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Abstract

Sintered CaO–Li2O3–Sm2O3–TiO2(16:9:12:63) composition (CLST) at 1325�C shows microwave dielectric properties: "r=104.1,

Q*f value=4320 GHz, and �f=13.2 ppm/�C. When BaO is used to substitute CaO in the CLST composition to form CaO–BaO–
Li2O–Sm2O3–TiO2=16�x:x:9:12:63 (x=2 and 4 for CBLST2 and CBLST4), the sintered CBLST2 and CBLST4 ceramics show
coexistence of two phases, the perovskite CaO–Li2O3–Sm2O3–TiO2 (CLST) phase and BaSm2Ti4O12 (BST). As the BaO content
increases from 0 to 4 mol%, the dielectric constant of CBLST ceramics decreases from 104.1 to 94.5, the Q*f value increases from

4320 to 6740, and the �f value changes from 13.2 to 3.24 ppm/�C. # 2001 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

The rapid growth of microwave frequencies in com-
munications has created a need for the miniaturization
of components of bandpass filters and microwave oscil-
lators. To achieve this result, materials with a high
dielectric constant ("r), a high quality value (Q*f), and a
low temperature coefficient of resonant frequency (�f)
are required [1–3]. In general, a dielectric material with a
high dielectric constant has a large �f value [4,5]. To
adjust �f value close to zero, two or more compounds
having negative and positive �f values are employed to
form a solid solution or mixed phases in order to obtain
the desired �f values. Paladino reported that zero �f value
was achieved at an intermediate composition of CaTiO3–
Ca(Al1/2Ta1/2)O3 system [4]. However, in general, it is
not easy to realize a material with intermediate proper-
ties in a two components system because it is difficult
for each component to retain its individual properties.
Therefore, for the development of the properties of two
compounds, it is necessary to investigate each system’s
microstructure and dielectric properties.

In the past, the CaO–Li2O–Sm2O3–TiO2 (CLST) sys-
tem was investigated by Ezaki et al. [5]. The CLST sys-

tem is made by combining the Li2O–Sm2O3–TiO2 system
(Li1/2Sm1/2TiO3, "r=52, Q*f=2280 GHz, and �f= �260
ppm/�C, an orthorhombic structure) [5] and the CaO–
TiO2 system (CaTiO3, "r=170, Q*f=3600 GHz, and
�f=800 ppm/�C, an orthorhombic perovskite structure)
[4]. The CLST system has a high dielectric constant
("r=104.1), a lower temperature stability for the reso-
nant frequency change (�f=13.2 ppm/�C), and a lower
quality value (Q*f=4600). In this study, the CaO–Li2O3–
Sm2O3–TiO2 system is used as the base material. BaO,
which has similar chemical properties with CaO, is used
to substitute for CaO in order to improve the microwave
dielectric properties. The microwave dielectric properties
of two different CaO–BaO–Li2O–Sm2O3–TiO2 composi-
tions have been investigated. The microwave dielectric
properties of the CaO–Li2O3–Sm2O3–TiO2 composition
and the BaSm2Ti4O12 ceramics are also developed for
comparison.

2. Experimental procedure

Reagent-grade raw materials of BaCO3, CaCO3,
Li2CO3, Sm2O3, and TiO2 with higher than 99.5% purity
were used as starting materials. These powders were
weighed first in accordance with the four different com-
positions: CaO–Li2O–Sm2O3–TiO2=16:9:12:63 (CLST),
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CaO–BaO–Li2O:Sm2O3–TiO2=16�x:x:9:12:63 for x=
2 (CBLST2) and x=4 (CBLST4), and BaO:Sm2O3:
TiO2=1:1:4 (BST). The powders were mixed for 10 h in
a milling pot containing agate balls and distilled water.
The mixtures were then dried and calcined at 1100�C for
3 h. After grinding, organic binder was added to the
powders. Cylindrical specimens for dielectric and sin-
tering characteristics testing were pressed, then debind-
ing was carried out. These shaped pellets were sintered at
1275–1350�C for 3 h. X-ray diffraction pattern (XRD)
was used to determine the crystalline phases of the sin-
tered ceramics. The surface observations of the BST,
CLST, CBLST2, and CBLST4 ceramics were executed by
scanning electron micrography (SEM). The electron
microprobe analyses for Ca, Ba, Sm, and Ti were also
executed by SEM. Dielectric characteristics at microwave
frequency were measured by Hakki and Coleman’s
dielectric resonator method improved by Courtney [6]
and Kobayashi et al. [7]. The dielectric constant of a
cylindrical dielectric resonator can be accurately deter-
mined by measuring the resonant frequency of the TE011

mode and verified by TE01� resonant modes. The tem-
perature coefficient of resonant frequency �f is defined
as follows.

