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Abstract

Sintering of undoped Ba(Mg1/3Ta2/3)O3 (BMT) ceramics at 1500 �C gives BMT ceramics with 96.0% theoretical density and an
ordering structure, but the satellite phases of Ba5Ta4O15, Ba4Ta2O9, Ba7Ta6O22, and Mg4Ta2O9 are difficult to eliminate com-
pletely. The addition of MgO–CaO–Al2O3–SiO2 (MCAS) glass as a sintering aid not only decreases the satellite phases of BMT

ceramics but also improves the sinterability of BMT ceramics. The densification of the BMT ceramics can be performed well at lower
temperatures of 1300–1350 �C. The satellite phases of Ba(Mg1/3Ta2/3)O3 powder can almost be eliminated at 1350 �C when 3 wt.%
MCAS is used as a sintering aid or at 1300 �C when 6 wt.% MCAS is used as a sintering aid. When the sintering temperature is higher

than 1350 �C and the amount of MCAS addition is equal to or more than 3 wt.%, the densities of BMT ceramics decrease with the
increase of sintering temperature because of the increase of satellite phases and the melting of MCAS glass. # 2002 Elsevier Science
Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

A number of complex A(B1/3C2/3)O3 (A=Ba, Sr;
B=Mg, Zn, Ni; C=Nb, Ta) perovskite compounds had
been developed for high dielectric constant "r (25–40),
high unloaded frequency Q (>3000), and low tempera-
ture coefficient of the frequency �f (0�40 ppm/�C) [1–5].
Some papers also reported that extremely high Q values
(36,000 at 10 GHz) were obtained for perfect Ba(Mg1/3

Ta2/3)O3 (abbreviated as BMT) ceramics [6]. The usual
process of preparing BMT materials by solid-state
reaction of BaCO3, MgO, and Ta2O5 was not the most
appropriate method for the industrial production of
ceramic dielectric resonators (DRs) because of the high
calcining temperature, long calcining time, and poor sin-
terability of BMT ceramics [7,8]. The poor sinterability of
BMT ceramics was thought to be due to some special
satellite phases in the calcined powders. In order to elim-
inate such satellite phases of Ba5Ta4O15, Ba4Ta2O9, and
Ba7Ta6O22 from calcined BMT, a recalcination process

was carried out [8]. However, the satellite phases
remained residual in the recalcined BMT powder [8].
Due to the poor sinterability, the sintering temperature
of BMT ceramics was higher than 1550 �C. Therefore, it
was of increasing importance in the suppression or
elimination of the satellite phases and lowering of the
sintering temperatures.

Low melting glass additions and chemical processing
of starting materials were used to improve the sinter-
ability of the dielectric and reduction of the sintering
temperature [6,9,10]. Renoult et al. used the sol-gel
method to fabricate the BMT precursor, but 1400 �C for
10 h was needed to sinter the precursor [6]. Chen et al.
reported that BMT ceramics had a bulk density of 0.98
theoretical density by adding NaF as a sintering aid
[11]. In this paper, Ba(Mg1/3Ta2/3)O3 powder calcined at
1200 �C for 3 h was used as the precursor and efforts
were made to lower the sintering temperature of BMT
ceramics. In the calcined powder, Ba(Mg1/3Ta2/3)O3 was
main phases, but the initial materials of MgO and
Ta2O5 and the satellite phases of Ba5Ta4O15, Ba4Ta2O9,
and Ba7Ta6O22 also existed as minor phases. We used
MgO–CaO–SiO2–Al2O3 (MCAS) [12] glass powder as a
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sintering aid to improve the sinterability and lower the
sintering temperature of BMT ceramics. Relationships
among the sintering temperature, the microstructure
evolution, and the phase formation of MCAS-fluxed
BMT ceramics were presented.

