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bstract

arium magnesium tantalate Ba(Mg1/3Ta2/3)O3 (BMT) nanopowders were synthesized at a low temperature of 220 ◦C through glycothermal
eaction by using Ba(OH)2·8H2O, Mg(NO3)·6H2O, and TaCl5 as precursors and 1,4-butanediol as solvent. It is demonstrated that higher synthesis
emperatures and co-precipitation of magnesium and tantalum improve the incorporation of magnesium into BMT nanopowders under glycothermal

reatment and produce a homogeneous, stoichiometric powder. The glycothermally derived BMT nanopowders are very reactive and provide a
igh-density sintered body with 97.1% of theoretical density at a low temperature of 1350 ◦C. The average grain size of the sintered ceramics was
.2 ±  0.2 �m and relatively uniform in comparison with the ceramics sintered with powders produced from the conventional method.

 2011 Elsevier Ltd. All rights reserved.

eywords: Glycothermal; A. Powders-chemical preparation; A. Sintering; D. Perovskites; D. Tantalates

h
t
e
r
r
t
d
e
m
i
c

s

.  Introduction

The demand for microwave dielectric resonators is rapidly
ising as communication systems depend on more and more
n microwave technology. The three key requirements for a
ielectric resonator are a high dielectric constant, K  for pos-
ible miniaturization (because the size of a dielectric resonator
/tan δ, a high unloaded dielectric loss (high Q  ×  f value) for a
table resonant frequency where Q is equal to 1/tan δ  and f  is the
easuring frequency, and a near-zero temperature coefficient of

esonant frequency (TCF) for temperature-stable circuits.1 To
atisfy the demands of microwave circuit designs, each dielectric
roperty should be precisely controlled.

′
Several complex perovskite ceramics Ba(B1/3B 2/3)O3 where
 = Zn or Mg and B′ = Nb or Ta have been reported due to their

emarkable microwave dielectric properties, which include a

∗ Corresponding author. Tel.: +82 42 866 2415; fax: +82 42 862 6073.
E-mail address: sebcho@lgchem.com (S.-B. Cho).

m
r
s
f
s
i
b

955-2219/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2011.05.038
igh K  (εr ∼  23–25), a small TCF (τf ∼  2.7–7.5), and especially
he highest quality factor (Q  × f value ∼150,000–200,000 GHz)
ver known for a perovskite material.2–6 Therefore, these mate-
ials are commonly used in microwave devices such as dielectric
esonators, filters, duplexers, mixers, global positioning sys-
ems, voltage-controlled oscillators, and antennas. To satisfy the
emands of microwave circuit designs, each dielectric prop-
rty should be precisely controlled.7–13 Dielectric losses in
icrowave frequencies are related to the degree of B-site order-

ng, porosity, secondary phases, and crystal imperfections in
eramics.14,15

The usual process of preparing BMT-based materials by
olid-state reaction of BaCO3, MgO and TaO, are currently
ost suitable for the industrial production of ceramic dielectric

esonators. A significant problem concerning the conventional
olid-state reaction is that very high temperatures are needed
or the sintering (≥1600 ◦C) and the BMT powder also has poor

interability. Furthermore, the complete ordering between B site
ons requires extremely long annealing times (100 h). This has
een a serious problem in the practical applications of the present

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.038
mailto:sebcho@lgchem.com
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Fig. 1. Schematic representation of processing steps for the prep

eramics. In general, the Q  value of BMT ceramics significantly
epends on the compositional purity, sintering density, and the
egree of ordering of magnesium and tantalum cations locating
n B-sites.16

Many efforts had been tried to create dense BMT ceramics
t lower temperatures. Two methods are commonly used for
educing the sintering temperature of BMT ceramics, namely
ow melting sintering aid17 and chemical solution processing
f the starting ceramic powers.18 Generally, low melting sin-
ering aids compromise the microwave dielectric properties.11

et chemical solution routes have proven to be more effective
or improving sinterability and reproducibility because these
hemical solution synthesis routes produce very pure, homo-
eneous, and extremely fine ceramic powder. Moreover, high
interability and high reproducibility are generally important
or the dielectric materials prepared by wet chemical solution
ethods.19,20

