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Abstract

Ba(Mg;3Tay3)03 (BMT) ceramics have excellent microwave dielectric properties, but they are difficult to sinter because of their high sintering
temperature of 1650 °C. However, in this study the addition of B,O; to BMT ceramics enabled sintering to be performed at temperatures as low as
1300 °C. The BaB,O; phase, which melts at approximately 900 °C, may have been responsible for the decrease of the sintering temperature. The
presence of Ba3TasO;5 second phase was observed in the BMT ceramics containing a large amount of B,03. The relative density and dielectric
constant (&) were considerably increased with the addition of a small amount of B,Os. The Q-value was also increased when a small amount
of B,0; was added, but was decreased when the B,0; content exceeded 0.5 mol%. The decrease of Q x f was explained by the presence of the
Ba;Ta;0;5 second phase. Excellent microwave dielectric properties of Q x f=195,000 GHz, &, =24 and 7;=4.74 ppm/°C were obtained by adding

0.5 mol% B,05 to BMT ceramic and sintering at 1500 °C for 6 h.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

For the application of dielectric ceramics to microwave
devices, a high dielectric constant (&), a high Q-value
and a near-zero temperature coefficient (tf) are required.’-?
Ba(Mg13Taz/3)03 (BMT) ceramics are known to have a high
&r, a high Q-value, and a small 7¢. However, the sintering tem-
perature of BMT ceramic is very high at above 1650 °C with
a long sintering time, which makes it very difficult to sinter
BMT ceramics. Many investigations have been carried out to
reduce the sintering temperature and the sintering time of BMT
ceramics without deteriorating their microwave dielectric prop-
erties. BaSnO3-added BMT ceramics exhibited good microwave
dielectric properties, but the sintering temperature remained
high at about 1640°C.% In the case of BaWOy-added BMT
ceramics, the sintering temperature was still high at approxi-
mately 1600 °C and the microwave dielectric properties were
not improved.> BMT ceramics were also produced by a two-
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step process in which they were sintered at 1550 °C for 4 h, but
the microwave dielectric properties were not satisfactory.* Fang
etal. controlled the calcination process to improve the sinterabil-
ity of the BMT ceramics but the resulting microwave dielectric
properties of the BMT ceramics were poor.”

On the other hand, B,O3 is recognized as a good additive,
which is able to reduce the sintering temperature of the ceramics.
Previously, we reported that the addition of BoO3 decreased the
sintering temperature of Ba(Mg1,3Nb;/3)03, Ba(Znj3Tay3)03
and Ba(Zn;;3Nby/3)03 ceramics.®8 Therefore, it is also pos-
sible that the addition of B,O3 would be effective in decreas-
ing the sintering temperature of BMT ceramics. In this study,
a small amount of B>O3 was added to reduce the sintering
temperature of BMT ceramics while maintaining their good
microwave dielectric properties. Furthermore, the variations of
the microwave dielectric properties were investigated in terms
of the microstructural changes.

2. Experimental procedure

BMT +xB>03 ceramics with 0.0 < x <20.0 mol% were pre-
pared by conventional solid-state synthesis. Oxide compounds
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of BaCO3 (Kojundo Chemical, 99.95% purity), MgO (Kojundo
Chemical, 99.95% purity) and Ta;Os; (Kojundo Chemical,
99.95% purity) were mixed for 24 h in a nylon jar with zirconia
balls, then dried and calcined at 1200 °C for 3 h. After calcina-
tion, BoO3 (Junsei Chemical Co., Tokyo, Japan, >95% purity)
and BaB4O7 additives were added and remilled for 24 h. The
remilled B,O3- or BaB4O7-added BMT powders were ground
and pressed into discs with a diameter of 10 mm. The green bod-
ies were sintered at 1300-1650 °C for 6 h. BazTa5015 5 ceramics
were also produced by the same the processes and their cal-
cination and sintering temperatures were 1000 and 1350°C,
respectively. The microstructures of the specimens were studied
using X-ray diffraction (XRD: Rigaku D/max-RC, Japan), scan-
ning electron microscopy (SEM: Hitachi S-4300, Japan) and
transmission electron microscopy (TEM: Hitachi H-9O0ONAR
Ibaraki, Japan). Energy dispersive X-ray spectroscopy (EDS:
Horiba EX-200, Japan) was used to analyze the composition of
the specimen and Horiba software was used for the quantitative
analysis of the composition of the specimen. The densities of
the sintered specimens were measured by a water-immersion
technique. The dielectric properties in the microwave frequency
range were measured by the dielectric post resonator technique
suggested by Hakki—Coleman and Courtney.”!? The 7 value
was measured in the range from 25 to 85 °C.

