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Abstract

Barium magnesium tantalate (Ba(Mg1/3Ta2/3)O3) has been successfully prepared by a new homogeneous precipitation process.
The presence of chlorine species in the precipitates results in direct formation of Ba(Mg1/3Ta2/3)O3 after 100°C drying, as well as
rapid thermal expansion and cracking of specimens above 1300°C. When chlorine species are completely removed from the
precipitates, Ba(Mg1/3Ta2/3)O3 starts to form from 600°C, and the desired pure phase is achieved after 900°C calcination for 2 h.
With appropriate calcination followed by sintering at 1690°C, densified crack-free Ba(Mg1/3Ta2/3)O3 ceramics are achieved. In
comparison with conventional solid state reactions, the new precipitation process developed here not only reduces the temperature
of formation of superlattice structure, but also significantly increases the ordering parameter. This precipitation process is believed
to be able to effectively suppress segregation of cations and enhance the compositional homogeneity of precursors, thereby
facilitating an orderly arrangement of B-site cations in Ba(Mg1/3Ta2/3)O3. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Due to the incessantly increasing demands of minia-
turizing the important passive microwave components,
such as dielectric resonators and frequency filters, inten-
sive researches have focused on development of highly
dielectric ceramics [1]. In this regard, the complex per-
ovskite ceramics (A(B%1/3B%%2/3)O3) have attracted much
attention because they exhibit excellent dielectric prop-
erties at microwave frequencies, such as high dielectric
constant (k), high dielectric quality factor (Q), and low
resonant frequency temperature coefficient (tf) [2–7].
Among all the complex perovskite compounds, barium
magnesium tantalate (Ba(Mg1/3Ta2/3)O3) has been
found to possess the highest Q value [8]. The crystal
structure of this material transforms from cubic per-
ovskite-type into trigonal symmetry with 1:2 B-site
ordering at elevated temperatures [9].

Although Ba(Mg1/3Ta2/3)O3 possesses excellent prop-
erties for microwave applications, it is hardly sintered,
even at extremely high temperatures. Therefore, in or-

der to enhance the sinterability of Ba(Mg1/3Ta2/3)O3,
appropriate dopants have been added; however, such
additions might deteriorate the microwave characteris-
tics of Ba(Mg1/3Ta2/3)O3 [2,3]. The solution synthesis
processes have also been regarded as other alternatives
for improving the characteristics of powders. For exam-
ple, the semi-precipitation method [10] and the sol–gel
process using alkoxides or inorganic salts [11–16] as
raw materials have been used to prepare pure Ba(Mg1/3

Ta2/3)O3. In the former process [10], magnesium and
tantalum cations are precipitated by using oxine, and
then the precipitates are subsequently mixed with
BaCO3. Due to the insufficient mixing between precipi-
tates and BaCO3, the synthesis temperature has to be
raised to as high as 1300°C for complete generation of
Ba(Mg1/3Ta2/3)O3. Heating at such high temperatures
tends to cause grain growth in the powders, which is
detrimental for sintering. On the other hand, the sol–
gel process, using alkoxides, can effectively reduce the
formation temperature and facilitate sintering [11–15];
however, the stringent operation conditions involved
due to the high sensitivity of alkoxides to moisture, as
well as the high cost of alkoxides, limit usage of this
process in industry. When inorganic salts are used in
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the sol–gel process [16], the consequent presence of
polymers tends to retard the decomposition of BaCO3,
thus increasing the temperature for synthesizing
Ba(Mg1/3Ta2/3)O3.

