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The synthesis and formation mechanism of barium hexaaluminate compound (Ba--Al,03) by solid-
state reactions between powdered reactants of alumina (Al,03) and barium carbonate (BaCO3 ) have been
investigated. The processes for synthesizing Ba-[3-Al,03; phase include mechanically activated milling of
Al,05-BaC0; powder mixtures and subsequent solid-state reactions at high temperatures. The mechan-
ically activated milling results in a significant decrease in the decomposition temperature of BaCOs,
hence promotes its reactions with Al,0s3. Almost monophasic Ba-3-Al,05 can be synthesized by 9-12h
ball milling, followed by heat treatment at 1500 °C for 2 h. The formation of Ba-3-Al,03 phase includes
three stages: (i) decomposition of BaCOs, (ii) formation and growth of spherical BaO-Al,05 particles, and
(iii) reaction between Al;03 and BaO-Al, 05 to form Ba-3-Al,03 with an elongated morphology.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Barium aluminates have several types of stoichiometric com-
positions, such as barium monoaluminate (BaO-Al,03), tri-barium
monoaluminate (3Ba0-Al,03), barium tetraluminate (BaO-4Al,03),
and barium hexaaluminate (BaO-6Al,03) [1]. Of which barium
hexaaluminate has attracted much attention in some potential
applications including catalytic combustion [2] and gas sensor
[3], because of its high chemical, physical, and thermal stability
as well as high ionic conductivity and high resistance to sin-
tering and thermal shocks. Besides, barium hexaaluminate can
function as a reinforcement for ceramic-matrix composites as
reported by Chen et al. [4,5]. The existence of elongated barium
hexaaluminate phase with a layered structure is believed to be
able to enhance the fracture toughness of Al;0O3 matrix compos-
ites.

In addition to stoichiometric aluminates, barium can form a
large number of complex nonstoichiometric Ba-O-Al aluminates.
In fact, it is well established that barium hexaaluminate is actually
constituted by two distinct phases with defective 3-Al,03 struc-
ture, i.e., Ba-3;-Al;03 and Ba-3;-Al,03. 3; with a composition of
Bag75Al1101725 (Al/Ba=14.67) is poorer in barium, while B;; with
acomposition of Ba, 33Aly1.3303433 (Al/Ba=9.15)isricherin barium
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[2,6-9]. From Al,03-Ba0-Al, 03 phase diagram [6], Ba-[3;-Al, 03 has
a higher melting point than Ba-;-Al,03. The present paper is
focused on the Ba-[3;-Al,03 phase and it is expressed as Ba-3-Al, 03
hereinafter.

There are many methods for synthesizing barium hexaalumi-
nate, such as solid-state reaction [10-12], sol-gel process [13],
hydrothermal precipitation [2,14], alkoxide route [10], and spray-
inductively coupled plasma techniques [15]. Most of these methods
require an additional high-temperature heat treatment before
the barium hexaaluminate phase is formed. Solid-state reaction
method is still widely used even though it leads to relatively
large particle sizes and sometimes particle agglomeration. This
method can yield almost monophasic barium hexaaluminate and
is suitable for mass production. Different from conventional solid-
state reaction techniques, in this research, a high-energy planetary
ball-milling method was applied to reduce the particle sizes and
enhance the reactivity of constituent powders. The mechanically
activated powders possess better sinterability than those synthe-
sized by a conventional solid-state reaction technique [16]. With
regard to other methods, such as precipitation-calcination route, a
large amount of impurities, e.g. alumina, barium carbonate, barium
monoaluminate or unknown phase, are usually formed [1,14]. In
addition, alkoxide route is of limited industrial interests due to a
high cost of alkoxide reagent [17].

So far, some research work [2,9] has concerned with the reaction
mechanisms on formation of Ba-[3-Al,03 phase. To the knowledge
of the present authors, however, the formation mechanism of Ba-3-
Al, 03 phase has never been reported before from the viewpoint of
morphological evolution with varying the temperature. The knowl-
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Fig. 1. SEM images of starting powders: (a) alumina, (b) barium carbonate, and powder samples milled for (c) 9h and (d) 72 h.

edge of the formation mechanism of Ba-3-Al,03 is very helpful to
understand the effect of composition and processing parameters
on densification behavior, microstructure, and mechanical prop-
erties (in particular, fracture strength and fracture toughness) of
the related materials. The aims of this work were to synthesize
monophasic Ba-f3-Al,03 powder through mechanically activated
milling and solid-state reaction of alumina and barium carbonate
powder mixtures and to get further understanding of its formation
mechanism.

