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In the present study we examine the changes in phase composition and microstructure

undergone by solids after thermal treatments performed on transition aluminas in chlorine

and air atmospheres. The thermal transformation to the stable a-Al
2
O

3
was faster for the

chlorine-heated samples than for the air-heated ones, and for chlorinated samples single

crystals of a-Al
2
O

3
were observed. We propose a mechanism by which AlCl

3
(g) formation

allowed vapour mass transport that contributed to the growth of crystals of a-Al
2
O

3
.

Hydroxyls contained in transition aluminas could enhance gaseous transport and could also

react with chlorine molecules. The subsequent a-Al
2
O

3
crystallization would be assisted by

water vapour.
1. Introduction
Aluminium oxide (Al

2
O

3
) has a unique stable crystal-

line phase, named corundum or a-phase, which can be
formed by calcination of aluminium hydroxides [1, 2].
Depending on time and temperature of the calcina-
tion, other intermediate phases of Al

2
O

3
, known as

transition aluminas, can also be obtained [3—7].
Transition aluminas are metastable and structurally
similar phases, and have structural hydroxyls (OH)
which is one of their most important common features
[2, 3, 9, 11]. The transformation of transition alu-
minas to a-phase involves a dehydration process from
internal OH layers and an increasing ordering of the
defect spinel lattice. Although it is not well established,
the transformation could involve a collapse phenom-
enon in their layered structure [3, 9, 11].

Several factors affect the transformation of tran-
sition aluminas. Calcination in air to a-Al

2
O

3
involves

a sequence that is precursor dependent [4, 8, 9]. For
instance, in the case of well-crystallized boehmite
(AlOOH), the calcination leads to the c — d — h —a
sequence as temperature increases [9]. The phase
transformation of transition aluminas is also affected
by the presence of impurities and the heating atmo-
sphere [5, 7, 10 — 16]. The study of the effect of
the atmosphere on the transformation was mainly
focused on oxygen and water vapour, which are
known to accelerate transition aluminas transforma-
tion [10, 11].

Previous studies have shown the accelerating effect
of chlorine atmosphere on tetragonal (metastable) to
monoclinic (stable) transformation in ZrO

2
[18] and

anatase (metastable) to rutile (stable) transformation
in TiO [19]. The enhancing effect of chlorine atmo-
*PW 1300, Philips Electronic Instruments.

2
sphere on the transformation of transition aluminas to

0022—2461 ( 1997 Chapman & Hall
a-phase was also reported [17]. The aim of the present
work is to study the effect of chlorine on the trans-
formation of transition aluminas, and to correlate it
with the growth of single crystals of a-Al

2
O

3
.

2. Experimental procedure
Starting materials were prepared by heating well cry-
stallized boehmite [17] in dry air in open quartz
crucibles. Three batches, containing delta alumina as
a component, were obtained by performing the follow-
ing treatments: (1) 900 °C for 11 h (Batch d900, con-
taining only delta alumina); (2) 950 °C for 11 h (Batch
d950, containing a mixture of delta and theta
aluminas); and (3) 1000 °C for 20 h (Batch d1000, con-
taining a mixture of delta and theta aluminas, with
a minor amount of the stable alpha phase). Details of
the preparation of these starting batches are given in
Table I.

Each batch received subsequent heating at the same
temperature at which it was prepared. Thermal treat-
ments were performed during different time intervals,
in air in open quartz crucibles, and in chlorine in
sealed quartz crucibles. Sealed samples were encap-
sulated with pure Cl

2
(99.8%) at room temperature.

Assuming chlorine as an ideal gas we estimated the
pressure of encapsulation as the one leading to a total
pressure of 1.013] 105 Pa at each treatment temper-
ature. Samples heated in chlorine received subsequent
thermal treatments in open air. After heating, samples
were quenched at room temperature and X-ray pow-
der diffraction analyses (XRD*, CuK

a
Ni filtered radi-

ation) were performed to identify the resultant phases.
The microstructural changes associated to each treat-

ment were characterized using Scanning Electron
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T A B L E I Thermal treatments on boehmite to obtain starting
batches, and phases present in them

Batch Obtained by firing of boehmite Detected phases

d900! at 900 °C during 11 h d
d950" at 950 °C during 11 h d#h
d1000# at 1000 °C during 20 h d#h#(a)$

! XRD diagram shown in Fig. 1a.
" XRD diagram shown in Fig. 2a.
# XRD diagram shown in Fig. 3a.
$ a-phase present in a small amount.