The need for the close control of ceramic powders char-
cteristics has directed attention to solvothermal synthesis
echnique.21 Solvothermal methods are useful for the precip-
tation of ceramic powder of fine particle size and uniform

orphology in a single experimental step at moderate temper-
tures and pressures. This process leads to powders with high
hemical and phase purity and a small degree of aggregation and
gglomeration. The success of solvothermal synthesis depend
n the selection of precursors that are both reactive and cost
ffective as well as choosing the appropriate process condi-
ions, which include temperature, pH, reagent concentrations,
nd solvent environment.22
Recently, use of diols for inorganic synthesis has attracted
uch attention.23 To our knowledge, no studies on the gly-

othermal synthesis of crystalline Ba(Mg1/3Ta2/3)O3 powders
ave been reported. Compared to conventional hydrothermal

Z
m
t
d

n of Ba(Mg1/3Ta2/3)O3 nanoparticles via glycothermal process.

rocessing techniques which use water as a solvent, glycother-
al methods have many advantages. First, glycothermal method

oes not need an inorganic mineralizer for the formation of anhy-
rous crystalline materials in some cases because 1,4-butanediol
an complex ions to promote solubility. Avoiding the inorganic
ineralizers prevent contamination by alkalis and/or halides,
hich are commonly used in conventional hydrothermal pro-

ess. Second, glycothermal method significantly reduces the
eaction pressure, enabling the use of large reactors that operates
t low pressure. Third, glycothermal media offers facile control
f size and morphology without the need for growth-directing
gents.24–26

The objective of this paper is to develop a new gly-
othermal process to synthesize crystalline Ba(Mg1/3Ta2/3)O3
owder, using 1,4-butanediol as solvent. The present work will
emonstrate has three major advantages; namely, stoichiometric
ontrol, mild glycothermal reaction conditions, and low sinter-
ng temperatures.

. Experimental  procedure

.1.  Glycothermal  synthesis

A flow chart illustrating the overall glycothermal method
f BMT synthesis is shown in Fig. 1. Barium hydroxide
ctahydrate, Ba(OH)2·8H2O (99%, JUNSEI Chemical. Co.,
P, Tokyo, Japan), was used as received. Magnesium nitrate,
g(NO3)2·6H2O (99%, YAKURl Chemical, Co., EP, Osaka,

apan), and tantalum pentachloride, TaCl5 (99.8%, KISAN KIN-

OKU Chemicals, Osaka, Japan), was used as a source of
agnesium and tantalum, respectively. Magnesium and tan-

alum were added in the form of a co-precipitated hydrous
ouble oxide MgxTa(1−x)O2·nH2O (MTO, x = 1/3). Stoichio-
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Fig. 2. XRD patterns of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in gly-
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Table 1
Crystallite size of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in glycother-
mal condition at various reaction temperatures (24 h, Ba:Mg:Ta molar ratio of
1.5:0.33:0.67).

Sample # Reaction temperature (◦C) Crystal size (nm)

BMT-1 90 –
BMT-2 120 10.1
BMT-3 150 15.4
B
B

p
(
h
r
c
s
o
i
m
r
T
T
P
T
i

t
d
v

othermal condition at various reaction temperatures (24 h, Ba:Mg:Ta molar
atio of 1.5:0.33:0.67): (a) 90 ◦C, (b) 120 ◦C, (c) 150 ◦C, (d) 180 ◦C, and (e)
20 ◦C.