In general, the Q value of Ba(Mg1/3Ta2/3)O3 signifi-
cantly depends on the compositional purity, sintering
density, and the degree of ordering of magnesium and
tantalum cations locating in B-sites. For obtaining den-
sified monophasic Ba(Mg1/3Ta2/3)O3 ceramics with
highly ordered structure from inexpensive raw materi-
als, a new homogeneous precipitation process has been
developed in this study. This process involves simulta-
neous precipitation of the constitute cations to over-
come the insufficient mixing of cations, which occurs in
the semi-precipitation process [10]. The formation pro-
cesses of Ba(Mg1/3Ta2/3)O3 in the thus obtained precipi-
tates have been studied and the calcination condi-
tions are accordingly adjusted to yield monophasic
powders. The influence of residual chlorine species
present in precipitates on formation and sintering of
Ba(Mg1/3Ta2/3)O3 is investigated. Furthermore, the
effects of calcination conditions on the sintering den-
sity and superlattice structure are also examined.

2. Experimental

The cation solutions were prepared from reagent
grade Ba(NO3)2, Mg(NO3)2 and TaCl5. When TaCl5
was dissolved in water, precipitates of tantalum hydrox-
ide were formed immediately; therefore, water was con-
sidered to be an inappropriate solvent for preparing a
clear solution of tantalum cations. In addition, consid-

Fig. 2. X-ray diffraction patterns of Ba(Mg1/3Ta2/3)O3 precipitates
calcined at (a) 800°C, (b) 900°C, (c) 1100°C and (d) 1300°C in process
I.

ering that both tantalum and magnesium cations are
situated at B-sites in Ba(Mg1/3Ta2/3)O3, TaCl5 was dis-
solved in ethanol and mixed with Mg(NO3)2 in ethanol
solution at a molar ratio of Mg2+:Ta5+ =1:2, in order
to enhance the compositional homogeneity of cations at
B-sites. This solution was then mixed with Ba(NO3)2

aqueous solution with stoichiometric amount of barium
cations. Tetramethylammonium hydroxide was then
added to this solution under rapid stirring to convert all
cations into hydroxide precipitates. For preparing dried
powders, two different routes were utilized. In process

Fig. 1. X-ray diffraction patterns of (a) as-dried Ba(Mg1/3Ta2/3)O3

precipitates and samples quenched at (b) 175°C, (c) 400°C, (d) 720°C
and (e) 900°C.

Fig. 3. X-ray diffraction intensity of resultant compounds vs. calcina-
tion temperature for the precipitates of Ba(Mg1/3Ta2/3)O3 derived
from process I.
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Fig. 4. (a) Sintering density of Ba(Mg1/3Ta2/3)O3 powders derived
from process I vs. sintering temperature. (b) Shrinkage behavior of
Ba(Mg1/3Ta2/3)O3 prepared by process I.

Fig. 6. X-ray diffraction intensity of resultant compounds vs. calcina-
tion temperature for the precipitates of Ba(Mg1/3Ta2/3)O3 prepared by
process II.

by SEM and found to be :0.3 mm.
For studying the variation in the resultant com-

pounds, the as-dried precipitates prepared by processes
I and II were heated and rapidly quenched in air during
the heating processes. The compounds present in these
quenched specimens were identified by X-ray powder
diffraction (XRD) analysis. Thermogravimetry analysis

I, the precipitates were dried at 100°C, and washed
with deionized water to remove the residual chlo-
rine ions. In process II, the precipitates were first
washed with deionized water for several times prior
to drying at 100°C. Consequently, the powders of
Ba(Mg1/3Ta2/3)O3 precursors were obtained. The
particle size of the obtained powders was measured

Fig. 7. (a) Shrinkage behavior of Ba(Mg1/3Ta2/3)O3 prepared by
process II. (b) Sintering density of Ba(Mg1/3Ta2/3)O3 prepared by
process II vs. calcination temperature after sintering at 1690 °C for 2
h.

Fig. 5. X-ray diffraction intensity of resultant compounds vs. quench-
ing temperature for the precipitates of Ba(Mg1/3Ta2/3)O3 prepared by
process II.
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Fig. 8. SEM micrograph of 700°C calcined Ba(Mg1/3Ta2/3)O3 sintered
at 1690°C for 2 h.