2. Experimental procedure

Commercially available a-Al, O3 (>99.9% purity, average particle size of 0.17 um)
and BaCOj3 (>99.9% purity, average particle size of 1.5 um) powders were used as the
starting materials. Two kinds of powders were mixed with a nominal composition
of Bag75Al11017.25. The milling operation was carried out in a Fritch Pulverisette
type planetary ball-milling system in ethanol at room temperature for 0-72h. A
250ml zirconia vial and zirconia balls with a diameter of 5mm were used as a
milling medium. The ball to powder ratio was equal to 10:1. The milling speed
was set at 200 rpm. After milling, the slurries were dried at 110°C for 24h in an
oven. The resultant powder mixtures were heat-treated at 1500°C for 2 h under
air atmosphere. Some powder mixture was heat-treated in a temperature range of
400-1500°C for 2 h in order to study the formation mechanism of Ba-3-Al,0s.

The thermal characteristics of the powder mixtures during reaction were mea-
sured by thermogravimetric analysis (TG-DTA 6300, Seiko) and differential scanning
calorimetry (DSC 6300, Seiko). In both cases, a platinum crucible was used as a ref-
erence and the measurements were conducted in air at a heating rate of 10 °C/min.
Powder X-ray diffraction analysis (XRD, Rigaku) was used to determine the crys-
talline phase in the milled and heat-treated samples. The average crystalline sizes
of the milled powders were estimated using the Scherrer formula. The microstruc-
tures of heat-treated samples were observed using field-emission scanning electron
microscopy (FE-SEM, JEOL).

3. Results and discussion
3.1. Effect of mechanically activated milling

Fig. 1 shows the SEM images of two starting powders (Al,03 and
BaCOj3) and ball-milled powders. It is clearly seen that the particle
sizes of the BaCO3; powder are reduced during the high-energy ball
milling. The initial shape of the BaCO particles could not be found
anymore after milling. As for Al, O3, it seems that no evident particle

refinement occurs after 9 h milling (Fig. 1(c)). On the contrary, when
the powders were ball-milled for 72 h, as shown in Fig. 1(d), their
particle sizes look like larger than those of the initial Al O3 powder.
This is likely to be due to the agglomeration of particles during the
milling.

The X-ray diffraction patterns of the ball-milled powders with
different milling times are shown in Fig. 2. All the XRD profiles of
the ball-milled powders are similar to that of the mixture of two
starting powders (i.e., milling time of O h in Fig. 2(a)). The patterns
consisted only of Al;03 and BaCO3 phases and no new phase was
detected even after milling for 72 h. This indicates that the ball-
milling process is not able to directly result in the reaction between
Al;,03 and BaCOs3 as well as the formation of Ba-f3-Al,03 phase.
However, the broadening of peaks (especially peaks of BaCO3)
occurred. For example, the half-value width of the strongest peak
of BaCO3 at 20 =24.5° became larger, suggesting the refinement of
BaCOj crystalline sizes due to deformation during the ball milling.
Moreover, a hump at 26 =33° (corresponding to BaCO3) was also
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Fig.2. X-ray diffraction patterns of ball-milled powders with different milling times.
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Fig. 3. Crystalline sizes of alumina and barium carbonate powders as a function of
milling time.

found with increasing milling time, which implies an increase of
amorphization degree.

The crystalline sizes of both Al,03 and BaCO3 were determined
from the XRD results by means of the Scherrer formula, and the
results are shown in Fig. 3. The longer the milling time, the smaller
the crystalline size of the BaCO3; powder, as expected. For Al;03
powder, however, the crystalline size increases with the milling
time. The variations of the crystalline sizes are consistent with those
of the particle sizes of the Al,03 and BaCO3 powders (Fig. 1). These
results show that the milling process cannot refine the Al,03 par-
ticles anymore, presumably due to their small initial particle sizes
(average size: 0.17 wm). The milling process only increases the lat-
tice strain of the Al, 03 powder, not resulting in a further refinement
in both crystalline size and particle size. This phenomenon was also
found on high-energy milling of BisNb3015 and BizNbO; powders
[18].

