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Atomic Scale Mechanism of the Transformation of y-Alumina to #-Alumina
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y-alumina is known to transform to f-alumina and finally to a-alumina upon thermal treatment with
a catastrophic loss of porosity and catalytic activity. First-principles calculations were performed to
investigate the atomic scale mechanism of the y- to #-alumina transformation. The transformation
pathways between the two different forms have been mapped out and identified as a sequence of Al
cation migrations. Different possible Al migration paths may be responsible for the experimentally
observed formation of domains and twins in #-alumina. The estimated temperature dependence of the
conversion rate is in excellent agreement with the experimental transformation temperature.
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Alumina, nominally Al, O3, is an exceptionally signifi-
cant structural and functional ceramic material. Besides
the thermodynamically stable «-alumina (corundum)
form, it exists in many metastable forms (transition alu-
minas), which are widely used in catalysis, microelec-
tronics, optics, etc. [1-3]. These have been the subject of
many experimental and theoretical investigations [1-7].
The transition aluminas are derived by thermal dehydra-
tion of aluminum hydroxide precursors. The dehydration
sequence, boehmite — y — 6 — 6 — «, is of particular
interest since <yy-alumina is one of the most important
catalytic support materials. One serious industrial prob-
lem is that at elevated temperatures, undoped y-alumina
transforms rapidly to a-alumina, accompanied by a cata-
strophic loss of porosity via sintering. An understanding
of the mechanisms of the polymorphic phase transforma-
tions would therefore be of great value in developing
improved material preparation for control of sintering,
and therefore retention of porosity.

In this Letter, we report a theoretical study of the
atomic scale mechanism of the phase transition from
v- to f-alumina (S-alumina is viewed as a superstructure
of y-alumina [8]), the critical first step leading to loss of
porosity. The transformation leads to loss of porosity in
two ways. First, the product #-alumina is intrinsically a
lower surface-area material than y-alumina [4]. Second,
the unit cell of @-alumina is a defect-free struc-
ture, whereas the unit cell of ry-alumina must contain
defects. To the best of our knowledge, there are just a
few previous theoretical works related to the transforma-
tion of y- to #-alumina [5,8], which proposed a space
group sequence analysis to depict possible transformation
paths based on symmetry group/subgroup relationships.
The phase transformation mechanism proposed here cor-
rectly predicts the observed orientation relationship be-
tween y- and f-alumina, and reveals the origin of the
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observed interfaces in domain boundaries in #-alumina.
The predicted rate of the thermal conversion is in ex-
cellent agreement with the well-established experi-
mental value.

The calculations were based on density functional
theory and employed the generalized gradient approxi-
mation to the exchange-correlation energy. Ultrasoft
pseudopotentials [9] have been used. A plane wave basis
set has been used to describe the electronic wave func-
tions with a cutoff energy of 380 €V, and two special k
points in the Monkhorst-Pack integration scheme have
been employed [10]. The Al vibrational frequencies are
harmonic [11].

y-alumina is known to have a defect cubic spinel struc-
ture (Fd3m) [4,12,13] with Al cations distributed over
the octahedral (O},) and tetrahedral (7,) interstitial sites
defined by the oxygen anion sublattice. The 8/3 cation
vacancies per cubic unit cell are required to maintain the
Al,O5 stoichiometry. Starting from the defect-free spinel
structure (AB,0,), we first constructed a unit cell Al;gOyy
[Fig. 1(a)] in terms of the basis vectors of its cubic cell a,,
b,, and c,, such that a,y = 1.5a, +0.5b,, b, =
—-0.5b, + 0.5¢,, ¢,x = —0.5b, —0.5¢,, where a,y,
b, and ¢,y are the unit vectors of the redefined cell.
The two vacancies can then be assigned to any positions
among the 18 cation sites to satisfy the Al,O; stoichi-
ometry. The constructed cell (yy) is one of the minimal
possible cells that contain an integer number of cation
vacancies.

Full geometry optimization indicates that the total
energy increases with decreasing distance between the
two vacancy sites, in accordance with the conclusion of
Wolverton and Hass [7]. In the lowest energy configura-
tion, the vacancies are located in {11 I}YN planes, (i.e., in
{110}, planes), in agreement with the high-resolution
electron microscopy observations [14,15].

© 2002 The American Physical Society 235501-1



VOLUME 89, NUMBER 23 PHYSICAL

REVIEW LETTERS

2 DECEMBER 2002

b

FIG. 1 (color). (a) Vacancy-free cell of y-alumina defined by
a=15a,+05b,, b= —-0.5b,+0.5¢c,, c=—-0.5b,—0.5¢c,.
(b) Supercell of #-alumina defined by aq, = ay — by, by, =
2by, ¢y, = ¢y, and translation of cell origin (red spheres: oxy-
gen; purple spheres: aluminum). The similarity between these
two structures is apparent.

#-alumina is monoclinic with space group C2/m. There
are four formula units per unit cell with all of the ions
located at 4i Wyckoff positions [12,13].

