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bstract

he effect of B2O3 and CuO on the sintering temperature and microwave dielectric properties of BaSm2Ti4O12 ceramics was investigated. The
aSm2Ti4O12 ceramics were able to be sintered at 1000 ◦C when B2O3 was added. This decrease in the sintering temperature of the BaSm2Ti4O12

eramics upon the addition of B2O3 is attributed to the BaB4O7 second phase, whose melting temperature is around 900 ◦C. The B2O3 added
aSm2Ti4O12 ceramics alone were not able to be sintered below 1000 ◦C, but were sintered at 875 ◦C when CuO was added. BaCu(B2O5)

econd phase might be responsible for the decrease in the sintering temperature of the CuO and B2O3 added BaSm2Ti4O12 ceramics. The

aSm2Ti4O12 + 10.0 mol% B2O3 + 20.0 mol% CuO ceramics sintered at 875 ◦C for 2 h have good microwave dielectric properties of εr = 61.47,
× f = 4256 GHz and τf = −9.25 ppm/◦C. The BaCu(B2O5) is also a good additive for decreasing the sintering temperature of the BaSm2Ti4O12

eramics.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

The miniaturization and hybridization of microwave dielec-
ric components are required for the development of mobile
elecommunication systems, and various multi-layer devices
ave been extensively investigated in an attempt to satisfy
hese requirements. Multi-layer devices consist of alternating

icrowave dielectric ceramics and internal metallic electrode
ayers.1 Ag has been widely used as the metallic electrode,
ecause of its high conductivity and low cost. However, the
elting temperature of Ag is low, about 961 ◦C, whereas the

intering temperature of the microwave dielectric ceramics is
enerally above 1400 ◦C. Therefore, for the fabrication of multi-
ayer devices, it is necessary to develop microwave dielectric
eramics with a low sintering temperature, which can be co-
red with Ag.
BaO–Sm2O3–TiO2 ceramics, consisting of two ternary
hases, viz. BaO–Sm2O3–5TiO2 and BaO–Sm2O3–3TiO2,
ere first reported by Ouchi and co-workers and the crystal
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tructure of these phases was identified as a tungsten–bronze
ype structure.2–4 In particular, BaSm2Ti4O12 ceramics show
ood microwave dielectric properties of Q = 2289 at 3.6 GHz and
r = 78.91.5 However, the sintering temperature of this ceramic
s relatively high, being approximately 1350 ◦C. Therefore, it
s necessary to decrease sintering temperature for the appli-
ation to LTCC technology. In a previous work, B2O3/Ge2O2
nd Bi2O3/MnO2 were used to reduce the sintering tempera-
ure of Ba6−3xR8+2xTi18O54 (where R = Sm, Nd, Pr or La) and
(Pb, Ca)La](Fe, Nb)O3 ceramics, respectively, however their
intering temperatures were still too high for Ag metal to be
sed as an electrode.6,7 Recently, many types of glasses were
sed to decrease the sintering temperature of BaNd2Ti4O12
eramics.8–10 However, the microwave dielectric properties of
he resulting ceramics were not satisfactory, because the addition
f glass usually degraded their microwave dielectric properties.

In previous studies, the addition of a small amount of B2O3
nd CuO was found to reduce the sintering temperature of
a(Zn1/3Ta2/3)O3, and Ba(Zn1/3Nb2/3)O3 ceramics to below

00 ◦C.11,12 Therefore, it is also possible that these B2O3 and
uO additives would be effective in decreasing the sintering

emperature of the BaSm2Ti4O12 ceramics. In this work, small
mounts of B2O3 and CuO additives were used to decrease the

mailto:snahm@korea.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.061
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intering temperature of BaSm2Ti4O12 ceramics and the vari-
tions in the microwave dielectric properties of these ceramics
ere investigated in terms of their microstructure.

. Experimental procedure

BaCO3, Sm2O3 and TiO2 (High Purity Chemicals, >99%,
apan) were mixed in a nylon jar with zirconia balls for
4 h, and then dried and calcined at 1100 ◦C for 3 h. After
emilling with the B2O3 and CuO (High purity Chemicals,
99%) additives, the powder was dried, pressed into discs and
intered at 875–1000 ◦C for 2 h. The microstructure of the spec-
mens was studied using X-ray diffraction (Rigaku D/max-RC,
apan), scanning electron microscopy (SEM; Hitachi S-4300,
apan) and transmission electron microscopy (TEM; Hitachi
-9000NAR Ibaraki, Japan). The densities of the sintered spec-

mens were measured by a water-immersion technique. The
ielectric properties in the microwave frequency range were
easured by a dielectric post resonator technique suggested by
akki and Coleman13 and Courtney.14 The temperature coeffi-

ients of the resonant frequency was measured in the temperature
ange of 25–80 ◦C.

