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bstract

he pre-reaction step, which is the holding time at 1000 ◦C in reaction-sintering process, was observed to influence the characteristics of the
a2Ti9O20 materials profoundly. For the materials possessing high sintered density and of pure Hollandite-like structure, the uniformity of granular

tructure is the prime factor, altering the microwave dielectric properties of the samples. Utilizing the BaTi4O9 + BaTi5O11 mixtures to replace
or the 2BaTiO3 + 7TiO2 ones pronouncedly improved the uniformity of the microstructure and thus markedly increased the Q × f-value for the
a2Ti9O20 materials. The possible explanation for such a phenomenon is that the B-series mixture forms the Ba2Ti9O20 Hollandite-like phase in

simpler way and results in more uniform microstructure then the A-series mixture. The microwave properties of B-series materials are superior

o those of A-series ones, achieving K = 38.2 and Q × f-value = 36,000 GHz for the samples, which were pre-reacted at 1000 ◦C for 6 h and were
intered at 1410 ◦C for 4 h by reaction-sintering processes.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ba2Ti9O20 phase was first reported by Jonker and Kwestroo1

n BaO–TiO2–SnO2 ternary system and was observed to pos-
ess marvelous microwave dielectric properties, including high
ielectric constant and large quality factor, by O’Bryan et
l.2 Since then the modification on microwave properties of
a2Ti9O20 materials via the addition of dopants3–7 has been
idely investigated. However, the reported results are quite con-

roversial, which is mainly due to the difficulty in forming single
hase Hollandite-like structured Ba2Ti9O20 material. Secondary
hases, such as BaTi4O9 or BaTi5O11, are observed to form pref-
rentially in the calcinations of BaCO3–TiO2 mixture8–10 that
inder the formation of Hollandite-like phase for the Ba2Ti9O20
hase. Therefore, the occurrence of reactions among the phases
uring the sintering process is inevitable, which degrades the

eliability of the processing for preparing the Ba2Ti9O20 mate-
ials.

∗ Corresponding author. Tel.: +886 2 29346620x151; fax: +886 2 29326408.
E-mail address: hfcheng@phy03.phy.ntnu.edu.tw (H.-F. Cheng).
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In this paper, reaction-sintering process, which densifies the
owder mixture directly without experiencing the calcination
rocess, was employed for preparing the Ba2Ti9O20 materials.
ow the processing parameters in such a non-conventional den-

ification process influences the characteristics of the Ba2Ti9O20
aterials will be described and the possible mechanism will be

iscussed.

. Experimental procedure

The Ba2Ti9O20 materials were synthesized via the conven-
ional mixed oxide process, using nano-sized BaTiO3 (∼50 nm)
nd anatase TiO2 (∼50 nm) powders as starting materials. Two
ypes of mixture were used for preparing the Ba2Ti9O20 sam-
les. In A-series materials, 2BaTiO3 and 7TiO2 powders were
ixed thoroughly using three-dimensional milling technique

3DM). In the B-series materials, the BaTi4O9 and BaTi5O11
ixtures were used as starting materials, which were prepared

y calcining the BaTiO3 + 3TiO2 and BaTiO3 + 4TiO2 mixture

t 1000 ◦C/4 h, respectively. The 2BaTiO3 + 7TiO2 (A-series)
r BaTi4O9 + BaTi5O11 (B-series) powder mixtures were pel-
etized and then reaction-sintered directly. In this process, the
emperature was increased slowly (3 ◦C/min) to 1000 ◦C, held

mailto:hfcheng@phy03.phy.ntnu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.024
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Fig. 1. The effect of powder mixture type on the (a) sintered density, D, (b)
microwave dielectric constant, K, and (c) microwave dielectric quality factor,
Q, of Ba Ti O , materials sintered at 1250–1410 ◦C/4 h by reaction-sintering
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t that temperature for 0–6 h, and was then increased again
o 1300–1410 ◦C (3 ◦C/min), soaked for 4 h, followed by slow
ooling (2 ◦C/min). The process, which holds the samples at
000 ◦C for 0–6 h, is designated as “pre-reaction process”. The
icrostructure of the sintered samples was examined using scan-

ing electron microscopy (Joel 6700F). The crystal structure of
he calcined powders and sintered samples was examined using
-ray diffractometry (Rigaku D/max-II). The density of the sin-

ered materials was measured using Archimedes method. The
icrowave dielectric constant (K) and quality factor (Q × f) of