3. Results and discussion

Fig. 1 shows the SEM image of the fractured surface of the
BMT +xB;03 ceramics with 0.0 <x <20.0mol% sintered at
1500 °C for 6 h. The BMT ceramics without B,O3 were not sin-
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Fig. 2. EDS spectrum of the rod-shaped second phase formed in the 20.0 mol%
B,03-added BMT ceramics.

tered at 1500 °C as shown in Fig. 1(a). When 0.5 mol% of BoO3
was added, a homogeneous and dense microstructure devel-
oped with an average grain size of 0.8—1.0 wm. When a large
amount (>5 mol%) of B,O3 was added, grain growth occurred,
the microstructure became porous, and a rod-shaped second
phase was formed indicated by arrow in Fig. 1(d). In order to
identify the composition of the rod-shaped second phase, an
energy dispersive spectroscopy (EDS) analysis was conducted
on the second phase formed in the 20.0 mol% B,03-added BMT
ceramics, as shown in Fig. 2. High concentrations of Ba and Ta
were detected and a small amount of Mg ion was also found in
the rod-shaped second phase. Therefore, the rod-shaped second
phase was considered to be a phase rich in Ba and Ta. According
to the quantitative analysis shown in Table 1, the ratio of Ba to
Ta was 0.6, which suggested that the rod-shaped second phase
could be a BazTasO;5.5 phase and this phase was also detected
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Fig. 1. SEM image of the fractured surface of the BMT +xB20O3 ceramics with 0.0 <x <20.0 mol% sintered at 1500 °C for 6 h: (a) x=0.0 mol%, (b) x=0.5 mol%,

(c) x=10.0mol% and (d) x=20.0 mol%.
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Table 1
Quantitative analysis of the rod-shaped second phase formed in 20.0 mol%
B,03-added BMT ceramics sintered at 1500°C for 6 h

Element Wt.% At. %

MgK 0.60 3.95
BaL 29.96 34.81
TaM 69.44 61.24
Total 100.00 100.00

in the X-ray diffraction pattern. In addition, since the Mg ion
was detected in the rod-shaped second phase, the Ba3Ta;015 5
second phase contains a small amount of Mg ions and the expla-
nation for its presence is given below.

Fig. 3(a—) shows the X-ray diffraction patterns of the
BMT +xB;03 ceramics with 0.0 <x <20.0mol% sintered at
1500°C for 6h. All of the peaks were indexed in terms of
the 1:2 ordered hexagonal unit cell. For the specimens with
x=0.5mol%, BMT peaks without a second phase were found,
indicating the presence of a homogeneous BMT phase. More-
over, since the 1:2 ordering peak was present in the speci-
men with 20.0 mol% B,0O3, BMT ceramics maintained the 1:2
ordered hexagonal structure even though a large amount of B,O3
was added. When x exceeded 0.5 mol%, however, peaks for
the Ba3TasO;55 phase appeared as indicated by the asterisks
in Fig. 3. Peaks for the other second phase were not observed
in the BMT ceramics with a large amount of B,O3. It is gener-
ally accepted that the sintering temperature of BMT ceramics is
very high at approximately 1650 °C, thus making them difficult
to sinter. However, when B,O3 was added, the BMT ceramic
was well sintered even at 1300 °C. According to our previous
study, in which B,O3 was added to Ba(Mg1,3Nby/3)O3 ceramics,
the BaO-B,03 second phase existed as a liquid phase during the
sintering and assisted the densification of the Ba(Mg/3Nb2/3)03
ceramics.® A similar result was also observed when B0z was
added to Ba(Zn/3Tay/3)O3, Ba(Zny;3Nby/3)03 and BasNbsO15
ceramics.”®!! Therefore, it is considered that a second phase
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Fig. 3. X-ray diffraction patterns of the BMT +xB,03 ceramics with (a)
x=0.5mol%, (b) x=5.0mol%, (c) x=20.0mol% and (d) BMT + 20.0 mol%
BaB4 07 sintered at 1500 °C for 6 h.