In order to obtain Ba-[3-Al;03 compound, all milled powder
samples including 0-h-milled powder (without milling) were heat-
treated at 1500°C for 2h. The XRD results of the heat-treated
samples are shown in Fig. 4. As a reference, a standard XRD pat-
tern of the Ba-3-Al,05 phase was also included in the figure. For
the raw mixture without milling, the heat treatment at 1500°C
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Fig. 4. XRD patterns of ball-milled powders with different milling times after heat
treatment at 1500°C for 2 h.
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Fig. 5. Weight loss curves of 0-h- and 9-h-milled powders during heating in air.
Heating rate: 10°C/min.

resulted in formation of BaO-Al,03 and Ba-(3-Al,03 with unre-
acted Al,03 remaining. However, the intensity of the Ba-3-Al,03
peaks was very small. As the milling time increased, the intensity
of the Al,03 and Ba0-Al,03 peaks gradually decreased, while that
of the Ba-3-Al,03 peaks increased. These results reveal that the
milling process does have a significant effect on the formation of
Ba-f3-Al;03 compound. The high-energy ball milling promotes the
reactions between Al,03 and BaCOs (or BaO formed by decompo-
sition of BaCOs, to be discussed later) as well as between Al,03
and Ba0-Al,03. When milling for 9-12 h, the XRD patterns corre-
sponded to Ba-[3-Al,03 as a dominant phase and a trace of Al;0s.
But for milling longer than 12 h, there was an unknown peak at
20=30.22°. This peak might be associated with zirconia phase that
comes from the vial or milling balls. From the above results, it can be
concluded that it is possible to synthesize almost monophasic Ba-
3-Al,05 through mechanically activated milling of Al;03-BaCO3
powder mixture at 200 rpm for 9-12 h, followed by heat treatment
at 1500°C for 2 h.

3.2. TG and DSC analyses

Fig. 5 shows the weight changes of the 0-h- and 9-h-milled sam-
ples during heating in air. In both cases, the final weight losses
during the measurements were about 5wt% with respect to the
initial sample weights. A slight weight loss occurred in the initial
heating period up to ~700 °C, followed by a rapid weight reduction
with increasing the temperature above ~700 °C. The former may be
associated with the dehydration of some hydrates, while the latter
is attributed to the decomposition of BaCO5 through the following
reaction:

BaCO; — BaO + CO, (g) (1)

It is easily found from Fig. 5 that the 9-h-milled sample corre-
sponds to a decomposition temperature range, 700-900 °C, which
is ~200°C lower than that of the non-milled sample (0h). This
indicates that the mechanically activated milling has a significant
effect on decomposition of BaCOs3. The ball milling causes an evi-
dent decrease in the decomposition temperature of BaCOs3. This
is obviously related to the refinement of the BaCO3 particles, an
introduction of lattice strain, and an increase in reactivity in the
ball-milled powder.

It is well known that endothermic decomposition with the lib-
eration of carbon dioxide is the most characteristic property of
carbonates [19]. To further clarify the decomposition behavior of
BaCOs3 and its reaction with Al,05 during heating, the DSC analy-
sis of the milled powder has been carried out and the results are
illustrated in Fig. 6. All three curves, corresponding to 0-h-, 9-h-
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Fig. 6. DSC curves of 0-h-, 9-h-, and 72-h-milled powder samples.

, and 72-h-milled powders, show two small exothermal peaks at
around 130°C and 400°C, respectively. The occurrence of these
exothermal peaks is probably associated with the dehydration
process, which is in agreement with the small weight changes
in the TG results shown in Fig. 5. For the non-milled sample,
three endothermic peaks, centered at 810°C, 964 °C, and 1134°C,
respectively, were identified. The two sharp peaks at 810°C and
964 °C are believed to be due to polymorphic transformations of
BaCO;. The strong endothermic peak at 810°C corresponds to
the orthorhombic-hexagonal transformation, whereas the peak
at 964°C is concerned with the hexagonal-cubic transformation
[19-21]. In comparison with Figs. 5 and 6, it is believed that the
third endothermic peak with a broad temperature range, started
at ~1000°C and centered at 1134 °C, is attributed to the decompo-
sition of BaCOs3. Nevertheless, a significant weight loss due to the
decomposition of BaCO3 occurs from a quite lower temperature,
for instance, ~700°C (Fig. 5) for the milled powder. This fact sug-
gests that the decomposition of BaCO3 takes place simultaneously
during the polymorphic transformations of BaCOs.