. Results and discussion

The normal sintering temperature of the BaSm2Ti4O12
eramics is approximately 1350 ◦C, however they were able to
e sintered at 1000 ◦C when B2O3 was added. Fig. 1 shows the
-ray diffraction patterns of BaSm2Ti4O12 ceramics calcined at
150 ◦C for 3 h and the BaSm2Ti4O12 + xB2O3 ceramics with
0.0 ≤ x ≤ 50.0 mol% sintered at 1000 ◦C for 2 h. All of the
eaks were indexed as those of the BaSm2Ti4O12 phase with

attice parameters of a = 2.23 nm, b = 1.21 nm and c = 0.38 nm.
eaks for the BaB4O7 second phase, which are indicated by an
sterisk, were also observed for the specimens with x ≥ 10.0.
ccording to the phase diagram, the eutectic temperature of

ig. 1. X-ray diffraction patterns of (a) the BaSm2Ti4O12 ceramics cal-
ined at 1150 ◦C for 3 h and the BaSm2Ti4O12 + xB2O3 ceramics with
0.0 ≤ x ≤ 50.0 mol% sintered at 1000 ◦C for 2 h: (b) x = 10.0 mol%, (c)
= 20.0 mol%, (d) x = 30.0 mol% and (e) x = 50.0 mol%.
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he BaB4O7 ceramics is approximately 899 ◦C.15 Therefore, the
aB4O7 phase existed as the liquid phase during the sintering
rocess and assisted in the densification of the BaSm2Ti4O12
eramics. The unknown peaks which are indicated by the open
ircle were also observed and they might be related to the phase
hich is formed by the decomposition of the BaSm2Ti4O12

eramics due to the formation of the BaB4O7 phase.
The SEM images of the thermally etched BaSm2Ti4O12

xB2O3 ceramics are shown in Fig. 2(a–c). For the specimen
ith x = 5.0 mol%, a porous microstructure with an average grain

ize of 0.2 �m was developed. A dense microstructure formed
n the specimen with x = 10.0 mol%, but the microstructure was
egraded when the amount of B2O3 exceeded 10.0 mol% as
hown in Fig. 2(c). As the B2O3 content increased, the amount
f liquid phase increased, and this liquid phase could have
vaporated during the sintering process. Therefore, the porous
icrostructure formed in the specimens with a large amount of
2O3 might be due to the evaporation of the liquid phase during

intering.
Fig. 3 shows the variations in the relative density, εr value and
× f value of the B2O3 added BaSm2Ti4O12 ceramics sintered

t 1000 ◦C for 2 h. The relative density of the specimen with
.0 mol% of B2O3 was approximately 85% of the theoretical
ensity and increased with increasing B2O3 content, show-
ng a maximum value when x = 10.0 mol%. When x exceeded
0.0 mol%, the relative density decreased, and this decrease is
ttributed to the development of the porous microstructure. The
ariation in the value of εr is similar to that of the relative den-
ity and, thus, the density is an important factor in improving the
alue of εr. The Q-value decreased with increasing B2O3 con-
ent, even though the relative density increased. This decrease in
he Q-value might be due to the increase of the BaB4O7 second
hase. In addition, the decomposition of the BaSm2Ti4O12 and
he presence of cation deficiency in BaSm2Ti4O12 due to the
ormation of BaB4O7 phase can also deteriorate the Q × f value
f the specimens.

The sintering temperature of the BaSm2Ti4O12 ceramics was
educed to 1000 ◦C when B2O3 was added. However, the B2O3
dded BaSm2Ti4O12 ceramics were not able to be sintered
elow 1000 ◦C and, thus, it is difficult to use Ag as the electrode
or B2O3 added BaSm2Ti4O12 ceramics. To overcome this
ifficulty, both CuO and B2O3 were added to the BaSm2Ti4O12
eramics, in order to reduce the sintering temperature below
00 ◦C. When CuO was added to the BaSm2Ti4O12 ceramic
ontaining 10.0 mol% B2O3, it was able to be sintered even
t 850 ◦C. Fig. 4 shows the X-ray diffraction patterns of the
aSm2Ti4O12 + 10.0 mol% B2O3 + xCuO ceramics where
.0 ≤ x ≤ 50.0 mol% sintered at 875 ◦C for 2 h. All of the
eaks were identified as those of the BaSm2Ti4O12 phase.
he CuO itself cannot decrease the sintering temperature of
aSm2Ti4O12 ceramics below 900 ◦C, because the CuO added
aSm2Ti4O12 ceramics were not sintered below 1050 ◦C.
ig. 5 shows the TEM high resolution lattice image of the