Fig. 4. TEM bright field image of the 20.0 mol% B>0O3-added BMT ceramics
sintered at 1300 °C for 6 h.

containing BaO and B;0O3 formed when B,O3 was added and
this facilitated the sintering of the BMT ceramics.

A TEM analysis was conducted to identify the liquid phase
formed in the B,O3-added BMT ceramics. Fig. 4 shows the TEM
bright field image of the 20.0 mol% B,03-added BMT ceramics
sintered at 1300 °C. The liquid phase indicated by the arrow was
found at the triple point. Therefore, the densification of the BMT
ceramics at low temperatures was attributed to the presence of
the BaO-B,03 liquid phase. Moreover, when a BaB4O7 addi-
tive was added to the BMT ceramics, they were well sintered
at 1300 °C and the Ba3TasOy5 5 second phase, which appeared
in the BoO3-added BMT ceramics, was not observed, as shown
in Fig. 3(d). Therefore, it can be inferred that when B>O3 was
added to the BMT ceramics, the B3* ion reacted with the Ba2*
ion in the BMT ceramics and the BaB4O7; and Ba3TasOis5
second phases were formed through the reaction shown below.
Furthermore, BaB4O7 existed as a liquid phase during the sin-
tering and assisted the densification of the BMT ceramics at low
temperature:

BMT + 2xB,03 — xBaB4O7 + (3 — 5x)/8 Ba3Tas0155
+ (5 —3x)/24BMT + (19 + 3x)/24MgO

However, since the BaB,O4 phase was also observed in the BO3
added BMN ceramics, we cannot exclude the possibility of the
formation of BaB,O4 second phase or other BaO-B,03 second
phase in the B,O3 BMT ceramics. In addition, MgO should be
released from the BO3; added BMT phase and therefore would
be detected in the XRD patterns. However, no peaks for the
MgO phase were found even in the 20 mol% B>0O3 added BMT
ceramics. On the other hand, the Mg2+ ion was detected in the
rod-shaped BazTa5015 5 second phase and, thus, a small amount
of the Mg2+ ions must have existed in the Ba3TasO5 5 second
phase. It is also possible that the Mg?* ions were incorporated
into the liquid phase. Recently, it was reported that the cation
non-stoichiometry exists in BMT.!2 Therefore, it is possible that
the BMT phase contains the excess Mg>* ions when a large
amount of B,O3 was added.
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Fig. 5. Relative density and &, of the B,O3z-added BMT ceramics sintered at
various temperatures for 6 h.

Fig. 5 shows the variation in the relative density of the
BMT + xB,03 ceramics as a function of the BoO3 content. The
relative density considerably increased up to 95% with the addi-
tion of a small amount of B;0O3, but decreased slightly when
the B»O3 content exceeded 5.0 mol%. The SEM image revealed
that the microstructure of the specimens became dense with the
addition of a small amount of B, O3 but it became porous when a
large amount of B,O3 was added. Therefore, the variation of the
density could be explained by the changes in the microstructure.
In addition, it is interesting to note that the relative densities of
the specimens sintered at 1500 °C were lower than those of the
specimens sintered at 1400 °C when the B,O3 content exceeded
2.5mol%. The evaporation of the BaB4O7 liquid phase and
the formation of the Ba3TasO;5 5 second phase increased with
increasing sintering temperature, thereby lowering the relative
density for the specimens sintered at higher temperature. The
& values of the BpO3-added BMT ceramics are also shown in
Fig. 5. The ¢, value was increased significantly with the addition
of a small amount of BoO3 and the BMT ceramic with 0.2 mol%
B»>0s3 had a high &; value of 24. In addition, the behavior of &,
was similar to that of the relative density, indicating that the
density is the important factor influencing the &, value of the
specimens.