T A B L E I I Thermal treatments performed on starting batches

Run Starting
batch

Thermal
treatment

Thermal
treatment

Detected
phases

temperature
(°C)

(time and
atmosphere)

1 d900 900 15 h in air d
2 d900 900 30 h in air d
3! d900 900 60 h in air d#h
4! d900 900 15 h in chlorine d#h#a
5! d900 900 30 h in chlorine d#h#a
6 d900 900 15 h in Cl

2
#35 h in air

d#h#a

7 d900 900 30 h in Cl
2

#20 h in air
d#h#a

8 d950 950 15 h in air d#h
9 d950 950 30 h in air d#h

10" d950 950 60 h in air d#h
11" d950 950 15 h in chlorine d#h#a
12" d950 950 30 h in chlorine d#h#a
13 d950 950 15 h in Cl

2
#35 h in air

d#h#a

14 d950 950 30 h in Cl
2

#20 h in air
d#h#a

15 d1000 1000 20 h in air d#h#a$

16 d1000 1000 40 h in air d#h#a$

17# d1000 1000 60 h in air d#h#a$

18# d1000 1000 20 h in chlorine d#h#a
19# d1000 1000 40 h in chlorine d#h#a
20 d1000 1000 20 h in Cl

2
#40 h in air

d#h#a

21 d1000 1000 40 h in Cl
2

#20 h in air
d#h#a

!XRD diagram shown in Fig. 1.
"XRD diagram shown in Fig. 2.
#XRD diagram shown in Fig. 3.
$a-phase present in a small amount.

Microscopy (SEM**). The details of all treatments are
given in Table II, where the phases detected after each
treatment are also indicated.

3. Results
3.1. Phase identification
The criteria used in the identification of transition
aluminas are those proposed by Dauzat et al. [16].
Transition aluminas (c, d and h phases) can be differ-
entiated by analysing the XRD peaks between
2#"30.83° and 2#"33.18°. The d-phase is distin-
guished from the c-phase by a peak at 2#"32.83°.
The h-phase differentiates from the other two by
the peak at 2#"31.29°. Peaks at 2#"32.32° and
**SEM 515, Philips Electronic Instruments.

2#"32.79° for the c and h phases, respectively,
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Figure 1 XRD diagrams obtained from (a) starting batch d900, and
after (b) 60 h at 900 °C in air, (c) 15 h at 900 °C in chlorine, and
(d) 30 h at 900 °C in chlorine (heat treatments are runs 3 — 5 in
Table II).

help also to identify the present phases in a mixture.
Since the peaks at 2#"32.83° for d-phase and
2#"32.79° for h-phase are in fact overlapped, the
2#"31.29°/2#"32.83° ratio of integrated intensity
peaks is used to determine the presence or absence of
the d-phase. When this ratio is lower than 0.6, the
d-phase coexists with the h-phase [16]. The relative
amount of a-phase to all transition aluminas can be
estimated from the peaks in the range between
2#"65° and 2#"70°. The peak at 2#"67.5° is
characteristic of all transition aluminas and is not
present in the a-phase, and the peaks at 2#"66.6°
and 2#"68.2° belong only to the a-phase. Their
relative integrated intensities depend on the amount of
a-phase relative to all transition aluminas in a given
sample. Then, from the comparison between different
XRD diagrams a qualitative estimation of the degree
of transformation, relative to one of them, can be
assessed.

Figs 1, 2 and 3 show the XRD patterns that corres-
pond to the three batches. Each figure shows the
diagrams before the thermal treatments (a), after
the longest run in air (b), and after chlorine runs (c, d).
The peaks belonging to each phase are indicated. All
batches have common features: (1) The XRD pattern
after the thermal treatment in air is similar to that

of starting batch; (2) The XRD patterns after both



Figure 2 XRD diagrams obtained from (a) starting batch d950, and
after (b) 60 h at 950 °C in air, (c) 15 h at 950 °C in chlorine, and
(d) 30 h at 950 °C in chlorine (Heat treatments are runs 10 — 12 in
Table II)

thermal treatments in chlorine are equivalent; (3) The
XRD patterns after treatments in chlorine show no-
ticeable changes if compared to that of starting batch
and involve the markedly apparition of a-phase. Also,
it can be stated that the effect of chlorine is greater at
higher temperatures and gives qualitatively more
transformation from transition aluminas to a-phase.
The XRD patterns for chlorinated samples that re-
ceived further thermal treatments in air are not shown
since in all cases no additional changes were observed.

