
dielectric properties of the specimens with silver elec-
trodes were measured by an impedance/gain-phase
analyzer (HP 4194A) at 1 kHz from �150 to 150 �C.
3. Results and discussion

Fig. 1 shows the dielectric constant versus tempera-
ture of Ba1�xSrxTiO3 specimens sintered 1350 �C for 1
h. The Curie temperature and the peak value of the
dielectric constant decreased with increasing SrTiO3

concentration. This result is a similar to the result of
Ota.11 When the sintering temperature was increased to
1400 �C, however, the dielectric constant maximum
increased with an increase in the x value, reaching
highest value at around x=0.4 and then decreased. This
result is similar to the result of Smolenski,6 Zhou,7

Lemanov,8 Wang,9 and Twari.10 Fig. 3 represents the
variation of dielectric constant of Ba1�xSrxTiO3 cera-
mics sintered at 1450 �C for 1 h. The dielectric constant
maximum monotonically increased with increasing
SrTiO3 concentration up to x=0.6. As the sintering
temperature increases from 1350 to 1450 �C, the dielec-
tric constant maximum of Ba1�xSrxTiO3 ceramics
increases in all range of x value except x=0.
In order to investigate the tetragonality of Ba1�xSrx-

TiO3 ceramics with the change of SrTiO3 concentration
and sintering temperature, Ba1-xSrxTiO3 ceramic solid
solutions sintered at each temperature were examined
by an X-ray diffractometer. Fig. 4 shows X-ray diffrac-
tion profiles of the sintered samples between 43� <2�
Fig. 1. Dielectric property of Ba1�xSrxTiO3 ceramics sintered at

1350 �C for 1 h.
Fig. 3. Dielectric property of Ba1�xSrxTiO3 ceramics sintered at

1450 �C for 1 h.
Fig. 2. Dielectric property of Ba1�xSrxTiO3 ceramics sintered at

1400 �C for 1 h.
1046 J.-H. Jeon / Journal of the European Ceramic Society 24 (2004) 1045–1048



<48� which depicts the tetragonal splitting for (002)/
(200) pairs of reflections. The extent of tetragonal split-
ting decreases with increasing strontium titanate concen-
tration, regardless of the sintering temperature. This result
reveals that the tetragonality does not depend on the sin-
tering temperature but on the Ba/Sr ratio of Ba1�xSrxTiO3

ceramic solid solutions. Therefore, the tetragonality is
not the reason for the variation of the dielectric constant
maximum by the change of the sintering temperature
from 1350 to 1450 �C, as shown in Figs. 1–3.
Fig. 5 shows typical micrographs of the micro-

structure of Ba1�xSrxTiO3 ceramics sintered at 1350 �C
for 1 h. BaTiO3 system is well known to grow by
abnormal grain growth mode during sintering. In the
case of sintering pure BaTiO3 and Ba0.9Sr0.1TiO3, 1350

�C
for 1 h is enough to finish abnormal grain growth. In
the composition range of x50.2, abnormal grain
growth is still on going and the microstructure shows a
bimodal structure consisting of abnormally growing
grains and fine matrix grains. The average grain size and
total volume fraction of abnormally growing grains
were decreased with increasing SrTiO3 concentration.
When sintering temperature was increased to 1400 �C,
shown in Fig. 6, almost all the fine matrix grains had
disappeared at up to x=0.3 but they are still present in
the range of x50.4. Under the sintering condition of
1450 �C for 1 h, however, fine matrix grains were not
observed even x=0.6, as shown in Fig. 7.
When the dielectric constant at the Curie point of

Ba1�xSrxTiO3 ceramics were compared, the grain size
effect should be taken into account. Even though Jaffe13

reported that Ba1�xSrxTiO3 solid solutions have higher
peak value of dielectric constant than pure BaTiO3, it
should be based on the hypothesis that the materials
have the same average grain size. The Ba1�xSrxTiO3

ceramics can exhibit lower peak value of dielectric con-
stant than pure BaTiO3 if they have much smaller grain
size than pure BaTiO3. For example, the peak value of
the dielectric constant of Ba1�xSrxTiO3 ceramics sin-
tered at 1350 �C show smaller peak dielectric constant
than pure BaTiO3, as shown in Fig. 1, because the grain
size of Ba1�xSrxTiO3 ceramics decreases significantly
with increase of SrTiO3 concentration, as shown in
Fig. 5. The reason for the decrease of the peak dielectric
constant above x=0.5 for the materials sintered at
1400 �C (shown in Fig. 2), seems to be due to the smal-
ler grain size below a critical value as the x value
increases to 0.5 and 0.6. As the sintering temperature
increased from 1350 to 1450 �C, the increase of grain
growth rate increased in proportion to the x value. This
is the reason for the increase of the peak dielectric
Fig. 5. Typical micrographs of Ba1�xSrxTiO3 ceramic solid solutions sintered at 1350 �C for 1 h.
Fig. 4. X-ray diffraction profiles of Ba1�xSrxTiO3 ceramic solid

