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Abstract

We synthesized the Ba2Ti9O20 materials by direct reacting the nano-sized BaTiO3 with TiO2 powders. Pure Holland-like structure was obtained
when the mixture of the nano-powders were calcined at 1100 ◦C. The influence of the processing method on the characteristics of the Ba2Ti9O20

powders and the related microwave dielectric properties for the sintered Ba2Ti9O20 materials was investigated. The combined high-energy-milling
and ball-milling (HeM/BM) process results in pronounced improvement for the sinterability of the Ba2Ti9O20 powders such that the samples
attain a density higher than 96.2% T.D. when sintered at 1200 ◦C/4 h. Such a sintering temperature is significantly lower than the one needed
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or densifying the BM-processed samples to the same high density (1350 ◦C/4 h). However, the HeM/BM-processed samples show pronouncedly
nferior microwave quality factor (Q × f-value) to the BM-processed ones. Raman spectroscopic and SEM microstructural analyses imply that the
rime factor resulting in lower Q × f-value for HeM/BM-processed samples is the incomplete development of the granular structure.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Ba2Ti9O20 phase was first reported by Jonker and Kwe-
troo in BaO–TiO2–SnO2 ternary system1 and was observed to
ossess marvellous microwave dielectric properties, including
igh dielectric constant and large quality factor, by O’Bryan
t al.2 Since then the modification on microwave properties
f Ba2Ti9O20 materials via the addition of dopants3–7 was
idely investigated. However, the reported results are quite

ontroversial, which is mainly due to the difficult in form-
ng single phase Hollandite-like structured Ba2Ti9O20 mate-
ials. Secondary phases, such as BaTi4O9 or BaTi5O11, were
bserved to form preferentially in the calcinations of BaO–TiO2
ixture8 that hinder the formation of Hollandite-like structured
a2Ti9O20 phase. Co-precipitation process, which mixed the
ations in atomic scale and synthesized the powders in obvi-
usly low temperature, can produce multiple-metallic-oxides
ith better homogeneity and higher activity.9–14 However, the
isadvantage in this process in the difficulty in stoichiometry
ontrol, as the co-precipitation process in sensitive to the pH-

value and temperature of the solution. To circumvent such kind
of difficulty, we start with nano-sized BaTiO3 powders, mixing
with proper amount of TiO2 and then processed by a conven-
tional mixed oxide process. Moreover, the high energy milling
(HeM) and ball-milling (BM) techniques were used for pul-
verization process, such that the particle size of the powders
can be further decreased and the activity of the powders can
be improved. It is expected that Ba2Ti9O20 powders possessing
both high precision in composition and high sinterability can
be obtained. The microwave dielectric properties of the sintered
Ba2Ti9O20 materials can be improved.

2. Experimental

Nano-sized BaTiO3 powders (50 nm) were mixed with nano-
sized TiO2 powders (∼100 nm) in a nominal composition of
Ba2Ti9O20. The mixtures were calcined at 950–1150 ◦C for
4 h in air, followed by pulverization–granulation–pelletazation
process and then were sintered at 950–1150 ◦C for 4 h in
air. Two pulverization techniques were used for disintegrat-
ing the calcined powers, i.e., conventional ball-milling (BM)
∗ Corresponding author.

and high-energy-milling (HeM) process. The morphology of
the as-prepared Ba2Ti9O20 powders and microstructure of the
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sintered Ba2Ti9O20 samples were examined using scanning
electron microscopy (Jeol 6700F). The crystal structure of the
calcined powders and sintered samples was examined using
X-ray diffractometry (Rigaku D/max-II). The density of the
sintered materials was measured using Archimedes method.
The microwave dielectric constant (K) and Q × f -value of the
Ba2Ti9O20 samples were measured using a cavity method at
7–8 GHz.