�f ¼ fT � fo= ft ��Tð Þ ð1Þ

where fT, ft, and fo are the resonant frequency at 85, 25,
and 0�C, respectively.

3. Results and discussion

The XRD patterns of the 1325�C-sintered CLST, BST,
CBLST2, and CBLST4 ceramics are recognized and the
results are shown in Fig. 1. For CLST ceramic, the mainly
crystalline structure in the system is the same as that of the
CaTiO3, which is an orthorhombic perovskite structure.
This is not a typical simple cubic structure but an orthor-
hombic structure with slight distortion. The BaO–Sm2O3–
TiO2=1:1:4 composition reveals a single phase of
BaSm2Ti4O12. The XRD patterns of CBLST2 and
CBLST4 ceramics reveal a large difference with that of
the CLST ceramic. Many external lines are revealed in the
CBLST2 and CBLST4 ceramics. As the external lines of
the CBLST2 and CBLST4 ceramics are compared with
the reflection lines of the BST ceramic, it is found that
they are coincident. This result suggests that the BST
phase may appear in the CBLST2 and CBLST4 ceramics.

Fig. 2 illustrates the optical micrograph of the 1325�C
sintered CLST, CBLST2, and CBLST4 ceramics. The
grain growth of the CBLST2 and CBLST4 ceramics can
also be indicative of forming the BaSm2Ti4O12 phase in
the CBLST2 and CBLST4 ceramics. The CLST ceramic
shows disk-type grains [Fig. 2(a)]. The BST ceramics
show that the main crystals are bar-shaped grains with

the occasional appearance of the block-shaped grains
[8]. The CBLST2 and CBLST4 ceramics illustrate a
texture of two-phase components, where bar-type and
disk-type grains coexist [Fig. 2(b) and (c)]. As the
micrographs of the CBLST2 and CBLST4 ceramics are
compared, the size of the bar-type grains increases with
the increase of the BaO content.

To analyze the composition, X-ray diffraction pattern
for Ca, Ba, Ti, and Sm on the bar-type and disk-type
grains are carried out, and the results are shown in Fig. 3.
However, Li could not be detected because of its small
size and light atomic weight. As Fig. 3(a) shows, the Ca,
Ba, Ti, and Sm elements can be detected in the disk-type
grains. The Ba, Ti, and Sm elements can be detected but
the Ca cannot be detected in the bar-type grains, as
shown in Fig. 3(b). It is noted that the atomic ratio of the
Ba–Sm–Ti in the bar-type grains is about 1:1:4, and this
result suggests again that the bar-type grains may be the
BaSm2Ti4O12 phase and the disk-type grain is the CLST
phase. The appearance of the extra peaks in Fig. 1 can
be identified as the BaSm2Ti4O12 phase.

The dielectric constants ("r) of the CLST, BST,
CBLST2, and CBLST4 ceramics are tested as a function
of sintering temperature, and the results are shown in
Fig. 4. At first, independent of BaO content, the "r

values of all compositions increase with the increasing
of the sintering temperature and reach a saturation value
at about 1325�C. The densities of all ceramics increase
with the increase of the sintering temperature could
account for this result. It is noted that the "r values of the
CBLST-system (including CLST, CBLST2, and
CBLST4) ceramics are strongly dependent on the BaO
content. As 1325�C is used as the sintering temperature,
the dielectric constants of the CBLST-system ceramics
decrease from 104.1 for CLST ceramic to 98.7 and 94.5
for CBLST2 and CBLST4 ceramics.

Fig. 1. The XRD patterns of CLST, BST, CBLST2, and CBLST4

ceramics. The sintering temperature is 1325�C.
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Fig. 2. The micrographs of (a) CLST, (b) CBLST2, and (c) CBLST4 ceramics. The sintering temperature is 1325�C.