3.2. SEM observations
The micrograph in Fig. 4 shows an oxide particle from
starting batch d1000 and a detail of its surface. Start-
ing batches d900 and d950 showed identical character-
istics. Particles of starting materials had an irregular
surface formed by apparently agglomerated stepped
blocks. Fig. 5 shows a particle corresponding to run
17 (Table II) which is representative of all thermal
treatments in air. It can be observed that there were no
microstructural changes.

After thermal treatments in chlorine, irrespective of
temperature and duration of the heating, two types of
oxide particles were observed: (1) one type was formed
by an agglomeration of disc-shaped crystals (Figs
6 and 7); and (2) the other type exhibits disc-shaped
crystals that grew over a matrix similar to that of the
starting material (Fig. 8). Two main behaviours asso-

ciated to the treatments in chlorine were observed: for
Figure 3 XRD diagrams obtained from (a) starting batch d1000, and
after (b) 60 h at 1000 °C in air, (c) 20 h at 1000 °C in chlorine, and
(d) 40 h at 1000 °C in chlorine (Heat treatments are runs 17 — 19 in
Table II).

Figure 4 SEM micrograph of a particle (left) of the starting batch
d1000 and the surface detail (right) of marked zone (XRD diagram
in Fig. 3a).

all runs, and for both types of oxide particles, the
disc-shaped crystals had a narrow size distribution
with a mean diameter of about 5 lm, and the global
number of crystals (evaluated by simple visual inspec-
tion) is greater at higher temperatures.

4. Discussion
The phases present in starting batches d900, d950 and

d1000 are in agreement with the expected dPhPa
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Figure 5 SEM micrograph of a particle of batch d1000 (left) after
heating in air at 1000 °C during 60 h (run 17 in Table II) and the
surface detail (right) of marked zone (XRD diagram in Fig. 3b).

Figure 6 SEM micrograph of a particle of batch d1000 after heating
in chlorine atmosphere at 1000 °C during 40 h (run 19 in Table II,
XRD diagram in Fig. 3d).

Figure 7 SEM micrograph of surface detail of particle of batch d950
after heating in chlorine atmosphere at 950 °C during 30 h (run 12 in
Table II, XRD diagram in Fig. 2d).

transformation sequence from well-crystallized boeh-
mite. Therefore the formation of a-phase during the
thermal treatments in air must involve a mechanism of
solid state diffusion in which dehydration of OHs
contained in transition aluminas favours the trans-
formation. This process is consistent with the observed

slow transformation kinetics in these treatments.
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Figure 8 SEM micrograph of surface detail of a particle of batch
d950 after heating in chlorine atmosphere at 950 °C during 30 h
(run 12 in Table II, XRD diagram in Fig. 2d).

Chlorine gas, due to its strong dehydrating behav-
iour, should enhance the transformation between
transition aluminas in the same sequence as for treat-
ments in air. However, this effect cannot be verified in
long-term heatings because of the enhancing effect
(compared to air) on a-phase formation at the expense
of transition phases. The morphological changes ob-
served after treatments in chlorine atmosphere, which
are very different to those associated to air treatments,
suggest that when chlorine is present an alternative
mechanism, additional to the dehydration one, would
give the main contribution to a-phase formation. In
chlorinated samples, the observed crystals have the
typical ‘‘barrel-shaped’’ habit of a-Al

2
O

3
[20]. Thus,

these crystals can be identified as belonging to a-phase
and crystal growth must occur from a fluid phase [21],
which in our case is the gaseous phase. We suppose
that the transport from transition aluminas to a-phase
was carried out by AlCl

3
(g). Then, chlorine action can

be interpreted as a two-step mechanism involving
‘‘dissolution’’ of transition aluminas in a vapour phase
and further precipitation of the a-phase. This mecha-
nism allows the direct transformation of each
transition phase in the stable one and can be repre-
sented by the following equations

2 (d, h)-Al
2
O

3
(s)#6 Cl

2
(g) " 4AlCl

3
(g)#3 O

2
(g)

(1)