2. Experimental procedures

In the present investigation, a homogeneous glass
composition containing (in wt.%) MgO5%, CaO19%,
Al2O326%, and SiO250% (approximate stoichiometry
MgO:CaO:Al2O3:SiO2=6.5:14.5:27.5:51.5, abbreviated
as MCAS) was prepared by the sol-gel method [12]. After
the glass powder was formed in the solided format, the
solids were collected by filtration and calcined at 300 �C
for 1 h. The calcination step was desirable to decompose
any ammonium nitrate present. The resulting material
was the MCAS glass precursor.

Proportionate amounts of reagent-grade starting mate-
rials of BaCO3, MgO, and Ta2O5 were mixed, according
to the composition Ba(Mg1/3Ta2/3)O3, and ball-milled for
5 h. After drying, the reagent was ground with an agate
mortar for 1 h. Then the powder was calcined at 1200 �C
for 3 h. The crystal structure of calcined powder was
examined by using an X-ray powder diffractometer. X-
ray diffraction (XRD) patterns were taken at 2�=4� per
minute using CuKa radiation. The calcined powder was
used as the BMT precursor and mixed with 0, 1, 3 and 6
wt.% (abbreviated as BMT0, BMT1, BMT3, and
BMT6) MCAS glass by ball milling. After drying, the
powder was pressed into pellets uniaxially in a steel die.
Sintering of these pellets was carried out at a tempera-
ture between 1200 and 1500 �C for a duration of 4 h.
Crystallization of the MCAS–BMT ceramics was investi-
gated using X-ray diffraction patterns. Densities of the
sintered specimens, as a function of sintering temperature,
were measured using the Archimedes method. The
microstructural observations of the surfaces of sintered
samples were directly observed from the SEM (scanning
electronic micrograph).

3. Results and discussion

The conventional solid-state-reaction process for syn-
thesizing BMT compounds was commonly based on the
following reaction:

3BaCO3 þMgO þ Ta2O5 � 3Ba Mg1=3Ta2=3

� �
O3

þ 3CO2 ðR1Þ

However, the real solid reaction processes were usually
more complex, and various satellite reactions might
observe in the calcining and sintering process of BMT
oxide system. The Ba(Mg1/3Ta2/3)O3 has hexagonal

perovskite-typed structure with Mg and Ta showing 1:2
order in B site. If the Mg and Ta are in disorder, the
compound will reveal a cubic perovskite-typed struc-
ture. As Fig. 1(a) shows, the calcination process leads to
the formation of disordering Ba(Mg1/3Ta2/3)O3 phase,
but the initial phases of MgO and Ta2O5 and the satel-
lite phases of Ba5Ta4O15, Ba4Ta2O9, Ba7Ta6O22, and
Mg4Ta2O9 are detected as the minor phase. As 1400 �C
is used as sintering temperature, the initial phases con-
sume and the satellite phases decrease, and the peaks for
the ordering Ba(Mg1/3Ta2/3)O3 ceramics are revealed in
Fig. 1(b). Comparing the results shown in Fig. 1(b)–(c),
the ceramics sintered at 1400 and at 1450 �C show largely
different results. The 1450 �C-sintered Ba(Mg1/3Ta2/3)O3

ceramics reveal an apparently ordering structure. Except
the ordering structure of the Ba(Mg1/3Ta2/3)O3 ceramics,
satellite phases of Ba5Ta4O15, Ba4Ta2O9, Ba7Ta6O22, and
Mg4Ta2O9 are still residual. Even 1500 �C is used as the
sintering temperature, as Fig. 1(d) shows, the Ba(Mg1/3

Ta2/3)O3 ceramics reveal a more ordering structure and
the intensities of satellite phases decrease but still residual.