3. Results and discussion

The nano-sized BaTiO3 powers are so active that the
Hollandite-like Ba2Ti9O20 phase can be obtained by calcining
the BaTiO3–TiO2 mixture at a temperature highe than 1050 ◦C
(not shown). X-ray diffraction patterns shown in Fig. 1(a) reveal
that all the BM-processed samples are of Hollandite-like struc-
ture, containing no secondary phases, regardless of the sintering
temperature. In contrast, the XRD patterns shown in Fig. 1(b)
exhibit that all of the HeM-processed samples, which were sin-
tered at 1200–1320 ◦C (4 h), contain TiO2 rutile phase.

The powder preparation method, conventional ball-milling
(BM) or high-energy-milling (HeM) processes, also markedly
influence the densification behavior for the Ba2Ti9O20 materials.
Fig. 2(a) (curve I) shows that, for the materials made of conven-
tional BM process, the sintered density for the samples increases
with the sintering temperature and it requires at least 1350 ◦C
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Fig. 1. The variation of X-ray diffraction patterns for Ba2Ti9O20 materials
with sintering temperature. The samples were prepared from the Ba2Ti9O20

powders pulverized by (a) conventional ball-milling (BM) process, (b) high-
energy-milling (HeM) process and (c) combined HeM/BM process.
4 h) to achieve a density higher than 96.5% T.D. (theoretical
ensity). In contrast, for the materials prepared by HeM-process,
t needs only 1200 ◦C (4 h) to densify the samples to a density
igher than 94% T.D. (curve II, Fig. 2(a)). It is quite interest-
ng to observe that the sintered density of the samples decreases

onotonously with the sintering temperature and the samples
intered at 1350 ◦C (4 h) were melted. These results indicate
hat the HeM-processed powders are extremely active.

The microwave dielectric properties for these materials
lso change significantly with the powder preparation process.
ig. 2(b) reveals that the K-value of the BM-processed sam-
les increases with the sintering temperature and is largest for
he samples sintered at 1325 ◦C (4 h) (curve I), whereas those of
he HeM-processed samples is largest for 1200 ◦C (4 h)-sintered
amples and decreases monotonously with sintering temperature
curve II, Fig. 2(b)). The dielectric constant (K) of samples cor-
elates with their sintered density intimatedly. The quality factor
or these materials shows even more marked dependence on the
owder preparation process. Fig. 2(c) indicates that the Q × f-
alue of the BM-processed samples is largest for the one sintered
t 1325–1350 ◦C (4 h) (Q × f = 26,000, curve I), whereas those
f the HeM-processed samples increases monotonously with
intering temperature, showing largest value for 1325 ◦C (4 h)-
intered ones (Q × f = 10,000, curve II).

It is quite unexpected to observe that the Q × f-value of
eM-processed samples is so much lower than those for BM-
rocessed ones. To understand the mechanism resulting in infe-
ior Q × f-value for the HeM-processed samples, the microstruc-
ural characteristics of these materials were investigated. Typi-
al SEM micrographs shown in Fig. 3(a) and (b) indicate that
he microstructure of the HeM-processed materials is signifi-
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Fig. 2. The variation of (a) sintered density, (b) microwave dielectric constant (K)
and (c) microwave quality factor (Q × f) for Ba2Ti9O20 materials with sintering
temperature. The samples were prepared from the Ba2Ti9O20 powders pulver-
ized by (I) conventional ball-milling (BM) process, (II) high-energy-milling
(HeM) process or (III) combined HeM/BM process.

cantly different from that of the BM-processed ones. The BM-
processed samples contain bar-shaped grains with the size about
4 �m in width and 10 �m in length (Fig. 3(a)). The granular size
distribution is quite uniform. In contrast, Fig. 3(b) indicates that
the HeM-processed materials (1200 ◦C/4 h) contain rod-shaped
grains with much higher aspect ratio and much smaller size. The
grains are about 1 �m in width and 8 �m in length. Fig. 3(c)
illustrates that sintering the HeM-processed samples at higher
temperature (1320 ◦C/4 h) not only increases the aspect ratio of
the grains, but also induces the presence of large grains of equi-
axed geometry. EDAX analyses on these large grains (marked

Fig. 3. SEM microstructure of Ba2Ti9O20 materials, which were prepared
from (a) the conventional ball-milling (BM)-processed powders and sintered
at 1350 ◦C/4 h, (b) the high-energy-milling (HeM)-processed powders and sin-
tered at 1200 ◦C/4 h and (c), the high-energy-milling (HeM)-processed powders
(sintered at 1320 ◦C/4 h) and the inset showing the corresponding EDAX anal-
ysis of the grain indicated by “X”.

