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Abstract

In order to develop a new low-temperature co-fired ceramics (LTCC), the microwave dielectric properties and microstructure of
(Mgs_«Co,)(VO,), ceramics were investigated. The grain growth of i), ceramic was observed as the sintering temperature was
increased from 750 to 105C; the maximumQ-f value of 65,440 GHz was obtained at the sintering temperature of°TQ5& a sintering
temperature of 1078, the Mg(VO,), ceramic decomposed to form the MgO and liquid phaseQthealue of the sample decreased. As for

the Co substitution for Mg, the XRPD patterns of (MgCao,)(VO,), ceramics showed a single phase over the whole composition range; the
individual curves indicated the maximum values for density which gradually converge as the sintering temperature is increased but the values
shift toward the lower sintering temperatures with Co substitution for Mg. As a respitvalue of 78,906 GHz with a dielectric constant of

9.5 was obtained at=2 when the sample was sintered at 90dor 5 h in air, whereas the temperature coefficient w8d.5 ppm/C.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction reduce the sintering temperature of commercially developed
dielectric ceramics; however, in many cases, the additions of
The rapid development in microwave telecommunication Bi>O3, B,O3 and \,Os to the dielectric ceramics produce
system has been creating a high demand for multilayer mi- a significant deterioration iQ-f values. In the case of sec-
crowave devices in order to reduce the size of band-pass fil-ond method, i.e., sol-gel and coprecipitation methods, these
ters and antenna duplexers. Thus, it is necessary to lowerchemical techniques require the flexible processing in order
the sintering temperature of the dielectric ceramics becauseto synthesize the dielectric ceramics. Consequently, the third
the dielectric ceramics and electrode metals with low resis- method is the development of new dielectric ceramics with
tivity such as Ag and Cu should be co-fired in the case of low sintering temperature. In the MgO-¥s system, itis re-
multilayer microwave devices. In order to reduce the sin- ported that the Mg(VO4)2 compound decomposes into the
tering temperature of dielectric ceramics, there are severalMgs(VO4)2 compound and liquid phase at the temperature of
methods commonly explored: (1) the addition of low melt- 980°C.* On the other hand, in the case of40¢04),> com-
ing point compounds such as8lz, B0z and V05,12 (2) pound, the decomposition temperature os(44)> com-
the chemical processing and smaller particle size of starting pound into Cg(VO4)2 compound and liquid phase is known
materials by the sol-gel and coprecipitation methods, andto be approximately 850C.> Therefore, it is considered that
(3) a study of new series in the low-temperature co-fired ce- the Mg(VO4)2 compound is an appropriate candidate as a
ramics (LTCC) materials. The first method is widely used to LTCC material; the Co substitution for Mg may be effective
in reducing the sintering temperature of (1gCox)(VOa)2
* Corresponding author. ceramics because of the differences in the melting point be-
E-mail addressakan@ccmfs.meijo-u.ac.jp (A. Kan). tween the Mg(VO4)2 and Cg(VOy), ceramics. Therefore,
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this paper focused on the evaluation of microwave dielectric 9.4 depending on the sintering temperatures. In general, in
properties and microstructure for the low-temperature sin- the LTCC materials, it is well known the variation in the
tered Mg (VO4)2 ceramic. Then, the effects of the Co substi- dielectric constant is strongly affected by the improvement
tution for Mg on the microwave dielectric properties of the in the bulk density: the variations in the dielectric constant
(Mg3-xCoy)(VO4), ceramic were also investigated. showed the similar tendency to those of bulk density. Thus,
it is considered that the improvement in the dielectric con-
stant, which depends on the sintering temperature, is due to
2. Experimental method the bulk density of the samples. The influences of sinter-