Concerning the ball-milled powders, as described before, due to
the refinement of particles, the decomposition of BaCO3 shifted to
lower temperatures. From the TG results shown in Fig. 5, it is rea-
sonable to consider that the endothermic peaks centered at 825°C
and 838°C in Fig. 6 mainly correspond to the decomposition of
BaCOj; for 9-h- and 72-h-milled powders, respectively.

3.3. Phase and microstructure evolution during heat treatment

The XRD patterns illustrating the phase transformation of a
9-h-milled powder sample during the heat treatment at differ-
ent temperatures ranging from 600°C to 1500°C are shown in
Fig. 7. Variations of the phases and their qualitative composition
with heat-treatment temperature are summarized in Table 1. Until
600°C, the XRD pattern was almost the same as that of the as-
ball-milled powder (Fig. 2(b)), i.e., only the peaks of Al,03 and
BaCOj3 being detected. The degree of crystallinity of the ball-milled
powder (especially BaCO3) was improved with increasing the heat-
treatment temperature.

When the heat treatment was performed at 800 °C, a small peak
corresponding to BaO-Al,03 was detected at 20=28.32° (Fig. 7).
Since BaO has already started to form at ~700 °C (Fig. 5) according to
Eq. (1), it is reasonable to consider that the formation of BaO-Al,03
arises from the decomposition of BaCO3; and subsequent reaction
with Al,03 by

BaO + Al,03 — BaO-Al,03 (2)
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Fig. 7. XRD patterns showing the phase change of 9-h-milled powder during heat
treatment at different temperatures.

At 1000°C, the intensity of the BaCO3 peaks was greatly reduced
and only trace amount of BaCO3; remained. As a result, BaO-Al,03
became one of the main phases. These facts gave an evidence of
the decomposition of BaCO3 and formation of BaO-Al,03, which
are consistent with the TG and DSC results (Figs. 5 and 6).

At 1200°C, the BaCO3 peaks completely disappeared and, thus,
only two phases, Al;03 and BaO-Al,03, were present. These two
phases were stable up to 1300°C. At 1400 °C, however, the domi-
nant phase was Ba-3-Al,03 (Bag 75Al11 01725 or BaO-7.3Al,03) with
weak intensity of Al;03 and a trace of BaO-Al,03 remaining. This
suggests that BaO-Al,03 is an intermediate phase in synthesizing
Ba-3-Al;03 and Ba-$3-Al,03 is formed through reaction between
Ba0-Al, 03 and Al, 03 by following formula:

Ba0-Al,0; + 6.3A1,05 — Ba0-7.3Al,03 (3)

This is in good agreement with our previous research [4,5].

At 1500°C, as aresult of a further reaction of remnant BaO-Al, 03
with Al;03 (Eq. (3)), almost single phase of Ba-3-Al,03 was
obtained with trace of Al,03. Moreover, during the heat treatment,
the intensity of Al,O3 peaks gradually decreased with increasing
the heat-treatment temperature. For example, at 1000 °C, Al;03
was one of the dominant phases, whereas at 1500 °C its intensity
became extremely low.

Table 1
Variations of phases and their qualitative composition with heat-treatment
temperature.

Temperature (°C) Phases?

Al;03 BaCOs3 Ba0-Al;03 Ba-$-Al, 05

20°
400
600
800
1000
1200
1300
1400
1500

| v un unn

nsmmmmmmw
| Fuvu unu un
|

3 s: strong, w: weak, t: trace, -: none.
b 9-h-milled powder (without any heat treatment).
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Fig. 8. Morphological evolution of 9-h-milled powder during heat treatment at different temperatures: (a) 800°C, (b) 1000°C, (c) 1200°C, (d) 1300°C, (e) 1400°C, and (f)

1500°C.

Fig. 8 shows the morphological evolution of the 9-h-milled pow-
der during the heat treatment. No evident morphological change
of particles was observed after heat treatment below 800°C. At
800°C, it seems that there are some agglomerated regions in the
SEM image (Fig. 8(a)), in comparison with the as-ball-milled pow-
der shown in Fig. 1(c). These agglomerated regions may arise from
the decomposition of BaCO3 phase, as has been confirmed by TG
(Fig. 5), DSC (Fig. 6), and XRD (Fig. 7) analyses. Even though the
Ba0-Al, 03 phase has started to form at 800 °C from the XRD results,
it is difficult to find its existence from the SEM image, presumably
due to its small size and amount. At 1000 °C (Fig. 8(b)), however, a
large number of nanosized particles (20-40 nm) are generated and
distributed on the surfaces of some larger Al,03 and BaCO3 parti-
cles homogeneously. These small particles result from BaO-Al,03
phase formed through the reaction between Al,03 and BaO. Also,
it appears that there are some pores with a size level similar to the
Ba0-Al,03 particles, which may originate from the evaporation of
CO, gas due to the decomposition of BaCOs.