aSm2Ti4O12 + 10.0 mol% B2O3 + 20.0 mol% CuO ceramics

intered at 875 ◦C for 2 h. The liquid phase existed at the
riple point of the BaSm2Ti4O12 ceramics. According to a
revious work, BaCu(B2O5) second phase, which melts at a
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in the sintering of the BaSm2Ti4O12 ceramics below 900 C.

Fig. 6(a–c) show the SEM images of the thermally etched
surfaces of the BaSm2Ti4O12 + 10.0 mol% B2O3 + xCuO ceram-
ics with 5.0 ≤ x ≤ 20.0 mol% sintered at 875 ◦C for 2 h. For the
Fig. 2. SEM images of the thermally etched BaSm2Ti4O12 + xB2O

emperature above 800 ◦C, existed in the CuO and B2O3 added
a(Zn1/3Nb2/3)O3 ceramics and assisted in the densification at

ow temperature.12 For the BaSm2Ti4O12 ceramics, even if it is
ifficult to find the peak for BaCu(B2O5) in the X-ray diffraction
attern, it is possible that a small amount of the BaCu(B2O5)
iquid phase formed as shown in Fig. 5 and assisted in the
ensification of the BaSm2Ti4O12 ceramic at low temperature.
urthermore, the BaSm2Ti4O12 ceramics was well sintered even
t 875 ◦C when a small amount of the BaCu(B2O5) additive

as added, as will be discussed later. Therefore, it is considered

hat the BaCu(B2O5) second phase is responsible for the den-
ification of the CuO and B2O3 added BaSm2Ti4O12 ceramics

ig. 3. Variations in the relative density, εr value and Q × f value of the B2O3

dded BaSm2Ti4O12 ceramics sintered at 1000 ◦C for 2 h.

F
+
x
x

amics: (a) x = 5.0 mol%, (b) x = 10.0 mol% and (c) x = 20.0 mol%.

t low temperature. In addition, the CuB8O13 phase melts at a
emperature above 750 ◦C.16 Therefore, we cannot completely
xclude the possibility that the CuO reacted with the B2O3,
esulting in the formation of CuO–B2O3 phase, which assisted

◦

ig. 4. X-ray diffraction patterns of the BaSm2Ti4O12 + 10.0 mol% B2O3

xCuO ceramics where 5.0 ≤ x ≤ 50.0 mol% sintered at 875 ◦C for 2 h: (a)
= 5.0 mol%, (b) x = 10.0 mol%, (c) x = 20.0 mol%, (d) x = 30.0 mol% and (e)
= 50.0 mol%.
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ig. 5. TEM high resolution lattice image of the BaSm2Ti4O12 + 10.0 mol%

2O3 + 20.0 mol% CuO ceramics sintered at 875 ◦C for 2 h.

pecimen with 5.0 mol% of CuO, a porous microstructure was
ormed. However, when the CuO content exceeded 10.0 mol%,

dense microstructure developed. Moreover, the microstruc-
ure was not degraded when a large amount of CuO was added.

herefore, at least 10.0 mol% of CuO is required to ensure the
ensification of the BaSm2Ti4O12 + 10.0 mol% B2O3 ceramics.

Fig. 7 shows the variations in the absolute density and εr
alue of the BaSm2Ti4O12 + 10.0 mol% B2O3 + xCuO ceramics

a
b
w

ig. 6. SEM images of the thermally etched surfaces of the BaSm2Ti4O12 + 10.0
= 10.0 mol% and (c) c = 20.0 mol%.
eramic Society 27 (2007) 1053–1058

ith 5.0 ≤ x ≤ 50.0 mol% sintered at various temperatures. For
he specimens sintered at 875 ◦C, the absolute density increased
ith increasing CuO content and became saturated when the
uO content exceeded 15.0 mol%. The variation in the abso-

ute density could be explained by that of the microstructure
s shown in Fig. 6(a–c). A similar result was also obtained for
he specimens sintered at 900 ◦C. For the specimens sintered
t 850 ◦C, the density increased with increasing CuO content,
ut decreased when x exceeded 20.0 mol%. This decrease in
ensity is not completely understood at the present moment.
he εr value significantly increased with the addition of a small
mount of CuO and became saturated for the specimens with
5.0 mol% added CuO sintered at 875 and 900 ◦C. In particu-
ar, the specimen with a CuO content of 15.0 mol% sintered at
00 ◦C exhibited a high εr value of 70. In the case of the speci-
ens sintered at 850 ◦C, the εr value increased with increasing
uO content, but decreased when x exceeded 15.0 mol%. In
ddition, the variation in the εr value is the same as that of the
ensity thus, density is an important factor which influences the
r of the specimen.