etric amounts of magnesium nitrate and tantalum chloride
ere dissolved in 70 mL 2-propanol (Fisher Scientific, histo-

ogical grade, Pittsburgh, PA, USA) to obtain a stable solution
ecause TaCl5 is readily hydrolyzed by reacting with water from
ir. Subsequent hydrolysis of this solution at room tempera-
ure by 1 M NH4OH solution produced a co-precipitated MTO
el. The MTO gel was separated and washed with CO2-free
eionized water and ethyl alcohol by three cycles of cen-

rifugation for 4 min at 5000 rpm in a centrifuge (Beckman
nduction Drive Centrifuge, Model J2-21 M, Beckman Instru-
ents, Fullerton, CA, USA). Redispersion of gel sediment was

ig. 3. XRD patterns of the (1 1 0) reflections of Ba(Mg1/3Ta2/3)O3 nanopowders
ynthesized in glycothermal condition at various reaction temperatures (24 h,
a:Mg:Ta molar ratio of 1.5:0.33:0.67): (a) 120 ◦C, (b) 150 ◦C, (c) 180 ◦C, and

d) 220 ◦C.
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MT-4 180 16.7
MT-5 220 19.7

erformed with Thermolyne Maxi Mix II, type 37600 mixer
Bamstead/Thennolyne, Dubuque, IA, USA). Excess ethyl alco-
ol was decanted after final washing and wet precursors was
edispersed in l,4-butanediol solution (99%, Aldrich Chemi-
al). Ba(OH)2·8H2O was then added into l,4-butanediol. Total
olvent volume was 70 mL. In all runs, a MTO concentration
f 0.1 M and a Ba/(Mg + Ta) ratio of 1.5 were employed. To
nvestigate the effects of reaction temperature on phase and

orphology of BMT nanopowder in glycothermal condition,
eactions were carried out at temperatures from 90 to 220 ◦C.
he resulting suspension was placed in a 125 mL stainless-steel
eflon-lined autoclave (Large Capacity Acid Digestion Bomb,
arr Instruments, Moline, IL, USA) with a fill factor of 65 vol.%.
he Teflon-lined vessel was flushed with nitrogen before clos-

ng.
The reaction vessel was then heated to the desired tempera-

ure (90–220 ◦C) with a rate of 2 ◦C/min. The reaction time at the
esired temperature was 24 h. After glycothermal treatment, the
essel was cooled to ∼40 ◦C. The powders were washed with
H adjusted (pH ∼  10) CO2-free deionized water to remove the
nreacted Ba in solution, and also prevent incongruent disso-
ution of the barium ions from the BMT powder surface via
ormation of BaCO3.27 The recovered BMT nanopowders were
ried at 50 ◦C in a desiccator for 24 h. To investigate the effects
f reaction temperature on the formation of stoichiometric BMT
anopowder in glycothermal condition, as-synthesized BMT
anopowders were calcined from 600 to 1100 ◦C with tempera-
ure interval of 100 ◦C in an alumina crucible in air for 4 h. The
ptimum calcination temperature was determined as 1100 ◦C for

 h which was the lowest temperature to confirm the formation
f phase-pure BMT powder without any second phase.

.2. Characterization

Phase composition and crystal structure were analyzed using
-ray diffraction (XRD, Cu K�1, Fine Tube, 40 kV to 40 mA,
igaku, Tokyo, Japan) over the 2θ  range from 10◦ to 100◦ at a

can rate of 2◦/min. The crystallite size of BMT nanopowder, D,
as calculated from the broadening of (1 1 0) XRD main peak
sing the Scherrer formula28:

 = 0.94λ

β  cos θ
here D is the crystallite size, λ (=0.15406 nm) the wavelength,
 the true full width at half maximum and θ the diffraction
ngle of the center of the peak (in degrees). The morphology
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Fig. 4. SEM photomicrographs of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in glycothermal condition at various reaction temperatures (24 h, Ba:Mg:Ta molar
r ◦ ◦ ◦ ◦ 0 ◦C.
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atio of 1.5:0.33:0.67): (a) 90 C, (b) 120 C, (c) 150 C, (d) 180 C, and (e) 22

