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bstract

he Mg3(VO4)2–xBa3(VO4)2 ceramics have been investigated to obtain a low-temperature co-fired ceramic (LTCC). The highest quality factor
Qf) of approximately 114,000 GHz was obtained when the ceramic with x = 0.2 was sintered at 950 ◦C for 5 h in air. The temperature coefficient
f resonant frequency (τf) of the ceramics sintered at 1025 ◦C varied from −90 to 60 ppm/◦C as the amount of xBa3(VO4)2 increased, and was
near zero value in the sample obtained at x = 0.5 where the dielectric constant (εr) and the Qf values were approximately 12 and 55,000 GHz,

espectively. In order to reduce the sintering temperatures of Mg3(VO4)2–xBa3(VO4)2 ceramics, the effects of Li2CO3 addition as a sintering aid

n the microwave dielectric properties of Mg3(VO4)2–0.5Ba3(VO4)2 ceramics were also characterized in this study. The Li2CO3 addition was
ffective in reducing the sintering temperature without detrimental effects on the Qf values of the ceramics. One result: the microwave dielectric
roperties of Mg3(VO4)2–0.5Ba3(VO4)2 with 0.0625 wt%-doped Li2CO3 ceramic, which was sintered at 950 ◦C for 5 h in air, has a εr value of 13,
Qf value of 74,000 GHz, and a τf value of −6 ppm/◦C.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Wireless communication technologies such as cellular
hones and the global positioning system have been made rapid
rogress recently; microwave multilayer integrated circuits have
lso been widely investigated in order to reduce the size of
and-pass filters and antenna duplexers. In the low tempera-
ure co-fired ceramics (LTCC), since the dielectric ceramics are
o-fired with a low-loss conductor such as silver, the sintering
emperature of the dielectric ceramics must be lower than the

elting point of silver. Moreover, in these dielectric ceramics
t is desirable to have a high quality factor (Qf), an appropriate
ielectric constant (εr) and a near-zero temperature coefficient
f resonant frequency (τf).

In the MgO–V2O5 system, the Mg3(VO4)2 ceramic1 is
nown to be produced at relatively low temperatures; there-
ore, it is expected that the Mg3(VO4)2 ceramic is one of the

ppropriate candidates for a LTCC material. The microwave
ielectric properties of Mg3(VO4)2 ceramic sintered at 950 ◦C
ave been reported to have a dielectric constant (εr) of 9, a qual-
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ty factor (Qf) of 65,000 GHz, but the improvement in the τf
alue is required for the commercial applications because the τf
alue of the ceramic is −90 ppm/◦C.2 On the other hand, in the
aO–V2O5 system, the Ba3(VO4)2 ceramic which belongs to
n rhombohedral phase with a space group of R32/m (No. 166)
s produced at the temperatures above 700 ◦C.3,4 The dielectric
onstant of Ba3(VO4)2 ceramic is as low as that of Mg3(VO4)2
eramic as well and the Qf and τf values are 62,000 GHz and
9 ppm/◦C, respectively. However, the sintering temperature of
a3(VO4)2 ceramic is 1600 ◦C which is too high to use as a
TCC material.5 When comparing the τf value of Mg3(VO4)2
eramic with that of Ba3(VO4)2 ceramic, the Mg3(VO4)2
eramic has a negative value, whereas the Ba3(VO4)2 ceramic
s positive value as described above. Thus, an appropriate τf
alue which is close to 0 ppm/◦C may be obtained by mixing
he Mg3(VO4)2 ceramic with Ba3(VO4)2 ceramic. In order to
une the τf value of these ceramics, the Mg3(VO4)2–xBa3(VO4)2
eramics were synthesized and then the microwave dielectric
roperties of these ceramics were investigated in this study. Fur-
hermore, the effects of Li2CO3 addition as a sintering aid on

he sintering behavior and the microwave dielectric properties
f Mg3(VO4)2–xBa3(VO4)2 ceramics were also investigated to
educe the sintering temperatures of the ceramics which were
ower than the melting point of silver.

mailto:ogawah@ccmfs.meijo-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.031
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condensed ceramics at x = 1. Consequently, it was recognized
that the variations in the dielectric constants of the samples
were related to the bulk density.
100 H. Ogawa et al. / Journal of the Europ

. Experimental method

The samples with the nominal compositions of Mg3(VO4)2–
Ba3(VO4)2 ceramics were prepared by using the conventional
olid-state reaction method. In this study, the high-purity pow-
ers of MgO (99.9%), BaCO3 (99.99%) and V2O5 (99.99%)
ere used as the starting materials. These materials were
eighed according to the stoichiometric compositions of
g3(VO4)2 and Ba3(VO4)2 compounds and ground for 45 min
ith ethanol in a mortar. After drying, the powders were calcined

t 700 ◦C for 20 h in air and reground with ethanol. Subse-
uently, the Mg3(VO4)2–xBa3(VO4)2 powders were mixed to
repare the Mg3(VO4)2–xBa3(VO4)2 ceramics. The obtained
owders were ground with polyvinyl alcohol as a binder and
ressed at 100 MPa to form the pellets with 12 mm diame-
er and 7 mm thickness. These pellets were sintered at the
arious temperatures ranging from 950 to 1600 ◦C for 5 h in
ir.