3. Results and discussion

3.1. Preparation of Ba(Mg1/3Ta2/3)O3 by process I

A series of precipitated precursors prepared by pro-
cess I were quenched in air during heating, the XRD
patterns of which are presented in Fig. 1. This figure
reveals that the as-dried precipitates consist of BaCO3

and a small amount of Ba(Mg1/3Ta2/3)O3 having cubic
perovskite structure. This result indicates that Ba(Mg1/

3Ta2/3)O3 begins to form after drying at 100°C. With an
increase in heating temperature, the amount of Ba(Mg1/

3Ta2/3)O3 increases, accompanied by a corresponding
decrease in the amount of BaCO3. After heating at
900°C, all BaCO3 disappears, and only Ba(Mg1/3Ta2/

3)O3 is in the product. When the as-dried precipitates
were examined by TGA, a large weight loss of :27%
occurred between 100 and 300°C. This weight loss is
attributed to the desorption of water from powders and
thermal decomposition of hydroxides. When heating
above 400°C, the weight of specimens decreased pro-
gressively up to 900°C, due to departure of CO2 from
BaCO3 in the process of formation of Ba(Mg1/3Ta2/

3)O3.
For increasing the crystallinity of Ba(Mg1/3Ta2/3)O3

powders, the precipitates were calcined at elevated tem-
peratures. Fig. 2 presents the representative XRD pat-
terns of the calcined specimens, while the variation in
XRD intensity of compounds present in the products
versus calcination temperature is plotted in Fig. 3. As
can be seen from Figs. 2 and 3, the amount of Ba
(Mg1/3Ta2/3)O3 increases rapidly with an increase in
calcination temperature, and only a small amount of
BaCO3 remains in the specimens after 800°C calcina-
tion. Raising the calcination temperature up to 900°C
results in the complete formation of Ba(Mg1/3Ta2/3)O3.
The XRD pattern of Ba(Mg1/3Ta2/3)O3 thus obtained, is
consistent with that reported in JCPDS No. 8-212,
confirming that pure Ba(Mg1/3Ta2/3)O3 powder is ob-
tained by the precipitation process. A further increase
in calcination temperature improves crystallinity of
Ba(Mg1/3Ta2/3)O3. In addition, after calcination at
1300°C, the diffraction peaks associated with the super-
lattice structure of Ba(Mg1/3Ta2/3)O3 also appear. In
comparison with the previously reported semi-precipita-
tion [10] and sol–gel processes using inorganic salts
[16], the precipitation process developed in this study
significantly lowers the required temperature for prepa-
ration of monophasic Ba(Mg1/3Ta2/3)O3 to 900°C. This
achievement in reducing the synthesis temperature for
Ba(Mg1/3Ta2/3)O3 is believed to result from the im-
provement in overall mixing homogeneity of cations
and enhanced reactivity of starting materials.

Following calcination at 300°C, the calcined powders
were pressed and sintered at elevated temperatures. The
relationship between density and sintering temperature

(TGA) was conducted to detect the thermal variations
and weight changes of the precursors. A dilatometer
was used to examine the shrinkage behavior of the
pressed pellets. For obtaining pure Ba(Mg1/3Ta2/3)O3

powder, the precipitates were calcined for 2 h at tem-
peratures ranging from 500 to 1300°C. These calcined
powders were ground and uniaxially die-pressed at 196
MPa, and sintered in air at 1690°C for 2 h. After
sintering, the density of the sintered compacts and
ordering parameter were measured, and the evolution
of microstructures in the specimens were studied by
scanning electron microscopy (SEM).