f the synthesized particles was observed using field-emission
canning electron microscopy (FESEM, S-4200, Hitachi, Tokyo,
apan) and transmission electron microscopy (TEM, JEM-2000-
X II, JEOL, Tokyo, Japan). Qualitative analysis using EDS
nalysis were accumulated over the range of 0–40 keV using
hannels 20.83 eV wide, a beam size 8.8 nm, and a residence
ime of 200 s. High resolution lattice images also were taken to
onfirm crystallinity. Infrared absorption was measured using
ourier transform infrared (FTIR) spectrophotometer (Model
TIR 8700, Shimadzu Co., Kyoto, Japan) for analysis of sur-
ace impurities on BMT nanopowders such as C–O and O–H
roups and carbonates using the KBr pellet technique. IR sam-
les were prepared by mixing dry precipitate with dry KBr in
:100 ratio by weight. The materials were ground by hand in
n agate mortar and pestle and pressed in mold for 5 min with
olding. Thermogravimetric analysis (TGA) was carried out
o understand the decomposition and synthesis process and to
ptimize the calcination temperature. Thermogravimetric anal-
sis (TGA) was performed with heating rate of 2 ◦C/min up to
200 ◦C.

Cylindrical (Ø = 13 mm ×  1 mm) ceramic bodies were
haped by uniaxial pressing the BMT powders at 150 MPa and
intering in air at 1200–1600 ◦C for 10 h. The bulk density of
he sintered pellets was measured using Archimedes method,
here the value of 7.626 g/cm3 is used as the theoretical den-

ity of BMT. The sintered samples were thermally etched at
◦
200 C for 3 h in alumina crucible and their surface morphol-

gy and average grain size were studied by FESEM. Average
rain diameter were determined by intercept method described
n the ASTM standard E 112-96, standard for determining grain

t
t

2

ize. Actual grain size determination as the above procedure was
one with the help of image analysis software.

. Results  and  discussion

.1.  Glycothermal  synthesis  and  characteristics  of
a(Mg1/3Ta2/3)O3 nanopowders

.1.1. Effect  of  reaction  temperature
In order to investigate effects of the reaction temperature

n the phase and morphology of glycothermally derived BMT
anoparticles, precursors were treated at different temperatures
ith molar ratio of Ba:(Mg + Ta) to 1.5:1 for 24 h. Fig. 2

hows XRD patterns of Ba(Mgl/3Ta2/3)O3 nanopowders gly-
othermally synthesized in 1,4-butanediol solution at different
eaction temperatures. It is relatively straightforward to produce
MT nanopowders with the desired perovskite phase. While the
ain peaks in the XRD patterns shown in Fig. 2 are those for

he perovskite phase, small peak may be noted at 2θ  = 25.11,
orresponds to BaCO3. XRD results indicate that the products
ere amorphous at 90 ◦C and BMT phase started to form at
20 ◦C. Thus, the transition temperature of the amorphous pre-
ursors to crystalline solid in glycothermal condition was in
he vicinity of 120 ◦C. BaCO3 content was gradually decreased
ith increasing the reaction temperature, which was consistent
ith the FTIR data. Better crystallinity and sharper intensities of
he diffraction peaks were observed with increasing the reaction
emperature.

Fig. 3 shows the diffraction patterns in the range of 29–32◦
θ  region at room temperature glycothermally derived BMT
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Fig. 5. TEM photomicrographs of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in glycothermal condition (24 h, Ba:Mg:Ta molar ratio of 1.5:0.33:0.67): (a) 120 ◦C,
and (b) 220 ◦C.
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owder. The main (1 1 0) peak is somewhat broadened. The crys-
allite sizes of BMT nanopowders were estimated to be changed
rom 10.1 to 19.7 nm with increasing the reaction temperatures
rom 120 to 220 ◦C (Table 1). These sizes agree well with the
izes determined from TEM images (from 6 ±  1 to 26 ±  5 nm).