The MCAS glass ceramics existed the anorthite and
cordierite as two main crystalline phases [12]. The XRD
patterns from the as-sintered surfaces of BMT3 and
BMT6 ceramics as a function of sintering temperature are
shown in Figs. 2 and 3. For BMT3 and BMT6 sintered at
1300 �C, the MCAS-doped Ba(Mg1/3Ta2/3)O3 ceramics
reveal a superstructure reflections corresponded to an
ordering of Mg and Ta ions rather than a disordering
structure. For BMT3 sintered at 1300–1400 �C and
BMT6 at 1350 �C, the major phase is Ba(Mg1/3Ta2/3)O3,
almost no satellite phases are observable. Comparing
the patterns showing in Figs. 2 and 3, the crystalline

Fig. 1. X-ray patterns of Ba(Mg1/3Ta2/3)O3 (a) calcined powder, and

ceramics sintered at (b) 1400 �C, (c) 1450 �C, and (d) 1500 �C. [�:

Ba(Mg1/3Ta2/3)O3, *: ordering Ba(Mg1/3Ta2/3)O3, �: Ba5Ta4O15, o:

Ba4Ta2O9, +: Ba7Ta6O22, 
: Mg4Ta2O9, M:MgO, T:Ta2O5].
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intensities of cordierite phase and satellite phases
increase with the increase of MCAS content. For the
same amount of MCAS glass addition, the crystalline
intensities of cordierite phase slightly decrease and then
increase with the increase of sintering temperatures.
This suggests that too much MCAS glass addition is not
necessary because the increase in satellite phases may
cause poor densified process.

Fig. 4 indicates the densification characteristics of
BMT ceramics with various concentrations of MCAS
addition. As Figs. 2 and 3 show, the MCAS glass will

crystallize as independent cordierite phase. For that, the
theoretical densities of the MCAS-doped Ba(Mg1/3Ta2/3)
O3 ceramics are estimated from the values of MCAS
glass ceramics of 2.58 g/cm3 [12] and Ba(Mg1/3Ta2/3)O3

ceramics of 7.626 g/cm3 (estimated from the X-ray pat-
terns). The theoretical density for the MCAS–BMT
ceramics is calculated using Eq. (1):

D ¼ W1 þW2ð Þ= W1=D1 þW2=D2ð Þ ðE1Þ

where W1 and W2 are the weight percent of the BMT
ceramics and MCAS glass in the mixtures, respectively;
D1 and D2 are the densities of the Ba(Mg1/3Ta2/3)O3 and
MCAS glass, respectively. The estimated densities for
BMT1, BMT3, and BMT6 ceramics are 7.481, 7.216,
and 6.868 g/cm3, respectively. For all compositions, the
densities of MCAS-ceramics increase with the increase
of sintering temperature and the saturation densities are

Fig. 2. X-ray patterns of BMT3 ceramics, sintered at (a) 1300 �C, (b)

1350 �C, (c) 1400 �C, and (d) 1450 �C. [�: Ba(Mg1/3Ta2/3)O3, *:

ordering Ba(Mg1/3Ta2/3)O3, c: cordierite, �: Ba5Ta4O15, o: Ba4Ta2O9,

+: Ba7Ta6O22, 
: Mg4Ta2O9).

Fig. 3. X-ray patterns of BMT6 ceramics, sintered at (a) 1300 �C, (b)

1350 �C, (c) 1400 �C, and (d) 1450 �C. [�: Ba(Mg1/3Ta2/3)O3, *:

ordering Ba(Mg1/3Ta2/3)O3, c: cordierite, �: Ba5Ta4O15, o: Ba4Ta2O9,

+: Ba7Ta6O22, 
: Mg4Ta2O9].

Fig. 4. The c/a ratios of Ba(Mg1/3Ta2/3)O3 ceramics as the functions

of sintering temperature and amount of MCAS glass addition.