Fig. 8 shows the variation in the Q-value of the BaSm2Ti4O12
10.0 mol% B2O3 + xCuO ceramics with 5.0 ≤ x ≤ 50.0 mol%

s a function of the sintering temperature and CuO content.
he Q-value increased with increasing sintering temperature,
bsolute density increased. This decrease in the Q-value might
e related to the increase in the amount of the liquid phase
ith increasing CuO content. The variation in the τf value of

mol% B2O3 + xCuO ceramics sintered 875 ◦C for 2 h: (a) x = 5.0 mol%, (b)
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ig. 7. Variations in the absolute density and εr value of the BaSm2Ti4O12 +
emperatures.

he specimens sintered at 875 ◦C is also shown in Fig. 8. The
f value of the BaSm2Ti4O12 + 10.0 mol% B2O3 + 5.0 mol%
uO ceramics is about −11 ppm/◦C and varied slightly, but
on-significantly, with the CuO content. Good microwave
ielectric properties of εr = 61.47, Q × f = 4256 GHz and
f = −9.25 ppm/◦C, were obtained for the BaSm2Ti4O12
10.0 mol% B2O3 + 20.0 mol% CuO ceramics sintered at
75 ◦C for 2 h.

To clarify the effect of the BaCu(B2O5) phase on the sin-
ering temperature of the BaSm2Ti4O12 ceramics, we made
aCu(B2O5) and added it to the BaSm2Ti4O12 ceramics.

hen BaCu(B2O5) was added, the BaSm2Ti4O12 ceram-

cs were well sintered even at 875 ◦C. Fig. 9 shows the
ariations in absolute density, εr value and Q-value of the
aCu(B2O5) added BaSm2Ti4O12 ceramics sintered at vari-

t
r
i
a

ig. 8. Variations in the Q-value and τf value of the BaSm2Ti4O12 + 10.0 mol% B2

emperature and CuO content.
mol% B2O3 + xCuO ceramics where 5.0 ≤ x ≤ 50.0 mol% sintered at various

us temperatures for 2 h. The density increased with increasing
aCu(B2O5) content and became saturated when 16.0 mol%
f BaCu(B2O5) was added. Similar variations were also
bserved for the εr value and Q-value. Good dielectric prop-
rties of εr = 60.0 and Q × f = 4500 GHz were obtained for
he BaSm2Ti4O12 ceramic with 16.0 mol% of BaCu(B2O5)
intered at 875 ◦C. From this result, it can be inferred that
aCu(B2O5) second phase was formed in the B2O3 and CuO
dded BaSm2Ti4O12 ceramics and helped in the densification
t low temperature. Moreover, it can be concluded that the
aCu(B2O5) phase is a good additive for decreasing the sin-
ering temperature of the BaSm2Ti4O12 ceramics without dete-
iorating the microwave dielectric properties. However, more
nvestigation is required before it can be used in practical
pplications.

O3 + xCuO ceramics where 5.0 ≤ x ≤ 50.0 mol% as a function of the sintering
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Fig. 9. Variations in the absolute density, εr value and Q-value of the BaCu

. Conclusions

The B2O3 added BaSm2Ti4O12 ceramics were not able to be
intered below 1000 ◦C. However, when both B2O3 and CuO
ere added, the BaSm2Ti4O12 ceramics were sintered even at
50 ◦C. It is suggested that the BaCu(B2O5) phase existed as the
iquid phase during the sintering process, and assisted in the den-
ification of the BaSm2Ti4O12. However, it is possible that the
iquid phase can have the composition other than BaCu(B2O5).
he εr value and Q-value increased with the addition of a
mall amount of CuO. Good microwave dielectric properties
f εr = 61.47, Q × f = 4256 GHz and τf = −9.25 ppm/◦C were
btained for the BaSm2Ti4O12 + 10.0 mol% B2O3 + 20.0 mol%
uO ceramics sintered at 875 ◦C for 2 h.
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