FESEM photomicrographs of BMT nanoparticles synthe-
ized at different temperatures are given in Fig. 4. The size and
hape of BMT nanoparticles was also strongly dependent on
eaction temperatures. The morphology of BMT nanoparticles
radually changed from a raspberry-like shape to round and
pproximately equiaxed shape with some irregularities when
eaction temperature was changed from 120 ◦C to 220 ◦C. Thin

exagonal platelet particles were also observed in trace amounts
n reactions conducted below 150 ◦C as shown in Fig. 4(b) and
c). EDS analysis of these platelets showed peaks for magnesium
nd oxygen but no trace of tantalum. Magnesium hydroxide has

p
s
2
t

exagonal crystal structure (JCPDS 44-1482) and is often found
s hexagonal platelets.29 Therefore, it seems likely that at least
ome of the magnesium not incorporated within the perovskite
anoparticles was left over and was precipitated out as the
agnesium-rich phase. From these results, higher synthesis tem-

eratures above 180 ◦C with coprecipitated Mg1/3Ta2/3O2·xH2O
mprove the incorporation of magnesium into BMT to produce

 homogeneous, stoichiometric powder.30

TEM images, shown in Fig. 5, show the raspberry-like mor-
hology for BMT nanoparticle synthesized at 120 ◦C, which
onsist of cluster of irregularly shaped crystallites with a size
f around 10 nm whereas the mono crystalline equiaxed mor-

◦
hology for BMT nanoparticles synthesized at 220 C with a
ize of 26 ±  5 nm. BMT crystallites increase from ∼10 nm to
5 nm when the reaction temperature was changed from 120 ◦C
o 220 ◦C. In the glycothermal condition, the highly alkaline con-
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Fig. 6. Thermogravimetric analysis of Ba(Mg1/3Ta2/3)O3 nanopowders syn-
thesized in glycothermal condition at 220 ◦C (24 h, Ba:Mg:Ta molar ratio of
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Fig. 7. FTIR spectra of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in gly-
cothermal condition at various reaction temperatures (24 h, Ba:Mg:Ta molar
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.5:0.33:0.67).

itions as in aqueous solution are not necessary for the formation
f BMT nanoparticles in glycothermal reaction. Therefore, this
rocess eliminate the need for the alkaline mineralizer from the
nal products.31

The as-prepared BMT powder was investigated by TGA and
TIR measurements to look for impurities such as water or
rganic species. Fig. 6 shows TGA analysis of BMT nanopar-
icles synthesized at different reaction temperatures. The total
eight losses synthesized at 90, 120, 150, 180, and 220 ◦C for
4 h were, respectively, 19.2, 12.8, 11.5, 10.7, and 9.3 wt%. The
otal weight loss between 100 and 800 ◦C is <12.8 wt% for
he powder synthesized at 120 ◦C and decreases significantly
ith increasing synthesis temperatures, becoming <9.3 wt% at
20 ◦C. The total weight loss consists of four contributions.
he first region (<200 ◦C) corresponds to the loss of phys-

cally adsorbed water and 1,4-butanediol. The second region
etween 200 and 350 ◦C corresponds to the loss of chemically
ound hydroxyl groups. The weight loss of the third regions
etween 350 and 700 ◦C is attributed to the combustion of car-
onized species by 1,4-butanediol chemically bounded inside
MT nanoparticles and on the surface. Finally, the weight loss
bove 700 ◦C is due to CO2 release from decomposition of
arbonate species.32 From the TGA analysis, it is found that
he hydroxyl, chemically bound l,4-butanediol, and carbonate
ontent decreased with increasing synthesis temperature.

The TGA results were consistent with the FTIR analysis.
TIR spectra of BMT nanopowder synthesized at different reac-

ion temperatures are given in Fig. 7. The absorption peak
etween 1582 and 1432 cm−1 is due to the asymmetric stretch-
ng of the carbonates ion impurities (BaCO3), its maximum
s observed at 1496 cm−1.33 Also, the sharp peaks at 910,
791, 2497 and 3741 cm−1 are also characteristic of the CO3

2−
roup.33 The strong band at 743 cm−1 is characteristic of libra-
ional mode of OH− groups and is more distinct than the OH−

tretching which is masked by the corresponding H2O bands
round 3375 cm−1.33 Bound hydroxyls are invariably found on

 surface of solvothermally derived powder due to surface hydra-

o
a
f

atio of 1.5:0.33:0.67): (a) 90 ◦C, (b) 120 ◦C, (c) 150 ◦C, (d) 180 ◦C, and (e)
20 ◦C.