“X”) revealed that they are Ti-riched phase, as shown in the inset
of Fig. 3(c). From these observations, SEM in Fig. 3(c) and XRD
in Fig. 1(b), we can assign the secondary phase as TiO2. The pro-
portion of the TiO2 secondary phase increases with the sintering
temperature.
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Apparently, the HeM-processed powders are so active that
they grow preferentially along c-axis of the crystals. There-
after, the rod-grains with high aspect ratio is easily developed.
The presence of the high aspect ratio rod-grains will induce the
bridging of the grains, which will hinder the densification of the
materials. Such a phenomenon is even more pronounced for the
samples sintered at higher temperature, leading to the decrease
in sintered density for these materials with the sintering temper-
ature. Lower sintered density, accompanied by the induction of
the secondary phase, will profoundly degrade the quality factor
for the materials. Such a phenomenon accounts for the signif-
icantly lower Q × f-value for the HeM-processed materials, as
compared with those for the BM-processed ones.

One of the possible cause resulting in inferior microstructure
and dielectric characteristics for the HeM-processed materials
is that the HeM-processed powders are so fine that may be seri-
ously agglomerated, which tends to grow preferentially along the
c-axis of the grains, forming grains with high aspect ratio. There-
fore, to suppress the formation of agglomerates for the HeM-
processed powders, a ball milling in alcohol was applied after the
high energy milling process, which is designated as HeM/BM
process. Fig. 2(a) (curve III) illustrates the marked improve-
ment on the densification efficiency for the Ba2Ti9O20 materials
due to the post-ball-milling after HeM process. The density of
the HeM/BM-processed samples already reached 96.2% T.D.,
when sintered at (1200 ◦C/4 h). The sintered density for the sam-
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Fig. 4. SEM microstructure of Ba2Ti9O20 materials, which were prepared
from the powders prepared by two-step process, including high-energy-milling
(HeM) and ball-milling (BM) processes and sintered at (a) 1250 ◦C/4 h and (b)
1350 ◦C/4 h.

Although the HeM/BM processed (1250 ◦C/4 h-sintered) and
BM-processed (1350 ◦C/4 h-sintered) samples have the same
high density and are of Hollandite-like structure without the
secondary phase, the microwave dielectric quality factor (Q × f-
value) of the HeM/BM-processed materials is significantly infe-
rior to the BM-processed ones (cf. Fig. 2(c)). The factor resulting
in inferior Q × f-value for the former can be attributed to the sig-
nificant difference in the granular structure for the two materials.
Fig. 3(a) shows that the grains of the BM-processed samples
are large-rods (4 �m × 10 �m) with faceted surface, whereas
Fig. 4(a) indicates that the grains of the HeM/BM-processed
samples are small-rods (0.8 �m × 3 �m) with round surface.
Both the smaller grain size and the round geometry imply that the
granular structure for the materials in the HeM/BM-processed
samples are not completely developed.

To further investigate how the granular structure of
Ba2Ti9O20 materials affects the microwave dielectric properties
for the materials, lattice vibration modes of these two samples
were examined by Raman spectroscopy. Fig. 5 indicates that
the Raman spectra for the two samples are very complicated
due to the complex in crystal structure (Hollandit-like). Unam-
biguously assigning each vibrational modes requires detailed
les decreases moderately with sintering temperature. It should
e noted that the HeM/BM-processed (1200 ◦C/4 h sintered)
aterials possess the same high density as the conventional BM-

rocessed (1350 ◦C/4 h sintered) ones. Such a result implies that
he modified HeM/BM process has markedly improved the sin-
erability for the Ba2Ti9O20 materials such that the samples can
e sintered to a high density under lower sintering temperature.