Fig. 5. Densities of Ba(Mg1/3Ta2/3)O3 ceramics as the functions of

sintering temperature and amount of MCAS glass addition.
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Fig. 6. Sintered morphologies of Ba(Mg1/3Ta2/3)O3 ceramics sintered at (a) 1300 �C and (b) 1450 �C with 0 wt.% MCAS addition, sintered at

1300 �C with (c) 3 wt.% and (d) 6 wt.% MCAS addition, and sintered at 1400 �C with (e) 3 wt.%, and (f) 6 wt.% MCAS addition.
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shifted to lower temperatures as the amount of MCAS
addition increases. As sintering temperature is higher than
1350 �C, the densities of BMT3 and BMT6 ceramics
decrease with the increase of sintering temperature,
probably due to the melting of MCAS glass and the
increase of satellite phase. These results imply that as
MCAS glass is used as sintering agent, Ba(Mg1/3Ta2/3)O3

ceramics can be sintered at considerably lower tem-
perature than that for undoped BMT powders derived
from a sol-gel process [6]. The apparent density of the
sintered samples are about 97.1 (1450 �C), 97.2 (1350 �C),
and 96.7% (1300 �C) of the theoretical densities of 1, 3,
and 6 wt.%-MCAS-added-Ba(Mg1/3Ta2/3)O3 ceramics.

The ordering of Mg and Ta expands the original per-
ovskite unit cell along the <111> direction of the ori-
ginal perovskite unit cell, so that c/a ratio has a value
greater than (3/2)1/2 (=1.2247). As Fig. 5 shows, the c/a
ratios decrease with the increase of MCAS glass addi-
tion. The c/a ratios for BMT0 and BMT1, fired at 1250
to 1500 �C, are about 1.229 and the c/as ratio for BMT3
and BMT6, fired at 1200 to 1450 �C, are smaller than
1.229 but larger than 1.225. Fig. 5 also shows that the c/
a ratios increase slightly with the sintering temperature
and saturate at higher sintering temperature.

Fig. 6 gives the typical morphology of the BMT cera-
mics with different amount of MCAS addition and sin-
tered at different temperatures. For BMT0 sintered
1300 �C, pores and isolated BMT particles are easily
observed in Fig. 6(a). Even the sintering temperature
increases to 1450 �C, the BMT0 ceramics also shows a
porous surface. With the addition of MCAS glass, a

much easier densification of BMT ceramics is evidenced.
For BMT3 and BMT6 sintered at 1300 �C, the size of
pores can be easily decreased and the microstructures
are more homogeneous, as Fig. 6(c) and (d) show. For
BMT3 and BMT6 sintered at 1400 �C, as Fig. 6(e) and
(f) show, the glass melting out is obvious, but the cera-
mics still show densified surfaces.

The dielectric constant ("r) and loss tangent (tan�) of
MCAS-added BMT dielectric are measured at 1 MHz,
and the results are shown in Fig. 7. The "r value increases
and the tan� decreases with the increase of sintering tem-
perature, and the saturation values shift to lower tem-
perature as the amount of MCAS glass increases. This
maybe caused by the increase of sintered density with the
increase of sintering temperature. At 1 MHz, values of "r

=25.2 and tan�=10�4 are observed for pure densified
BMT dielectric (sintered at 1500 �C). The deleterious
effect of the MCAS glass on the dielectric constant is
apparent in Fig. 7. At 1 MHz, dielectric constant
decreases from 25.2 for pure BMT dielectric to 17.8 for
BMT dielectric with 6 wt.% MCAS glass added. The
addition of MCAS glass has no deleterious effect, how-
ever, on the dielectric loss. For the densified 1-, 3, and 6
wt.%-MCAS-added BMT ceramics the tan� are
2.1�10�4, 3.0�10�4, and 3.7�10�4, respectively.

4. Conclusions

In this study, the optimum temperatures needed to
sinter Ba(Mg1/3Ta2/3)O3 ceramics is 1300–1350 �C for 6
wt.% MCAS glass and 1350–1400 �C for 3 wt.%
MCAS glass because of the higher densities. Too much
MCAS addition is not necessary because of the decrease
of dielectric constant and the increase of dielectric loss
with the increase of MCAS glass. In this study, Ba(Mg1/3

Ta2/3)O3 ceramics with 3 wt.% MCAS glass addition
have the optimum sintering results, because they own
the low temperatures of 1350–1400 �C, the less satellite
phases, the maximum theoretical density, and the
acceptable dielectric constant and dielectric loss.
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