he Ba2Ti9O20 samples were measured using a cavity method at
–4 GHz.11

. Results and discussion

Fig. 1 shows the variation of sintered density (D), microwave
ielectric constant (K) and quality factor (Q × f) for the A-series
aterials, indicating that the characteristics of Ba2Ti9O20 mate-

ials vary markedly with the processing parameters. For the
amples pre-reacted at 1000 ◦C for very short period (tr = 0 h,
0-samples), the sintered density and the microwave dielectric
roperties (K and Q × f) of the samples increased monotonically
ith sintering temperature, reaching a density higher than 96%
.D. (theoretical density) with K = 38.2 and Q × f = 29,000 for
350 ◦C/4 h sintered samples (open squares, Fig. 1(a)–(c)). But
ver-firing these Ba2Ti9O20 materials at 1400 ◦C/4 h lowered
he sintered density (D) and dielectric constant (K) and markedly
egraded the microwave quality factor (Q × f) for the samples,
rom (Q × f)A

1350 = 29,000 GHz to (Q × f)A
1400 = 18,000 GHz.

n contrast, the samples pre-reacted at 1000 ◦C for very sufficient
ong period (tr = 6 h, A6-samples) can withstand higher sintering
emperature (1400 ◦C/4 h) without inducing the degradation on
heir characteristics (open circles, Fig. 1(a)–(c)). The microwave
roperties achieved are dielectric constant K = 38 and qualify
actor (Q × f)B

1400 = 29,200 GHz for the samples pre-reacted
t 1000 ◦C/6 h and sintered at 1400 ◦C/4 h. Restated, the pre-
eaction process at 1000 ◦C significantly influences the stability
f the characteristics of the A-series materials.

To understand the cause resulting in the pronounced variation
f the materials properties with the pre-reaction time interval,
he microstructure and crystal structure of the samples were
xamined. Fig. 2(a) shows that although the pure Hollandite-like
hase was obtained for the samples experiencing no pre-reaction
rocess (tr = 0 h), the diffraction peaks of these XRD patterns are
ery broad. It is suspected that there even appears some residual
aTi4O9 phase and possibly some residual TiO2 phase, which

s too few to be detected. In contrast, for those pre-reacted at
000 ◦C for sufficient long period (tr = 6 h), pure Hollandite-like
hase with very sharp diffraction peaks was obtained, regard-
ess of the sintering temperature experienced by the samples
Fig. 2(b)). Such a result implies that sufficient long pre-reaction
rocess is required to complete the phase transformation process
or the formation of Hollandite-like phase.
SEM micrographs in Fig. 3(a) reveals that, when sintered at
400 ◦C/4 h, the microstructure is extremely complicated for the
amples, which experienced no pre-reacting process (ts = 0 h,
0-samples). There exists abnormally grown extra-large rod-

s
(
d
p

2 9 20

rocess. The A-series, samples were made of 2BaTiO3 + 7TiO2 mixture and
he B-series samples were made, of BaTi4O9 + BaTi5O11 mixture, with the pre-
eaction conditions shown in the figure.

haped grains about hundreds of micron in size, in addition to the

mall rod-shaped grains (30 �m × 5 �m) and equi-axed grains
2 �m). The occurrence of abnormally large grains is probably
ue to the chemical inhomogeneity induced in the heat treatment
rocess, which will be discussed shortly. The number density and
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Fig. 2. X-ray diffraction patterns of the Ba2Ti9O20 materials sintered by
reaction-sintering, process at 1250–1400 ◦C/4 h, where (a) and (b) are XRD
o
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Fig. 3. SEM micrographs of the Ba2Ti9O20 materials sintered at 1400 ◦C for
4 h by, reaction-sintering process; where the pellets made of (a) A-series,
2
2
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p
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i

The complex microstructure for these materials is appar-
f the A-series pellets, pre-reacted at 1000 ◦C for 0 or 6 h, respectively, and (c)
re those of B-series pellets, pre-reacted at 1000 ◦C for 6 h.

ize of the abnormally grown grains decrease as the pre-reacting
eriod increases. Fig. 3(b) shows that only the small rod-shaped
rains about 10 �m × 5 �m in size co-exist with the equi-axed
rains (∼2 �m in size) for the samples experienced 1000 ◦C/6 h
re-reacting process. There is no extra-large rod-shaped grains

bservable. The uniformity of granular structure for A6 sam-
les is markedly better than that for the other A0 samples. Both
od-shaped and equi-axed grains grow larger with sintering tem-

e
m
m

BaTiO3 + 7TiO2 mixture were pre-reacted at 1000 ◦C for 0 h, (b) A-series,
BaTiO3 + 7TiO2 mixture were pre-reacted at 1000 ◦C for 6 h and (c) B-series,
BaTiO3 + 7TiO2 mixture were pre-reacted at 1000 ◦C for 6 h.