The variation of the Q-value is illustrated in Fig. 6. The
(Q-value was increased with the addition of a small amount
of B»O3 and the maximum Q x f value of 195,188 GHz was
obtained from the BMT ceramic with 0.5 mol% B,03. The
increase in the Q-value could be explained by the increase in
the relative density. However, the O-value was decreased when
x exceeded 0.5 mol%. According to the X-ray diffraction pat-
tern, the BazTa;015.5 second phase existed in the BMT ceramic
with a large amount of B>O3. We made Ba3zTa;015.5 ceramics
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Fig. 6. Variations of the Q-value and t¢ of the BO3-added BMT ceramics as a
function of the B,O3 content.

whose relative density was approximately 94% of the theoretical
density and measured their microwave dielectric properties. The
BazTas015 5 ceramics have the microwave dielectric properties
of O x f=9681GHz, & =54 and 7¢=124 ppm/°C. Therefore,
the decrease in the Q x f value was attributed to the presence of
the BazTasO5.5 second phase. Fig. 6 also shows the 7y value of
the BOs-added BMT specimens. The ty value was increased
with the addition of B,O3 and since that of the Ba3Tas0155
ceramics was about 124 ppm/°C, this increased tr could also be
explained by the presence of BazTas0155. The BMT ceramic
with 0.5 mol% B, 03, which showed the maximum Q-value, had
a low ¢ value of 5.0 ppm/°C.

In order to clarify the effect of the BaB4O; additive on the
sintering temperature and the microwave dielectric properties of
BMT ceramics, a small amount of BaB4O7 was added. Fig. 7
illustrates the variations in the &, Q x f and ¢ values of the
BaB407-added BMT ceramics. The &, value was considerably
increased with the addition of a small amount of BaB4O7. The Q-
value increased when x was less than 1.0 mol% but it decreased
when the BaB4O7 content further increased. The maximum
0 x fvalue of 199,500 GHz was obtained for the BMT ceramic
with 0.5mol% BaB4O7. The 1+ value of the BaB4O7-added
BMT ceramics was small and slightly decreased with the addi-
tion of B>O3. These results suggest that the variations of the &,
0O x fand t¢ values are similar to those of the B,O3-added BMT
ceramic. Therefore, it can be concluded that the BaB4O7 phase
assisted the densification and improved the microwave dielec-
tric properties of the B,O3 added BMT ceramics sintered at low
temperature. Moreover, the BaB4O7 can be a good additive to
enhance the sinterability and microwave dielectric properties of
BMT ceramics. However, more investigation is required for the
BaB,0O7-added BMT ceramics.
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Fig. 7. Variations of &, Q x fand ty of the BaB4O7-added BMT ceramics sin-
tered at various temperatures for 6 h.

4. Conclusions

The effects of B,O3 on the sintering temperature and
microwave dielectric properties of BMT ceramics were investi-
gated. The sintering temperature of BMT ceramics is approxi-
mately 1650 °C but the BoO3-added BMT ceramics were well
sintered even at 1300 °C. The presence BaB4O7 second phase
may have been responsible for the decrease in the sintering
temperature of the BMT ceramics. The &, value and Q-value
were significantly improved with the addition of a small amount
of B20O3. Excellent microwave dielectric properties of &, =24,
0 x f=195,000 GHz and ¢ =4.74 ppm/°C were obtained for the
0.5 mol% B;03-added BMT ceramic sintered at 1500 °C for 6 h.
A similar result was also obtained for the BaB4O7-added BMT
ceramic sintered at 1500 °C for 6 h. This indicates that BaB4O~

is also a good additive to improve the sinterability of the BMT
ceramics.
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