Fig. 9. Ordering parameter of sintered Ba(Mg1/3Ta2/3)O3 prepared by
process II vs. calcination temperature. Sintering condition: 1690°C
for 2 h.
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Fig. 10. Energy dispersive X-ray spectra of Ba(Mg1/3Ta2/3)O3 prepared by process II.

is illustrated in Fig. 4(a). After sintering at 1200°C, the
relative density of specimens increases to 81%. How-
ever, raising the temperature to 1300°C causes cracking
of the specimens. In order to investigate that cracking
phenomena, the shrinkage behavior of pressed pellets
was examined by using a dilatometer, and the result is
shown in Fig. 4(b). The specimen starts shrinking from
:1000°C, and shrinks rapidly with increasing tempera-
ture. Nevertheless, from :1300°C, the shrinkage of the
specimen ceases, and abnormal expansion occurs, im-
plying that vaporization of some species occurs at
elevated temperatures. In order to further analyze the
composition of the precipitates, an inductively coupled
plasma spectrometer (ICP) was used. The ICP results
revealed that besides the constitute species Ba, Mg and
Ta, the precipitates also consisted of a small amount of
chlorine (around 0.14 wt.%). Therefore, cracking and
abnormal expansion of specimens at elevated tempera-
tures are believed to result from the vaporization of
residual chlorine species present in the precipitates. The
presence of chorine in specimens indicates that the
washing process is not complete in process I.

3.2. Preparation of Ba(Mg1/3Ta2/3)O3 by process II

In order to completely remove the chlorine species
from the precipitated powders, the washing process was
modified in process II. After the precipitates were
formed, they were first washed with deionized water for
several times, and then dried at 100°C. The washed
filtrate was examined by adding silver nitrate to ensure
that no chlorine remained in the filtrate. When these
as-dried precipitates were analyzed by ICP, no chlorine
species were detected. This confirms that removal of
chlorine species from the precipitates was complete in
process II.

The precipitates thus obtained were heated and
quenched at elevated temperatures. The XRD analysis
of these specimens shows that only BaCO3 is present in
the as-dried precipitates, and no Ba(Mg1/3Ta2/3)O3 is
formed. The relationship between the resultant com-
pounds and quenching temperature is shown in Fig. 5.
This figure indicates that formation of Ba(Mg1/3Ta2/3)
O3 begins at 600°C, and its amount rapidly increases
with temperature increase. For preparing pure Ba(Mg1/3

Ta2/3)O3, the precipitates were also calcined at various
temperatures for 2 h. As shown in Fig. 6, calcination at
900°C results in complete formation of Ba(Mg1/3Ta2/3)
O3. In addition, the superlattice structure of Ba(Mg1/3

Ta2/3)O3 begins to appear at 1300°C. Compared with
the solid state reaction [17], the present precipitation
process reduces the temperature for occurrence of su-
perlattice structure from 1400 to 1300°C. Based on the
results described in Section 3.1 and this section, it is
confirmed that both precipitation processes I and II
yield monophasic Ba(Mg1/3Ta2/3)O3 powders. It is also
noted that when the precipitates are dried at 100°C,
Ba(Mg1/3Ta2/3)O3 starts to form in process I, but not in
process II. The presence of residual chlorine species in
the precipitates in process I seems to accelerate the
kinetics of formation of Ba(Mg1/3Ta2/3)O3. In the hy-
drothermal synthesis of BaTiO3, chlorine ions have
been also found to play an important role on the
crystallization processes of powders [18].

3.3. Sintering and superlattice structure of
Ba(Mg1/3Ta2/3)O3 in process II

The shrinkage behavior of the as-dried precipitates
prepared by process II is illustrated in Fig. 7(a). This
specimen rapidly shrinks from above 1150°C up to
1600°C. No abnormal thermal expansion, similar to
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that found in process I, is observed at elevated temper-
atures. This result reveals that the complete removal of
chlorine species from the precipitates did indeed pre-
vent abnormal expansion of the specimens. Following
calcination at various temperatures, the as-dried and
calcined powders were pressed and sintered at 1690°C
for 2 h. Fig. 7(b) shows the relationship between the
density of sintered specimens and calcination tempera-
ture. When the as-dried precipitates were directly sin-
tered at 1690°C, their relative density of specimens was
only 86%. This low density is due to the removal of
CO2 from unreacted BaCO3, that causes expansion and
de-sintering of the specimens. As the calcination tem-
perature increased to 500–700°C, densified Ba(Mg1/3