erature. The geometry of the grains, which are roundish when
intered at 1350 ◦C/4 h, are of faceted geometry when sintered at
400 ◦C/4 h, indicating that the higher the sintering temperature
s, the better the granular structure developed.
ntly due to the complicated reactions of the 2BaTiO3 + 7TiO2
ixture. Previous studies9 indicated that in the heat treat-
ent of 2BaTiO3 + 7TiO2 mixture, the perovskite BaTiO3
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rst reacted with anatase TiO2 to form BaTi4O9 phase at
50 ◦C. The BaTi4O9 phase partially reacted with TiO2 to form
aTi5O11 phase at 1050 ◦C, instead of directly transformed into
a2Ti9O20 Hollandite-like phase. It takes 1100 ◦C to complete

he phase transformation process for the formation of Ba2Ti9O20
ollandite-like phase. The proposed reaction sequence of the
-series materials during reaction sintering process is depicted
n Fig. 4. The reaction of BaTiO3 and TiO2 mixture preferen-
ially formed the BaTi4O9 phase, which reacts with the residual
iO2 phase to form BaTi5O11 phase (Fig. 4(a)). The BaTi5O11
hase reacted instantaneously with the BaTi4O9 phase to form

ig. 4. Schematics showing the reaction sequence of the constituents for the
aterials, prepared from (a) series-A mixture, 2BaTiO3 and 7TiO2, at inter-
ediate stage of, sintering, (b) series-A mixture, 2BaTiO3 and 7TiO2, at final

tage of sintering, and (c) series-B mixture, BaTi4O9 + BaTi5O11, at final stage
f sintering.
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he Ba2Ti9O20 Hollandite-like phase (Fig. 4(b)). Both interme-
iate phases BaTi4O9 and BaTi5O11 preferentially formed grow
nisotropically, resulting in rod-shaped grains with high-aspect-
atio. The “bridging effect” of the elongated grains usually
inders the densification of the materials. Moreover, the reac-
ion of BaTi4O9 (or BaTi5O11) with the TiO2 phase to form
he Ba2Ti9O20 phase usually leads to the shrinkage in specific
olume,10 which induces the formation of the voids and further
etards the densification process. Both factors are the proba-
le causes lowering the sintered density for A-series materials.
oreover, the complicated reaction process occurred in A-series
aterials usually induces the non-uniformity in chemical com-

osition and possibly resulted in residual TiO2 and BaTi4O9
ggregates. When the samples were heated at 1400 ◦C directly,
he residual TiO2 phase will react with the Ba2Ti9O11 phase peri-
ectically, which results in the dissociation of Ba2Ti9O11 phase
nd induces the degradation of the microwave properties of the
aterials.12,13

The above-described results indicate clearly that uniformity
f the granular structure are the most important factor altering
he microwave dielectric properties of the Ba2Ti9O20 materials,
esides the high purity of the Hollandite-like phase and high sin-
ered density for the samples. It is apparent that for the purpose
f improving the homogeneity of the granular structure for the
a2Ti9O20 materials, it is necessary to simplifying the reaction
mong the constituents in the mixture during sintering process.
or this purpose, BaTi4O9 + BaTi5O11 mixture (B-series) was
sed to replace for the 2BaTiO3 + 2TiO2 mixture (A-series) as
tarting materials for preparing the Ba2Ti9O20 materials. Such
material is designated as B-series materials.

Fig. 1(a) and (b) (solid symbols) shows that the sintered
ensity (D) and microwave dielectric constant (K) of B6-
amples, which were also pre-reacted for 6 h at 1000 ◦C/6 h,
lso increase monotonously with sintering temperature (solid
iamonds, Fig. 1(a) and (b)) and are comparable with those
f A6-samples. Although the utilization of type B mixture
oes not pronouncedly alter the sintered density (D) and
ielectric constant (K) characteristics of the B-series materi-
ls, it does markedly improve the microwave dielectric quality
actor (Q × f) of the materials (solid diamonds, Fig. 1(c)).

oreover, the B-series materials can be sintered to higher
emperature without inducing the abnormal grain growth phe-
omenon such that they can reach higher quality factor, viz.
Q × f)B