As the temperature increased, BaCO3 was gradually decom-
posed and finally disappeared completely at 1200 °C. Concurrent
with the decomposition of BaCO3, the Ba0-Al,03 particles grew
and this process continued until 1300°C. In the temperature
range of 1200-1300°C (Fig. 8(c) and (d)), the particle sizes of
Al;03 and Ba0O-Al;03 were around 100-200 nm, much finer than
those (500-1000 nm) reported by Machida et al. [10]. At 1400°C

(Fig. 8(e)), the microstructure revealed an elongated morphology of
particles in which some spherical particles with a submicron order
were distributed homogeneously. The elongated particles corre-
sponds to Ba-3-Al,03 that constitutes a dominant phase, while
the spherical particles consist of Al,03 and/or BaO-Al,03 as minor
phases. At 1500°C (Fig. 8(f)), the microstructure is characterized
by almost single phase of Ba-3-Al,03 with a trace amount of small
spherical Al,03 particles remaining.

From the above microstructural observations, it was noted that
the Ba-3-Al,03 compound, obtained from Al,03-BaCO3 powder
mixture, exhibited an elongated morphology. This morphological
feature is similar to that of Ba-f3-Al,03; phase, formed through
reaction between Al,03 and BaZrO3; [22-24]. The elongated mor-
phology of Ba-3-Al,03 phase is believed to be due to preferred
orientational growth through directional diffusion and mass trans-
port of Ba along the basal plane [24]. These elongated Ba-[3-Al;03
particles can be used as a reinforcement [4] to enhance the fracture
toughness of ceramic matrix composites through crack deflection
and/or crack bridging, just like the functions of whiskers and fibers
with large aspect ratios.

On the basis of the phase and microstructure evolution men-
tioned above, a schematic illustration on the reaction sequence
and formation mechanism of the Ba-(3-Al,03; phase during heat
treatment is given in Fig. 9. When a ball-milled Al,03-BaCO3 pow-
der mixture is heat-treated below 600 °C, no phase change can be
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Fig. 9. A schematic illustration showing the formation of elongated Ba-(3-Al,03
during heat treatment.
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confirmed. From ~700°C, BaCOj3 starts to decompose. In a tem-
perature range of 700-1100 °C, BaCOs is rapidly decomposed into
BaO and then reacts with Al;03 to form nanosized BaO-Al,03
particles. At 1000°C, BaO-Al,03 becomes one of the dominant
phases with Al,03 and minor BaCO3, and BaCO3 is completely
disappeared at 1200-1300°C. With increasing the temperature,
Ba0-Al, 05 gradually grows and further reacts with Al, O3 to change
into Ba-[3-Al,03 above 1400°C. At 1500°C, almost monophasic
Ba-P3-Al,05 is synthesized with a trace amount of Al,03 particles
remaining. Consequently, the formation of Ba-f3-Al,03 phase can
be roughly divided into three stages: (i) decomposition of BaCOs,
(ii) formation and growth of BaO-Al, 05 particles, and (iii) formation
of Ba-3-Al,03 phase with an elongated morphology.

4. Conclusions

Mechanically activated milling cannot result in direct forma-
tion of Ba-3-Al,03 from a powder mixture of Al,03 and BaCOs;.
However, it has significant effects on lowering decomposition tem-
perature of BaCO3 and promoting its subsequent reactions with
Al,03. Almost monophasic Ba-3-Al,03 powder can be synthe-
sized by high-energy planetary ball milling at 200 rpm for 9-12 h,
followed by solid-state reaction at 1500°C for 2 h. Based on the
results of TG, DSC, XRD, and SEM studies, the most probable reac-

tion sequences leading to the formation of Ba-3-Al,03 were, (i)
decomposition of BaCO3 from ~700 °C, (ii) formation and growth
of spherical BaO-Al, 05 particles, and (iii) formation of Ba-f3-Al,03
phase with an elongated morphology at 1500°C. BaO-Al,05 is
proved to be an intermediate phase in the process of forming Ba-
B-Al,03.
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