ing temperatures on the quality fact@-{) of Mgs3(VOg)2
For the preparation of (Mg xCox)(VOg4), ceramics, the  ceramics sintered for 5 h in air are showrFig. 2 A signifi-
starting materials were MgO, CoO and®s powders with cant variations ifQ-f values which arisen from the variations
99.9% purity and the samples were prepared by using thein the sintering temperature was observed in the sintering
conventional solid-state reaction method. In this study, thesetemperature range of 750—108D, and then a maximur@-f
powders were mixed with ethanol for 45 min in a mortar and value of 65,440 GHz was obtained when the sample was sin-
then calcined at 700C for 20 h in air. The obtained powders tered at 1050C. Yang et af reported that the improvement
were ground with an organic binder (polyvinyl alcohol) and in bulk density and grain growth of the dielectric ceramics
uniaxially pressed into the pellets of 12 mm in diameter and play an important role in improving th®-f value. There-
7 mm in thickness under a pressure of 100 MPa. These pel-fore, the improvement iQ-f value of Mg (VO4)2 compound
lets were sintered in the temperature range of 750-1G75 in the sintering temperature range of 750-1060may re-
for 5-50h in air. The sintered samples were identified by late with the morphological changes in the samples. At the
the X-ray powder diffraction (XRPD; MiniFlex, Rigaku); sintering temperature of 107&, however, the&)-f value of
the microstructure of the samples was observed by meansvigz(VO4), compound decreased in comparison with that
of a field emission electron scanning microscopy (FE-SEM; of the sample sintered at 1050. According to the binary
JSM 6330-F, JEOL). The bulk densities of the samples were phase diagram of MgO—-0s system reported by Kerby and
determined by the Archimedes method. The microwave di- Wilson} it is known that the Mg(VO,)2 compound decom-
electric properties were measured by the Hakki and Colemanposes to form a liquid phase at a temperature of approxi-
method® the temperature coefficients of resonant frequency mately 1074C; it suggests that the decreaseQii value at
() were measured at the two temperatures (20 aric€30 the sintering temperature of 1076 relates with the pres-
ence of liquid phase because Weng and Hdaeported that
theQ-f values of low-temperature sintered B&O2g by the
3. Results and discussion addition of PbO-BO3—SiO, decreased with increasing the
amount of liquid phase. Thus, in order to clarify the relation-
The bulk densities of Mg(VO4), ceramics sintered atvar-  ship between microstructure and microwave dielectric prop-
ious temperatures for 5 h in air are showrkig. 1. The bulk erties of Mg(VOg4)2 compound, the microstructure of the
densities of the samples increased with increasing the sinter-samples sintered at the various sintering temperatures was
ing temperatures from 750 to 1090, and then these val-  investigated; the results are shownHig. 3. With increas-
ues were saturated at the sintering temperatures higher thamng the sintering temperature from 750 to 1081 the grain
1050°C. This result indicates that the M/ O4), ceramic is growth of the samples was recognized. Thus, the improve-
densified at the temperature of 108D The sintering tem-  ments in bulk density, dielectric constant a@d value of
perature dependence of dielectric constapti§ also shown Mg3(VOg4)> compound in the sintering temperature range of
in Fig. L The ¢ values of the samples range from 4.4 to
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Fig. 1. Variations of bulk density and dielectric constant of JAD4)2 Fig. 2. Relationship betwee®-f value and sintering temperature of

ceramic sintered for 5h in air as a function of sintering temperature. Mg3(VOas)2 ceramic sintered for 5hin air.
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(b) 850°C (e) 1075°C

(c) 950°C

Fig. 3. Surface FE-SEM photographs of {gO4), ceramics sintered at (a) 75G, (b) 850°C, (c) 950°C, (d) 1050°C and (e) 1075C for 5h in air.

750-1050C are attributed to the grain growth of the samples.