ion by residual H2O of precipitated hydrous oxide and are
ost commonly removed by heating.33 The data does reveal
eak shoulders near 2968, 2906, 1682, and 1109 cm−1, which

re characterized by the adsorption of CH2 groups. Chemical
dsorption and entrapment with the particles of 1,4-butanediol
s believed to be involved in the formation of these peaks through
ubstitution on a surface hydroxyl group.34,35 The weak shoul-
er at around 875 cm−1 may have arisen from Ta–O vibrations
ince there are a number of vibrations recorded for Ta–O in the
egion 880–940 cm−1. The low intensity of the vibration could
ave been reduced by the effect of the crystalline lattice.36,37

he broad band peak at 625 cm−1 with a shoulder at around
50–680 cm−1 may be substantially the result of Ba–O vibra-
ions because the Ba–O bond vibrates at about 635 cm−1.38

TIR analysis suggest that several defects are present in the
urface of BMT crystallites. Intensities of all absorption bands
or these surface defects decreased with increasing the reaction
emperature and have minimum at 220 ◦C.

.1.2.  Effect  of  reaction  time
The reaction time plays an important role in the phase trans-

ormations from amorphous MTO hydrous gel to BMT phase.
he effect of reaction time (1–24 h) was studied under the
ynthesis condition of 220 ◦C, Ba:(Mg + Ta) = 1.5. The XRD
atterns and SEM of the powders synthesized at different gly-
othermal reaction times are given in Figs. 8 and 9, respectively.
ig. 9(a) shows the characteristics of MTO hydrous gel. The
morphous MTO hydrous gel exhibits a fine, porous network
tructure, which is believed to be infiltrated by 1,4-butanediol
s shown in Fig. 9(a). The interconnected network structure was
xperimentally observed by both the large surface area obtained
ia nitrogen adsorption technique (≈300 m2/g). EDS analysis

f MTO hydrous gel showed peaks for magnesium, tantalum,
nd oxygen with almost stoichiometric ratio. The phase trans-
ormation from MTO hydrous gel with Ba(OH)2·8H2O to BMT
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Fig. 8. XRD patterns of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in gly-
cothermal condition at various reaction times (220 ◦C, Ba:Mg:Ta molar ratio of
1
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the reaction time. Homogeneous and stoichiometric BMT phase

F
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.5:0.33:0.67): (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, and (e) 24 h.

hase is shown in Fig. 8(a)–(e). The phase transformation from
TO gel to BMT phase very rapidly occurs within 1 h as shown

n Fig. 8(a). This conversion to BMT phase is illustrated in
he SEM photomicrographs shown in Fig. 9(b)–(f). There is no
istinct morphology change of BMT nanoparticles and the inten-
ity of XRD patterns slightly increased when the reaction time

ncreased from 1 h to 24 h. It was observed that magnesium-rich
hase appears at the early stage of reaction and partial pre-
ipitation of these thin hexagonal platelet particles from NTO

w
t
c

ig. 9. SEM photomicrographs of Ba(Mg1/3Ta2/3)O3 nanopowders synthesized in gl
f 1.5:0.33:0.67): (a) MTO gel, (b) 1 h, (c) 3 h, (d) 6 h, (e) 12 h, and (f) 24 h.
eramic Society 31 (2011) 2319–2329 2325

ydrous gel occurs with an induction period of 1 h as shown in
igs. 8(a) and 9(b). It is observed that magnesium-rich phase
isappeared when the reaction time increased from 6 h to 12 h.
herefore, it also seems likely that at least some of the magne-
ium were precipitated out as the magnesium-rich phase from

TO gel at the early stage of reaction. Longer reaction time
han 12 h facilitates the incorporation of magnesium into BMT
o produce a homogeneous, stoichiometric powder.