XRD patterns in Fig. 1(c) show that the presence of TiO2 sec-
ndary phase is markedly suppressed for the samples prepared
y HeM/BM process and were sintered below 1250 ◦C/4 h. Sec-
ndary phase starts to appear again when the sintering temper-
ture increases over 1300 ◦C/4 h. SEM micrographs in Fig. 4(a)
eveal that the grains are still of rod-shaped geometry, but the
spect ratio is pronouncedly reduced. The grains are about
.8 �m in width and 3 �m in length and are uniformly distributed
or the 1250 ◦C/4 h-sintered samples. Fig. 2(b) (curve III) indi-
ates that the microwave dielectric constant (K) of the HeM/BM
aterials is markedly larger than that of the HeM materials,
hich is apparently owing to the increase in sintered density.
he microwave quality factor (Q × f) of the samples is also

mproved due to the ball-milling process (cf. Fig. 2(c), curves II
nd III). However, the dielectric constant of the HeM/BM mate-
ials also decreases with the sintering temperature (Fig. 2(b)).
o understand this phenomenon, the evolution of microstruc-

ure due to the increase in sintering temperature was examined.
ig. 4(b) reveals that increasing the sintering temperature leads

o marked increase in grain size, and will even induce the pres-
nce of secondary phases. These phenomena can account for
he decreases in the sintered density and the degradation of the

icrowave dielectric properties due to the increase in sintering
emperature.
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Fig. 5. Raman spectra of Ba2Ti9O20 materials, which were prepared from the
conventional ball-milling (BM)-processed powders and sintered at 1350 ◦C/4 h,
the high-energy-milling (HeM)-processed or high-energy-milling and ball-
milling two-step milling (HeM/BM)-processed powders and sintered at
1250 ◦C/4 h.

analyses using first-principle calculation. However, simple com-
parison reveals that the resonance peaks of the Raman spectrum
for BM-processed samples (spectrum I) are much sharper and
contain more fine structure, as compared with those for the
HeM/BM-processed samples (spectrum III). The sharper res-
onance peak indicates that the vibration of the lattices is more
coherent, which is usually correlated with higher quality fac-
tor for the materials.15 The vibrational characteristics of the
lattices are intimately related with the uniformity of the bond
strength between the ions in the materials. Smaller grain size
for the HeM/BM-processed materials (cf. Fig. 4(a)) implies that
there are larger proportions of ions located in the grain boundary
region, which have fewer near-nest-neighbor than the ions in the
interior of the grains. Moreover, the rounded geometry for the
HeM/BM-processed materials (cf. Fig. 4(a)) indicates that the
surface atoms are not bonded very well with those in the interior
of the grains, which further leads to the incoherency in the lattice
vibration modes. That the coherency in lattice vibration modes is
degraded, resulting in broadened Raman resonance peaks is fre-
quently observed in the nanostructured materials. From the SEM
microstructural examination, in conjunction with the Raman
spectroscopic studies on the lattice vibrational characteristics,
we can assume that the factor resulting in lower Q × f-value for
the HeM/BM-processed materials is the incompletely develop-
ment in the granular structure for the materials.
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mixture of the nano-powders were directly calcined at 1100 ◦C.
The combined high-energy-milling and ball-milling (HeM/BM)
process results in pronounced improvement for the sinterabil-
ity of the Ba2Ti9O20 powders such that the samples attain a
density higher than 96.2% T.D. by sintering the materials at
1200 ◦C/4 h. However, the HeM/BM-processed samples show
pronouncedly inferior microwave quality factor (Q × f-value)
to the BM-processed ones. Raman spectroscopic and SEM
microstructure analyses imply that the prime factor resulting in
lower Q × f-value for HeM/BM-processed samples is the incom-
plete development of the granular structure.
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