-50
However, the presence of liquid phase was observed when
the samples was sintered at 1075as marked irFig. 3e; 60 &
this result was consistent with the binary phase diagram of =
MgO-V>0s systent Therefore, it is considered that the de- L -}
composition of Mg(VO4)2 compound into the liquid phase £
has a detrimental effect on ti@f value; the microstructure- &,
microwave dielectric property relations in this system agreed ©
with those of LTCC materials by liquid phase sintering. 90
As for the relationship between the sintering temperature and . .
1t of Mga(VO4), ceramic, thers value of the samples de- O e 850 900 950 1000 T0s0. 1100
creased from-62.4 t0—91.9 ppm?C as shown irFig. 4 Sintering temperature (°C)

the improvement irts values is required for the microwave
application. From these results, the g04)> ceramic is Fig. 4. Influence of sintering temperature on temperature coefficient of res-
considered to be one of the attractive candidates as a newp"ant frequency of MgVO,); ceramic.
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Table 1
Microwave dielectric properties of M§VO,), ceramics sintered for 5, 10,
25 and 50 h at 950C in air

Sintering time (h)  p (g/cn?) &r Qf (GHz) 71 (ppmPC)
5 3.08 6.4 48800 —83.3

10 3.20 7.9 52977 —84.3

25 3.31 8.8 61948 —93.2

50 3.34 9.1 64142 —93.2

p: bulk density,s;: dielectric constantQ-f: quality factor,zs: temperature

coefficient of resonant frequency.

LTCC material because of its low sintering temperature and

high Q-f value.
For the Mg(VOg)2 ceramic, the optimum sintering tem-
perature has been found to be 1080as mentioned above;

however, the sintering temperature is still too high to use sil-
ver as an electrode in the case of LTCC. Thus, in this study, in

order to obtain the higlp-f value at a sintering temperature
lower than the melting point of silver, the sintering time de-
pendence of microwave dielectric properties ofd(AO4)>
ceramic sintered at 95 in air was also investigated. It was
generally known that the variation in the sintering time was
effective in improving theQ-f value which is related to the
grain growth of the samplé$.Table 1shows the microwave
dielectric properties of Mg(VO4)2 ceramics sintered for 5,
10, 25 and 50 h at 95 in air. The bulk densities ang}

of the samples ranged from 2.83 to 3.34 gicand 4.4 to
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Fig. 5. XRPD patterns of the mixture M@/O4), and Ag heat-treated at
920°C for 1 hin air.

air. From the XRPD patterns, any secondary phase was not
detected over the whole composition range.

The relationship of the bulk density, compositigrand
sintering temperature of the (MgxCox)(VO4)2 ceramics is
showninFig. 7. Inthe cases of=2 and 3, the saturated values
of bulk densities were obtained at the sintering temperatures
of 850°C forx=3 and 900 C for x= 2, respectively; the sin-
tering temperature of the samples was lowered by the Co sub-
stitution for Mg. BrisP reported the detail on the binary phase
diagram of CoO-YOs5 system; in the diagram, it is known
that the Cg(VO4)2 ceramic decomposes to form the liquid
phase and GifVO,), ceramic at the temperature of approxi-
mately 850°C. Then, at the temperatures above 1000the

9.1, respectively; these values increased when increasing theso,(v/0,), ceramic decomposes to form the CoO and liquid
sintering time. Moreover, the sintering time dependence of ynases. Therefore, the densification ok(4Da), ceramics

Q-f value was also recognized; tief value of 64,142 GHz,
which was comparable to that of the My Og4)2 ceramic
sintered at 1050C for 5h, was obtained when the sample
was sintered at 95CC for 50 h. Itis considered that the grain

growth of the samples caused by the increase in the sintering

time improves the, andQ-f values. Thus, by increasing in
the sintering time from 5 to 50 h, the M@/O4)> ceramic
was densified at the temperature of 980which is lower
than the melting point of silver. In the case of the multi-
layer microwave dielectric devices, the LTCC material and
silver should be co-fired; the chemical compativility with sil-
verisrequired. In order to evaluate the chemical compativility
of Mg3(VOg4)2 ceramic with silver, mixtures of MgVO,)»
ceramic and Ag powders were heat-treated at “@@or
1hin air; the XRPD pattern of the mixtures was shown in
Fig. 5. Since the XRPD pattern of the mixtures did not show

the formation of secondary phase, it is considered that the

Mgs(VO4)2 compound has a chemical compatibility with sil-
ver.