The additions of 0.0625–1 wt% Li2CO3 compounds as the
intering aid into the Mg3(VO4)2–0.5Ba3(VO4)2 ceramics were
lso performed to clarify the effect of Li2CO3 addition on
he sintering temperature and the microwave dielectric prop-
rties. The Li2CO3-doped Mg3(VO4)2–xBa3(VO4)2 ceramics
ere sintered at 950 ◦C for 5 h in air. The crystallization phase
f the sintered samples was characterized by using X-ray powder
iffraction (XRPD) with Cu K� radiation. The microstructure of
he samples was observed by means of field emission scanning
lectron microscopy (FE-SEM) and compositional analysis was
lso carried out, using energy dispersive X-ray analysis (EDX).
he dielectric constant and the quality factor of the sample at
icrowave frequency were measured by the Hakki and Cole-
an method.6 The temperature coefficient of resonant frequency

f the sample was determined from the resonant frequencies
btained at the temperatures of 20 and 80 ◦C.

. Results and discussion

Fig. 1 shows the XRPD patterns of the Mg3(VO4)2–
Ba3(VO4)2 ceramics sintered at 950 ◦C for 5 h in air. At
he compositions of x = 0 and 1, both of the Mg3(VO4)2 and
a3(VO4)2 compounds were confirmed to be a single phase. In

he composition range of 0.1–0.3, the formations of Mg3(VO4)2
nd BaMg2(VO4)2 compounds were recognized, whereas the
a3(VO4)2 and BaMg2(VO4)2 compounds were identified at the
ompositions ranging from 0.4 to 0.9. According to the equilib-
ium phase diagram of the Mg3(VO4)2–Ba3(VO4)2 system,7 it is
nown that the intermediate phase of BaMg2(VO4)2 is produced
t a wide temperature range in this system.

Fig. 2 gives the bulk density of the Mg3(VO4)2–xBa3(VO4)2
eramics sintered at various temperatures for 5 h in air. In the
omposition range of 0.1–0.3, the bulk densities of the sam-
les increased with increasing the composition x from 0 to 0.2,
hereas the value of the sample decrease at the compositions

igher than x = 0.2. On the other hand, the bulk densities of the
amples increased in the composition range of 0.4–0.8. From
hese results, the variations in the bulk densities of the samples

ay be attributed to the microwave dielectric properties.
F
a

ig. 1. XRPD patterns of Mg3(VO4)2–xBa3(VO4)2 ceramics sintered at 950 ◦C
or 5 h in air.

The variations in the dielectric constant of the
g3(VO4)2–xBa3(VO4)2 ceramics, which were sintered

t 950, 1000 and 1025 ◦C for 5 h in air, are shown in Fig. 3.
rom these results, it is recognized that the dielectric constants
f the samples depend on the compositional changes in the
g3(VO4)2–xBa3(VO4)2 ceramics. In the composition range

f 0–0.2, the dielectric constants of the ceramics increased
rom 6.3 to 10.5 and the value at the composition of x = 0.2
aturated at approximately 10.5. The dielectric constant of the
eramics at x = 1 is lower than those of the ceramics obtained
n the composition range of 0.4–0.9 because the sintering
emperatures performed in this study is too low to obtain the
ig. 2. Variations in bulk density of Mg3(VO4)2–xBa3(VO4)2 ceramics sintered
t 950, 1000 and 1025 ◦C for 5 h in air.
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ig. 3. Variations in dielectric constant of Mg3(VO4)2–xBa3(VO4)2 ceramics
intered at 950, 1000 and 1025 ◦C for 5 h in air.