Fig. 3. The EPMA analyses of CBLST4 ceramics for (a) disk-type grains and (b) bar-type grain.
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Fig. 5 shows the microwave dielectric properties of
the CBLST ceramics as a function of the BaO content,
and the sintering temperature used is 1325�C. It is also
noted that the Q*f values of the CBLST-system cera-
mics are strongly dependent on the BaO content. The
Q*f values of the CBLST-system ceramics increase from
4320 for CLST ceramic to 6180 and 6740 for CBLST2
and CBLST4 ceramics. The �f values change from 13.4
ppm/�C for CLST ceramic to 7.85 ppm/�C and 3.24
ppm/�C for CBLST2 and CBLST4 ceramics. These
results imply that the BaO content has a beneficial influ-
ence on the Q*f and the �f values of the CBLST ceramics
in which the CLST is a major component and the BST is

a minor component. According to the XRD patterns, the
crystalline phases of the CBLST-system ceramics are
composed of the two phases of the BaSm2Ti4O12 and
the CLST. If that be so, the effect of the BaSm2Ti4O12

phase on the "r values, the �f values, and the Q*f values
of the CBLST2 and CBLST4 ceramics is unavoidable.
If the BaSm2Ti4O12-CLST ceramics are thought of as
heterogeneous phases in the CBLST2 and CBLST4
ceramics, the microwave dielectric properties of the
CBLST2 and CBLST4 ceramics can be predicted by the
empirical models [9]:

V ln "rð Þ ¼ 	 Vi ln "rið Þ ð2Þ

1=Q ¼ 	Vi=Qi ð3Þ

�f ¼ 	 Vi �i ð4Þ

where Vi, "i, �i, and Qi (i=1 and 2) are the volume frac-
tion, the dielectric constant, the temperature coefficient
of resonant frequency, and the quality value of each-
phase dielectrics; while V, ", �, and Q are the volume
fraction, the dielectric constant, the temperature coeffi-
cient of resonant frequency, and the quality value of the
multi-phase components. In predicting the dielectric
properties of the CBLST2 and CBLST4 ceramics, the
dielectric constants are estimated from the CLST cera-
mic (sintered at 1325�C, �f=13.2 ppm/�C, "r=104.1, and
Q*f=4320) and the BST ceramic (sintered at 1325�C,
�f= �19.2 ppm/�C, "r=81.2, and Q*f=5280).

According to the empirical modes, the �f values of the
CBLST2 and CBLST4 ceramics have positive smaller �f

values than does the CLST ceramic. Because the lower
dielectric constants of the BST ceramics, the appearance
of the BaSm2Ti4O12 phase would decrease the dielectric
constants of the CBLST2 and CBLST4 ceramics. As
shown in Fig. 6, the dielectric constants decrease with
the increase of the BaO content in the CBLST system.
The experimentally tested results do not give a good
agreement with the estimated values. It is believed that
Ba has similar chemical properties to Ca and that some
Ba will substitute in Ca site. The atomic ratios of the
Ca, Sm, and Ti in CBLST2 and CBLST4 ceramics have
some degree of distortion from the atomic ratios of Ca,
Sm, and Ti in CLST ceramic.

4. Conclusions

In this study, using BaO to substitute the CaO site will
improve the microwave dielectric properties of the CLST
ceramics. However, it is believed that Ba will substitute
the Ca site in the CLST composition because of their
similar chemical properties. Even the CBLST2 and
CBLST4 ceramics have lower dielectric constants than
does the CLST ceramics, but the CBLST2 and CBLST4

Fig. 4. The dielectric constants of CLST, BST, CBLST2, and

CBLST4 ceramics as a function of sintering temperature.

Fig. 5. The microwave dielectric properties of the CBLST ceramics as

a function of BaO content. The sintering temperature is 1325�C.
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ceramics show higher Q*f values and better �f values
than those of the CLST and the BaSm2Ti4O12 ceramics.
Although the CBLST2 and CBLST4 ceramics are com-
posed of two phases, CLST and BST, the "r values, the
Q*f values, and the �f values of the CBLST2 and
CBLST4 ceramics cannot be predicted from the CLST
and the BST ceramics. From the EPMA analysis, the
deviation of the CLST composition in the CBLST2 and
CBLST4 ceramics may account for these results.
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