.2. Heat-treatment  of  Ba(Mg1/3Ta2/3)O3 nanopowders
repared by  glycothermal  process

To examine the effects of the reaction temperature and time on
toichiometry and homogeneity, BMT nanoparticles were heat-
reated at 1100 ◦C for 4 h, which was generally used for synthesis
f BMT powder in solid-state reaction.13,15 The diffraction pat-
erns of Ba(Mg1/3Ta2/3)O3 nanopowders heat-treated at 1100 ◦C
or 4 h are given in Figs. 10 and 11. When the reaction tem-
erature was below 220 ◦C, the Ba3Ta5O15 phase was found
s shown in Fig. 10. The intensity of the peak decreased with
ncreasing the reaction temperature. Homogeneous and stoi-
hiometric BMT phase without contamination of Ba3Ta5O15
hase were only observed when the reaction temperature for gly-
othermal synthesis of BMT nanoparticles was 220 ◦C. When
he reaction time was less than 12 h, the Ba3Ta5O15 phase was
lso found even if reaction temperature was 220 ◦C as shown
n Fig. 11. The intensity of the peak decreased with increasing
ithout contamination of Ba3Ta5O15 phase were observed when
he reaction time for glycothermal synthesis of BMT nanoparti-
les was longer than 12 h at 220 ◦C. It had been suggested from

ycothermal condition at various reaction times (220 ◦C, Ba:Mg:Ta molar ratio
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Fig. 10. XRD patterns of Ba(Mg1/3Ta2/3)O3 nanopowders calcined at 1100 ◦C
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or 4 h: (a) 90 ◦C, (b) 120 ◦C, (c) 150 ◦C, (d) 180 ◦C, and (e) 220 ◦C.

hese XRD data that the preparation of BMT nanopowder with
esired stoichiometry and homogeneity is more difficult while
erovskite BMT phase may be produced readily by glycother-
al synthesis without alkaline mineralizer. It seems likely that
hen the reaction temperature was below 180 ◦C and the reac-

ion time was less than 12 h, the magnesium does not fully react
ith the other ions for the formation of stoichiometric BMT
hase by leaving some magnesium in solution as magnesium-
ich phase. Some unreacted magnesium-rich phase is probably
recipitated out as the hexagonal platelets on cooling after gly-

othermal reactions, which can be observed in samples with the
eaction temperature below 220 ◦C and the reaction time less
han 12 h. This magnesium-rich phase roughly explained the

i
h

ig. 12. SEM photomicrographs of Ba(Mg1/3Ta2/3)O3 nanopowders calcined at 1100
ig. 11. XRD patterns of Ba(Mg1/3Ta2/3)O3 nanopowders calcined at 1100 C
or 4 h: (a) 1 h, (b) 3 h, (c) 6 h, (d) 12 h, and (e) 24 h.

ormation of Ba3Ta5Ol5 phase30 when the magnesium-deficient
MT nanoparticles were heat-treated at 1100 ◦C.

SEM photomicrographs of BMT nanopowders obtained after
eat-treatment of 1100 ◦C for 4 h are given in Fig. 12. It reveals
hat the heat-treated BMT powders are agglomerated by the pri-
ary particle of 60–100 nm and the diameter of agglomerates

s 100–200 nm. Therefore, it is demonstrated that the key to
he synthesis of a stoichiometric BMT powder is the optimum
ynthesis temperature that the magnesium reacts fully with the
arium and tantalum ions in glycothermal reaction. However,
s required in order to achieve the desired goal of producing a
omogeneous BMT nanopowder in a reproducible manner.

◦C for 4 h: (a) 90 ◦C, (b) 120 ◦C, (c) 150 ◦C, (d) 180 ◦C, and (e) 220 ◦C.
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Fig. 13. Variation of sintered density for the Ba(Mg1/3Ta2/3)O3 ceramics derived from glycothermal Ba(Mg1/3Ta2/3)O3 nanopowders as a function of sintering
temperature (10 h).