Fig. 4 shows the relationship between the Qf values and sinter-
ng temperatures of the ceramics as a function of composition x.
he Qf values of the ceramics increased with increasing the com-
osition x up to x = 0.2. As a result, the Qf value of the ceramic at
= 0.2 sintered at 950 ◦C for 5 h in air is higher than 100,000 GHz
nd this result may be related to the formation of BaMg2(VO4)2
ompound as described above. However, the Qf values of the
eramics decreased at the compositions higher than x = 0.4; these
alues ranged from 22,800 to 27,700 GHz in this composition
ange. The Qf values of the ceramics may be caused by the
orphological changes in the ceramics, since the sintering tem-

erature of Ba3(VO4)2 ceramic is extremely high in comparison
ith that of the Mg3(VO4)2 ceramic. In order to clarify the rela-

ionship between the compositional dependences of the Qf value
nd the microstructure on Mg3(VO4)2–xBa3(VO4)2 ceramics,
he morphological changes in the ceramics sintered at 950 ◦C for

h in air were investigated using FE-SEM as shown in Fig. 5.
he grain growth of the samples was observed with increasing

he composition, up to x = 0.2, and a porous microstructure was
bserved at the compositions above x = 0.6. In the binary phase

c
t
c
t

Fig. 5. Surface FE-SEM photographs of Mg3(VO4)2–xB
ig. 4. Relationship between Qf value and composition x of Mg3(VO4)2–
Ba3(VO4)2 ceramics.

iagrams of MgO–V2O5 and BaO–V2O5 systems,1,7 it was
eported that the Mg3(VO4)2 and the Ba3(VO4)2 compounds
ecomposed into the liquid phase at the temperatures of 1074
nd 1610 ◦C, respectively. Thus, it is considered that the pres-
nce of Ba3(VO4)2 phase in the sample exerts an influence on the
interbility of the Mg3(VO4)2–xBa3(VO4)2 ceramics at the sin-
ering temperature of 950 ◦C. Fig. 6 shows the surface FE-SEM
hotographs of the ceramics sintered at 1025 ◦C for 5 h in air. In
he composition range of 0.6–1, with the ceramics obtained at
025 ◦C it was observed that the grain growth and the decrease
n the pore size took place in comparison with those of the sam-
les sintered at 950 ◦C. From these results, the increase in the Qf
alue of the ceramics may be caused by the grain growth and the
ormation of BaMg2(VO4)2 compound. The temperature coeffi-
ients of resonant frequency (τf) of the Mg3(VO4)2–xBa3(VO4)2
eramics are shown in Fig. 7. The τf values of the ceramics

hanged from approximately −90 to 60 ppm/◦C with increasing
he composition x and a near-zero τf value was achieved in the
omposition range of 0.5–0.6. As a result, in the case of x = 0.5,
he Qf value of 55,000 GHz, the εr value of 12 and the τf value

a3(VO4)2 ceramics sintered at 950 ◦C for 5 h in air.
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Fig. 9 shows the effects of Li2CO3 addition on the εr and
the Qf values of the Mg3(VO4)2–0.5Ba3(VO4)2 ceramics sin-
tered at 950 ◦C for 5 h in air. The dielectric constants of the
samples increased with increased the amounts of Li2CO3 addi-
Fig. 6. Surface FE-SEM photographs of Mg3(VO4)2

f −13 ppm/◦C were obtained when the ceramic was sintered at
025 ◦C for 5 h in air. In the case of a LTCC, however, the sinter-
ng temperature of these ceramics is still too high to use silver as
n electrode material and the sintering temperature of the ceram-
cs must be lower than the melting point of silver. It was reported
hat the addition of sintering aids such as V2O5, CuO, Li2CO3,
nd K2CO3 was effective in lowering the sintering tempera-
ure of microwave dielectric ceramics;8–11 therefore, the Li2CO3
ddition into the Mg3(VO4)2–0.5Ba3(VO4)2 ceramics was also
erformed to lower the sintering temperature.

The effects of Li2CO3 additions on the bulk density of
he Mg3(VO4)2–0.5Ba3(VO4)2 ceramic sintered at 950 ◦C are
hown in Fig. 8; the bulk density of the samples drastically
ncreased from 3.8 to 4.3 g/cm3 in the amounts of Li2CO3 addi-
ion range from 0 to 0.0625. The bulk density of 4.3 g/cm3

btained at the sintering temperature of 950 ◦C is compara-

le to that of the Mg3(VO4)2–0.5Ba3(VO4)2 ceramic sintered
t 1025 ◦C. Thus, it was found that the 0.0625 wt% Li2CO3
dditions were effective in improving the bulk density of the

ig. 7. Compositional dependence of temperature coefficient of resonant fre-
uency on Mg3(VO4)2–xBa3(VO4)2 ceramics.