In this study, the effect of Co substitution for Mg on the
microwave dielectric properties of the (MgCo)(VO4)2
ceramics was also investigated because it was
ported that the (Mg xCo)(VO4)2 ceramic atx=3, i.e.,
Co3(VOg4)2 ceramic, was the same crystal structure of
Mg3(VO4)2 ceramic!! Fig. 6 shows the XRPD patterns of
(Mg3_xCox)(VOy4)2 ceramics sintered at 75C for 5h in

re-

by the Co substitution for Mg may be due to the presence of
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Fig. 6. XRPD patterns of (Mg.xCo)(VOas)2 ceramics sintered at 75C

for 5hin air.
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portantrole in improving the bulk density at the low sintering = o
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temperature. The effects of Co substitution for Mg onghe ~ 60000 .
andQ-f values of the (Mg_xCoy)(VOg)2 ceramics sintered S o00o
at the various temperatures are showrFig. 8 The same
tendency was observed with the dielectric constant and bulk 20000
density. Sintering temperature dependence ofjfievalues
is shown inFig. 8. The maximun®Q-f value is effected by 0 L
. . e 750 800 850 900 950 1000 1050 1100
varying the chemical composition of (MgyCo)(VO4,)2 ce- ®) Sintering temperature (C)

ramics when the sintering temperature is increased. Thus, it

is found that the Co substitution for Mg is effective in im-  Fig. g. Effect of Co substitution for Mg on (a) dielectric constant and (b)

proving theQ-f value and reducing the sintering temperature Q- value of (Mg_xCox)(VOa)2 ceramics.
of (Mgs_xCoy)(VOa)2 ceramics; as a result, in the cases of

Fig. 9. Surface FE-SEM photographs of (8gCo)(VO4)2 ceramics sintered at 90C for 2 h after quenching in liquid nitrogen.
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Fig. 10. Sintering temperature dependencerpivalues of (Mg_xCo)
(VO4)2 ceramics.

x=2 and 3, the individual highe§-f values were obtained
at the sintering temperatures of 900 and 850respectively,
which are lower than the melting point of silver. Although the
improvement inQ-f value of the samples was recognized by
the Co substitution for Mg, the variations@f values seem
to strongly depend on the compositigirit is considered that

R. Umemura et al. / Journal of the European Ceramic Society 25 (2005) 2865-2870

investigated in order to develop a new LTCC materiaQA
value of 64,142 GHz with a dielectric constant of 9.1 and a
75 value 0of —93.2 ppm?C was obtained for the Mg@VOg)»
ceramic after sintering at 95€ for 50 h; any chemical reac-
tion between Mg(VO4), ceramic and Ag was not recognized
from the XRPD pattern. Moreover, by the Co substitution for
Mg, the sintering temperatures of (MgCoy)(VO4)2 ceram-

ics were reduced from 1050 to 850 because of the forma-
tion of a liquid phase in the CoO-0s system. As a result,
when the (Mg_xCoy)(VO4)2 ceramic withx = 2 was sintered
at900°Cfor5 h, theQ-fvalue of 78,906 GHz which was com-
parable to that of the MgfVO,), ceramic sintered at 105C

for 5 h was obtained; it was found that the Co substitution for
Mg in the (Mg_xCoy)(VO4)2 ceramics exerts an influence
on the variations ifQ-f andz; values. From the evaluation of
microwave dielectric properties, the (MgCoy)(VO4)2 ce-
ramics are considered to be one of the appropriate candidates
as a LTCC material.
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