1400 = 34,000 GHz for B-series materials sintered at
400 ◦C/4 h and (Q × f)B

1410 = 36,000 GHz for those sintered
t 1410 ◦C/4 h, which is markedly higher than the Q × f-value
ttainable for A-series materials. The factor resulting in better
icrowave dielectric properties for B-series materials is appar-

ntly owing to the overwhelmingly better granular structure of
hese materials, as compared with the microstructure for the
-series materials, which will be discussed shortly.
XRD patterns in Fig. 2(c) illustrates that, for the B-series

aterials sintered at 1250–1400 ◦C for 4 h, the diffraction peaks

re all very sharp, indicating that all of them are of pure
ollandite-like structure and containing no secondary phase.
uch a result indicates that the phase transformation kinetics for

he materials is pronouncedly improved due to the utilization
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f BaTi4O9 + BaTi5O11 mixture (B-series) as starting materials.
EM micrographs shown in Fig. 3(c) reveal that the microstruc-

ure of the B6-materials is much more uniform than that for the
-series materials. For the samples pre-reacted at 1000 ◦C/6 h

nd sintered at 1400 ◦C/4 h, the grains are of short rod-shaped
ith small aspect ratio and are about 8 �m × 2 �m. All the
-series samples pre-reacted for sufficient long period contain
rains of uniform size. No abnormal grain growth phenomenon
s observable for these samples.

The above-described results imply that the microwave dielec-
ric constant (K) is more closely related with density of the
amples and is insensitive to the detailed microstructure of the
amples. In contrast, the quality factor (Q × f) of the samples
s very sensitive to the microstructure of the materials. Samples
ith the microstructure pre-dominated by large grains of small-

spect-ratio usually exhibit superior Q × f-value to the ones
ith microstructure mainly consisting of small-grains of large-

spect-ratio. The B-series materials own better granular structure
nd, therefore, possess better microwave properties then A-
eries samples, which, in turn, is resulted from the simplicity in
hase transformation process involved for the B-series materi-
ls, since the formation of Ba2Ti9O20 Hollandite-like phase from
aTi4O9 + BaTi5O11 mixture is pronouncedly simpler than that

rom the 2BaTiO3 + TiO2 mixture.
Previous studies9 indicated that there is no marked reaction

ccurred the series-B mixture (BaTi4O9 + BaTi5O11) calcined
t a temperature lower than 1000 ◦C, but the phase transforma-
ion process is completed at 1025 ◦C, forming Hollandite-like
hase. The chemical composition for B-series materials is thus
uch more uniform then the A-series materials and there is no

eritectic reaction occurred between the BaTi4O9 (or BaTi5O11)
nd Ba2Ti9O20 phases. Therefore, these materials can withstand
igher sintering temperature without inducing the abnormal
rain growth phenomenon. The reaction sequence in the heat
reatment of B-series materials is depicted in Fig. 4(c). The
eaction of BaTi4O9 and BaTi5O11 phases powders in B-series
aterials directly formed Ba2Ti9O20 Hollandite-like phase.
here is no intermediate phase formed. Moreover, the reac-

ion of BaTi4O9 + BaTi5O11 to form Ba2Ti9O20 Hollandite-like
hase leads to the increase in specific volume.13 No void will
e resulted due to such a reaction. Therefore, reaction sinter-
ng of these materials is beneficial for achieving high sintered
ensity.

. Conclusion
Effect of starting materials and densification routes on
he characteristics of Ba2Ti9O20 materials were systemat-
cally investigated. Both the materials prepared from the
BaTiO3 + 7TiO2 (A-series) and BaTi4O9 + BaTi5O11 (B-

1

eramic Society 30 (2010) 159–163 163

eries) mixtures can be densified to a high density (�96%),
ossessing high microwave dielectric constant (K = 35–38),
egardless of the pre-reaction process the materials experienced.
he K-value of the Ba2Ti9O20 materials is related closely to the
ensity of the samples and is insensitive to the granular structure
f the samples, whereas the Q × f-value of the materials varies
arkedly with the microstructure, which, in turn, is determined

y the processing details. The B-series materials, which were
repared from B-series mixture and pre-reacted at 1000 ◦C for
h or longer, show most uniform microstructure and exhibit the
ighest Q × f-value (Q × f = 36,000 GHz). It is ascribed to the
implicity in reaction routes for the formation of the Ba2Ti9O20
ollandite-like phase from BaTi4O9 + BaTi5O11 mixture, which

esults in better granular structure for the materials.
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