4AlCl
3
(g)#3O

2
(g) " 2a-Al

2
O

3
(s)#6Cl

2
(g)

(2)

Despite chlorination of aluminas is not thermodyn-
amically favourable, from data [1] for reaction 2 and
for 1.013]105 Pa of chlorine pressure, the equilib-
rium partial pressure of AlCl

3
(g) is 60.78 Pa at 900 °C,

101.3 Pa at 950 °C and 182.3 Pa at 1000 °C. Even for
these low AlCl

3
(g) pressures, a vapour mass transport

would be feasible [19]. Crystallization of a-Al
2
O

3
will

depend on the AlCl
3
(g) saturation in vapour phase

relative to the equilibrium values. Based on the high
reactivity of transition aluminas [22], reaction 1 could
be considered a suitable AlCl

3
(g) supply to give a

correct saturation. Because, for all chlorine runs, the

same size of a-Al

2
O

3
crystals was observed, a nearly



equilibrium growth can be supposed. In the following,
the ability of reaction 1 to ‘‘dissolve’’ transition
aluminas and the efficiency of reaction 2 to produce
a-Al

2
O

3
crystallization will be discussed in the light of

OH presence.
The formation of AlCl

3
through reaction 1 would

be assisted by OH. In the dehydration process
through the Cl

2
—OH interaction, chlorine molecules

could be dissociated and HCl(g) and Cl(g) could be
produced. Chlorine atoms, which have greater chem-
ical activity than chlorine molecules, would be more
effective to form AlCl

3
(g).

Regarding a-Al
2
O

3
crystallization, in chemical va-

pour deposition studies about alumina films from
AlCl

3
(g) precursor, the influence of oxygen donor

from the systems H
2
O—AlCl

3
[23], CO

2
—H

2
—AlCl

3
[23, 24], O

2
—AlCl

3
[23] has been reported. Although

all these systems are thermodynamically favourable,
from the point of view of their kinetics O

2
is the least

effective as oxygen donor, whereas the H
2
O—AlCl

3
system is the most effective [23]. A study on the
growth of a-Al

2
O

3
from fluorinated c-Al

2
O

3
in pres-

ence of water vapour [25] shows the development of
hexagonal platelets, very similar to the crystals shown
in the present work. The authors explain their obser-
vations based on the crystallization of a-Al

2
O

3
from

AlF
3
(g)#H

2
O(g) reaction. In our case, the formation

of water vapour from thermal dehydration of OH that
did not react with chlorine could assist stable phase
crystallization by the following reaction

2AlCl
3
(g)#3H

2
O(g) " a-Al

2
O

3
(s)#6HCl(g)

(3)

In our closed system, the initial concentration of react-
ants and the OH content in transition aluminas would
determine which reaction (2 or 3) produces the stable
phase crystallization. However, it was not the aim of
the present work to investigate their relative contribu-
tion.

5. Conclusion
The following conceptual scheme represents all pro-
cess that would describe transformation of transition
aluminas to the a-Al O phase in air and in chlorine
2 3
atmospheres

2 d-Al
2
O

3
(s) P2h-Al

2
O

3
(s) P 2a-Al

2
O

3
(s)

# #

6Cl
2
(g) 6Cl

2
(g)

W W

P P 4AlCl
3
(g)#3O

2
(g) P 2a-Al

2
O

3
(s)#6Cl

2
(g)

4 AlCl (g)#6H O(g) P 2 aAl O (g)#12 HCl(g)

3 2

Thermal treatments in air atmosphere allow the
subsequent transformation throughout transition
aluminas to a-phase. In chlorine atmosphere, an alter-
native path that involves the direct transformation of
each transition phase by vapour transport through
AlCl

3
(g) is evidenced. In this scheme the OH presence
in transition aluminas would enhance the AlCl
3
(g)
formation and either oxygen as in reaction 2 or water
vapour as in reaction 3 could favour a-Al

2
O

3
crystalli-

zation. For higher temperatures, it was found that
both the relative amount of stable phase and the
number of crystals increase. Then, it can be inferred
that the higher the temperature the greater the max-
imum number of nuclei formed over which, at equilib-
rium, a maximum final growth through AlCl

3
(g) is

achieved. A greater number of nuclei could be present
in starting batches prepared at higher temperatures, as
can be supposed from the observation of slight pro-
duction of a-phase in the starting batch d1000.
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