Ta2/3)O3 ceramics without cracking were obtained, and
the density of sintered Ba(Mg1/3Ta2/3)O3 reached a
plateau (:93%). However, further increase in calcina-
tion temperature to 800°C and higher caused a reduc-
tion in the density. Similar effects of calcination
temperature on density have also been found in sol–
gel-derived Ba(Mg1/3Ta2/3)O3 [15,16]. This adverse ef-
fect of increasing calcination temperature on the
density is attributed to a reduction in sintering ability
of powders after over-calcined processes. SEM exami-
nation of the samples indicated that the sintered
Ba(Mg1/3Ta2/3)O3 exhibited uniform microstructures,
and no abnormal grains due to the deficiency in barium
content were observed [17]. The representative mi-
crostructure of sintered Ba(Mg1/3Ta2/3)O3 obtained
from 700°C calcined powders is shown in Fig. 8. The
calcination temperature was found to influence the
porosity of specimens, but did not significantly affect
the grain size, which was :2–3 mm.

After sintering at 1690°C, all of the above specimens
exhibited superlattice structure, implying that the crys-
talline structure of Ba(Mg1/3Ta2/3)O3 transformed from
a random state into a partially ordered state with
Mg2+ and Ta5+ ordering at B-sites. For characterizing
the ordering parameter (S) of these sintered specimens,
an equation derived from a crystallographic view was
used [17]. The equation used is expressed as

S= (46.9Y/(3.82−Y))1/2 (1)

where Y is equal to the value of I100/(I110+I102+I012)
of the sintered specimens, and I100 and I110+I102+I012

represent the diffraction intensity of the major reflec-
tions in the superlattice and the fundamental disordered
structure, respectively. As can be seen from Fig. 9, the
ordering parameter monotonously increases from 0.68
to 0.775 as the calcination temperature is increased
from 100 to 900°C. This result indicates that the in-
crease in calcination temperature has a pronounced
effect on enhancing the ordering degree of Ba(Mg1/3

Ta2/3)O3. When a similar sintering process was applied
to the powders prepared by conventional solid state
reaction, the ordering parameter was only 0.61 [17],

which is much lower than that obtained by the present
precipitation process. The Ba(Mg1/3Ta2/3)O3 powders
prepared by both solid state reaction and precipitation
process (process II) were further analyzed by EDS. The
typical EDS spectra of Ba(Mg1/3Ta2/3)O3 prepared by
the precipitation process are shown in Fig. 10. It was
found that the fluctuations in composition were
markedly reduced in the precipitation derived powders.
Therefore, the obtained enhancement in the ordering
parameter in the Ba(Mg1/3Ta2/3)O3 obtained by the
precipitation process is attributed to the improvement
in the compositional homogeneity of cations in these
powders achieved by the precipitation process, which
promotes an orderly arrangement of cations at B-sites
in Ba(Mg1/3Ta2/3)O3.

4. Conclusions

The new homogeneous precipitation process devel-
oped here successfully yields monophasic Ba(Mg1/3

Ta2/3)O3. When chlorine species are present in the pre-
cipitates, Ba(Mg1/3Ta2/3)O3 is formed after 100°C dry-
ing. The presence of chlorine ions also results in
cracking of the specimens at 1300°C. After complete
removal of chlorine species from the precipitates, the
formation of Ba(Mg1/3Ta2/3)O3 starts from 600°C, and
is accomplished at 900°C. This obtained powder pro-
vides densified crack-free ceramics after sintering at
1690°C. The sintered Ba(Mg1/3Ta2/3)O3 has a higher
ordering parameter than that prepared by conventional
solid state reaction. The increase in the ordering
parameter is attributed to enhancement in the composi-
tional homogeneity of precursors prepared by the pre-
cipitation process.
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