F
M

F
c

3(VO4)2 ceramics sintered at 1025 ◦C for 5 h in air.

g3(VO4)2–0.5Ba3(VO4)2 ceramic at the sintering temperature
ange of 950 ◦C. Furthermore, the bulk densities of the samples
emained the constant value of the approximately 4.2 g/cm3.
ig. 8. Effects of Li2CO3 addition on bulk densities of
g3(VO4)2–0.5Ba3(VO4)2 ceramics sintered at 950 ◦C for 5 h in air.

ig. 9. Plots of dielectric constant and Qf value of Mg3(VO4)2–0.5Ba3(VO4)2

eramic versus composition x.
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different amounts of Li2CO3 addition ceramic sintered at 950 ◦C for 5 h in air.
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Fig. 10. Surface FE-SEM photographs of Mg3(VO4)2–0.5Ba3(VO4)2 with

ion and the dielectric constant of well-sintered ceramics with
intering aids saturated at the value of approximately 12.5; there-
ore, the dielectric constants of the samples may be attributed
he bulk density, because the variation in the dielectric constant
xhibited the same tendency to those of the bulk density. On
he other hand, the Qf values of the ceramics were remarkably
mproved by the small amounts of Li2CO3 additions and the

aximum Qf value of 74,400 GHz was obtained for the ceramic
ith 0.0625 wt% Li2CO3 addition. The Qf value of a ceramic
ith Li2CO3 addition sintered at 950 ◦C is higher than that of

he ceramic without Li2CO3 addition. However, the Qf value of
he ceramics decreased with increased addition of Li2CO3 from
.0625 to 1.0 wt%. In order to clarify the relationships between
he morphological change and the microwave dielectric proper-
ies, the microstructures of the ceramics with Li2CO3 additions
intered at 950 ◦C are characterized as shown in Fig. 10. The
urface on the sintered ceramic without Li2CO3 addition did
ot show a homogeneous condensed microstructure, while the
icrostructures with the addition of Li2CO3 were observed to

e dense. It is widely known that liquid phase sintering plays
n important role in enhancing the densification of the ceram-
cs at a low sintering temperature12; therefore, in this case, the
ncrease in Qf value of the ceramics by the Li2CO3 addition is
onsidered to be caused by liquid phase sintering. On the other
and, the abnormal grain growth of the sample was recognized
s shown in Fig. 10(d) when the 0.5 wt% Li2CO3 addition was
erformed. The morphological changes in the ceramics which
epend on the amount of Li2CO3 addition may have an influence
n the variations in the Qf value.

Fig. 11 shows the temperature coefficient of resonant fre-

uency of the sample sintered at 950 ◦C for 5 h in air. The τf
alues of the sample ranged from −23 to −6 ppm/◦C; as a
esult, the appropriate microwave dielectric properties of εr = 13,

f = 74,000 GHz and τf = −6 ppm/◦C were obtained when the

t
o
τ

a

ig. 11. Effect of Li2CO3 addition on temperature coefficient of resonant fre-
uency of Mg3(VO4)2–0.5Ba3(VO4)2 ceramics sintered at 950 ◦C for 5 h in
ir.

g3(VO4)2–0.5Ba3(VO4)2 with 0.0625 wt% Li2CO3 ceramic
as sintered at the temperature of 950 ◦C for 5 h in air.

. Conclusions

The microwave dielectric properties of Mg3(VO4)2–xBa3
VO4)2 ceramics were characterized for use as LTCC materi-
ls. At the composition of x = 0.2, the maximum Qf value of
14,000 GHz with εr of 11 and τf of −58 ppm/◦C was obtained
hen the ceramic was sintered at 950 ◦C for 5 h in air. Such

n improvement in Qf value which depends on the composi-

ional changes in the ceramics may be related to the formation
f intermediate phase, i.e., BaMg2(VO4)2 ceramic. A near-zero
f value of the ceramic was recognized at the composition of
round x = 0.5.
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In order to reduce the sintering temperature of the Mg3
VO4)2–0.5Ba3(VO4)2 ceramic, the effects of Li2CO3 addi-
ion on the sintering behavior and the microwave dielectric
roperties of Mg3(VO4)2–0.5Ba3(VO4)2 ceramic were also
nvestigated in this study. As a result, it was found that the
ddition of Li2CO3 was effective in improving the Qf value
nd lowering the sintering temperature of the ceramics with-
ut any detrimental effect on the εr and τf values. Thus, the
g3(VO4)2–0.5Ba3(VO4)2 ceramic with 0.0625 wt% Li2CO3

ddition exhibited the appropriate microwave dielectric proper-
ies of εr = 12.6, Qf = 74,434 GHz and τf = −5.8 ppm/◦C when
he ceramic was sintered at 950 ◦C for 5 h in air.
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