solutions sintered at 1350, 1400 and 1450 �C for x=0–0.6 for (002)/

(200) reflections.
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constant of Ba1�xSrxTiO3 ceramics with increasing
SrTiO3 concentration.
4. Conclusions

From this study, the peak value of dielectric constant
at the Curie temperature of Ba1�xSrxTiO3 ceramics was
found to be dependent on SrTiO3 concentration and
their average grain size. The SrTiO3 affects contrarily on
the peak value of the dielectric constant when it is
incorporated into BaTiO3. On the one hand, the intrinsic
dielectric constant maximum of Ba1�xSrxTiO3 increases
with increasing SrTiO3 concentration as Jaffe11 reported.
On the other hand, the addition of SrTiO3 reduces the
peak value of the dielectric constant of Ba1�xSrxTiO3

ceramics by decreasing their average grain size. When
the sintering temperature was increased from 1350 to
1450 �C, the grain size of pure BaTiO3 was not actually
changed but the increase of grain growth rate of
Ba1�xSrxTiO3 was increased with increasing SrTiO3

concentration. This is the reason for the variation of the
dielectric property with the change of SrTiO3 concen-
tration and the sintering temperature.
References

1. Herbert, J. H., Ceramic Dielectrics and Capacitors. Gordon and

Breach Science Publishers, New York, 1985.
2. Kahn, M., Burks, D. P., Burn, I. and Schulze, W. A., Ceramic

capacitor technology. In Electronic Ceramics, ed. L. M. Levinson.

Marcel Dekker, New York, 1988, pp. 191–274.

3. Zimmermann, F., Voigts, M., Weil, C., Jakoby, R., Wang, P.,

Menesklou, W. and Ivers-Tiffee, E., Investigation of barium

strontium titanate thick films for tunable phase shifters. J. Eur.

Ceram. Soc., 2001, 21, 2019–2023.

4. Goodman, G., Electrical conduction anomaly in samarium-

doped barium titanate. J. Am. Ceram. Soc., 1963, 46(1), 48–

54.

5. Jonker, G. H., Some aspects of semiconducting barium titanate.

Solid-State Electron., 1964, 7, 895–903.

6. Smloenskii, G. A. and Rozgachev, K. I., Dielectric properties of

solid solutions in the system of barium titanate-strontium tita-

nate. Zh. Tekh. Fiz, 1954, 24, 1751–1760.

7. Zhou, L., Vilarinho, P. M. and Baptita, J. L., Dependence of the

structural and dielectric properties of Ba1�xSrxTiO3 ceramic solid

solutions on raw material processing. J. Eur. Ceram. Soc., 1999,

19, 2015–2020.

8. Lemanov, V. V., Smirnova, E. P., Syrnikov, P. P. and Tar-

akanov, E. A., Phase transitions and glasslike behavior in

Sr1�xBaxTiO3. Phys. Rev. B, 1996, 54(5), 3151–3157.

9. Wang, H.-W. and Hall, D. A., The effect of dysprosium on the

microstructure and dielectric properties of (Ba1�xSrx)TiO3

ceramics. Proc. 8th ISAF, 1992, 54–55.

10. Twari, V. S., Singh, N. and Pandey, D., Diffuse ferroelectric

transition and relaxational dipolar freezing in (Ba,Sr)TiO3.

J. Phys.: Condens. Matter, 1995, 7, 1441–1460.

11. Ota, T., Tani, M., Hikichi, Y., Unuma, H., Takahashi, M. and

Suzuki, H., Dielectric properties of BaTiO3-based ceramics with

gradient compositions. Ceram. Trans., 1999, 100, 51–60.

12. Kniekamp, H. and Heywang, W., Depolarization effect in poly-

crystalline BaTiO3. Z. Agnew Phys., 1954, 5, 385–390.

13. Jaffe, B., Cook, W. R. and Jaffe, H., Piezoelectric Ceramics.

Academic Press, Ohio, 1971.
Fig. 6. Typical micrographs of Ba1�xSrxTiO3 ceramic solid solutions sintered at 1400 �C for 1 h.
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