Fig. 14. SEM photomicrographs of Ba(Mg1/3Ta2/3)O3 ceramics sintered at (a) 1250 ◦C, (b) 1300 ◦C, (c) 1350 ◦C, (d) 1400 ◦C, (e) 1450 ◦C, and (f) 1600 ◦C.
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.3.  Densification  of  Ba(Mg1/3Ta2/3)O3 ceramics

The powders obtained at 220 ◦C contain some portion of
gglomerate with small particles. Since the agglomeration was
ufficiently small and soft, there was no need for a milling pro-
ess with dispersant. During compaction, the powders are easily
ormed into homogeneous green compacts. The as-received
MT nanopowder was uniaxially pressed 150 MPa to make
reen bodies, followed by sintering at temperatures from 1200
o 1600 ◦C in air for 10 h. Fig. 13 shows the effects of sin-
ering temperature on the bulk density of the sintered bodies.
he bulk density increases from 53.4% at 1200 ◦C to 98.5% at
400 ◦C. Sintering below 1250 ◦C showed little densification for
lycothermally derived BMT nanopowder. Increasing the sinter-
ng temperature to above 1450 ◦C does not result in more highly
ensified BMT ceramics (96.4% of the theoretical density at
600 ◦C). A very high density of 97.67% can be achieved at sin-
ering temperature as low as 1350 ◦C for 10 h. BMT ceramics
ith similar high density has been attained by Kolodyazhnyi

t al.30 using a solid-state method, but sintering at 1600 ◦C
or duration of 20 h was needed. Based on these results, it is
emonstrated that glycothermally derived BMT nanopowder is
ery reactive and can significantly reduced sintering temperature
rom 1600 to 1350 ◦C.

The microstructural evolutions of BMT ceramics sintered at
ifferent temperatures are shown in Fig. 14. The microstruc-
ure of BMT ceramics sintered between 1250 and 1600 ◦C are
ssentially composed by polyhedral grains. Significant densifi-
ation and grain growth progressed as the sintering temperature
ncreased from 1250 to 1300 ◦C as shown in Fig. 14(a) and (b).
s it can be observed, uniform microstructure was developed
ith a relatively slow grain growth up to 83.77% of the theo-

etical density. In this stage sintering, pores between grains are
lmost closed and a quite fine-grained matrix developed with
n uniform distribution of grain size (0.4 ±  0.2 �m). After heat
reatment at 1350 ◦C, the microstructure starts to be bimodal
ith some relatively large grains (>1.5 ±  0.2 �m) growing in a
ne-grained matrix (<0.7 ±  0.2 �m) although the samples are
ear fully dense as shown in Fig. 14(c). When the sintering
emperature increased from l350 to 1400 ◦C, the grain size of
he BMT ceramics increased from 1.2 ±  0.2 �m to 3.5 ±  1 �m
nd the BMT sintered body has maximum density of 98.46% as
hown in Fig. 14(d). Some large open pores started to be devel-
ped within the large grains above 1450 ◦C, which reduced the
ensity of the BMT sintered bodies as shown in Fig. 14(e) and
f).

. Conclusion

A new glycothermal process has been developed for syn-
hesizing phase-pure Ba(Mgl/3Ta2/3)O3 nanopowders using
,4-butanediol as the reaction medium in glycothermal envi-
onment. The phase purity of Ba(Mg1/3Ta2/3)O3 significantly

epends on the reaction temperature. Well crystallized phase-
ure perovskite Ba(Mg1/3Ta2/3)O3 was successfully produced
t as low as 220 ◦C. The average particle size of the as-
repared powder was 26 ±  5 nm. It is also demonstrated that
eramic Society 31 (2011) 2319–2329

lycothermally derived BMT nanopowder is very reactive and
an significantly reduced sintering temperature from 1600 to
350 ◦C. BMT ceramics with high density of 97.67% can be
btained at sintering temperature as low as 1350 ◦C for 10 h.
he developed glycothermal process is considered to be a highly
otential method for synthesizing complex ceramic powders
uch as Ba(Mgl/3Ta2/3)O3 and Ba(Zn1/3Ta2/3)O3 at relatively
ow temperature.
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