Although the structures of - and @-alumina look
rather different (cubic and monoclinic symmetry, re-
spectively), both have an fcc oxygen anion sublattice
with Al cations occupying a portion of the available O,
and 7, interstices. Examination of the 6 structure reveals
that it can be redefined to a shape very similar to that
of yn, by enlarging the #-alumina primitive unit cell
AlgOq; to a cell AljgO,y4 [cell Oy, Fig. 1(b)] using new
unit vectors @y = ay — by, by, = 2by, ¢y, = ¢y, Where
ay, by, and ¢, are the basis vectors of #-alumina. The only
essential difference between yy and Oy is in the distribu-
tion of Al atoms in the interstices among the oxygen
sublattice.

There are two direct pathways that transform cell yy
into a unit cell similar to fy (here “direct” implies that
Al atoms move to adjacent unoccupied 7, or O, sites),
which give us two ways to construct a model #-alumina
cell from the redefined cell yy.

Scheme A: The transformation is achieved by keeping
two 8a and six 16d Al atoms at their original sites, and
moving the remaining eight Al atoms to two 16¢ and six
48f sites (below we call the product of this scheme
model A).

Scheme B: The transition is reached by keeping two
16d Al atoms at their original places. All the 14 other Al
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atoms move to six 16¢, two 8b, and six 48 sites (we call
the product of this scheme model B).

The resulting models are shown in Fig. 2. For easier
comparison, two unit cells are shown and the Al atoms in
different 7, and O, sites are represented by different
colors. Disregarding the small distortion, models A and
B are translationally equivalent, with the translation vec-
tor R = cyN/2 (Fig. 2). Also, both models A and B can
each be constructed in three equivalent ways, depending
on different sets of the occupied 8a and 16d sites. The
three A (or B) variants of the model can be approximately
generated by translating model A (or B) on the vectors as
follows: R = a,n/6 — b,n/6 + ¢,n/3and R = a,n/3 +
b,n/6 + 2¢,n/3. If the oxygen anions of y-alumina are
in ideal positions (i.e., the u of the oxygen fractional
coordinate (w, u, m) is 0.375, instead of the practical
value 0.387), the constructed # models can be further
simplified to AlgO;, with the cell in the shape of
f-alumina reported experimentally.

Based on the relationship between the yy-alumina and
y-alumina lattice axes, we can establish the orientation

8a 16d oxygen 48f 16¢

b 8b oxygen 16d 16c 48f

FIG. 2 (color). Two 6#-models produced from <y-alumina by
different transformation schemes: (a) Model A; (b) Model B.
Note the translational relationship R = ¢4/2 between the two
models.
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relations between 7y-alumina and #-alumina models as
follows: [010], || [011], and (100), | (100),. According
to lattice symmetries, they are exactly equivalent to
the experimental results of [010], || [110], and (100), |
(001),, [5.8].

The two 6 models and the experimental #-alumina
structure are essentially identical upon full geometry op-
timization from first principles (Table I) [12]. The energy
difference between them is less than 0.002eV/Al,O;.
The optimized lattice parameters are consistent with
earlier theoretical calculations on @#-alumina [7]. As
a,N=ayg—by, b,x=2by, and c,x = ¢y, the translational
relations among the variants of the # model (there are
three variants for each model) can be converted to R=
cy/2, R=ay/6—by/2+cy/3, R=ay/6—by/2—cy/6,
R=ay/3+2cy/3,and R=ay/3 +cy/6.

There are five possible nonequivalent fundamental
steps in the migration of a Al cation from its original
interstitial site to a neighboring interstitial site related to
the ry-alumina to #-alumina transformation: (i) 8a to 16¢;
(i1) 16d to 48f; (iii) 8a to 48 f; (iv) 16d to 16¢; and (v) 16d
to 8b (only for scheme B). Taking the lowest energy
configuration of yy cell as a start, we moved Al atoms
to their destinations one by one to determine the lowest
energy intermediate states of scheme A. First we moved
every Al atom whose migration is required for the trans-
formation to all of its possible destinations (16¢ or 48f)
and selected the lowest energy step. From this new state
we continued by identifying the lowest energy displace-
ment of a second Al atom. This process was repeated until
model A was established. The lowest energy transforma-
tion sequence was found to be the following: (1) 6 — 3A,
2)9—6A, (3) 16 = 4A, (4) 15— TA, (5) 1 — 2A, and
(6) 18 — 1A. Accompanying the sixth step, the last two
Al atoms that should be moved to complete the y- to
f-alumina transformation relax to their destinations
spontaneously.

When calculating the transition barriers between
adjacent intermediates, we successively fixed the posi-
tions of the migrating atom and one of the atoms far
away from it (to avoid the “sliding” of the whole cell)
and relaxed the positions of all the other atoms in the cell.
The results are shown in Fig. 3. Step (4) is the real rate-
controlling step.

The rate at which a given step of the transition occurs is
determined by the relation

r=vfp(E > AE),

where v is the vibrational frequency with which the

TABLE I  Optimized structural parameters of §-alumina.

Method  a(A) b(@A) c@) a() B(C) y()
Expt. [12] 1213 5733 5532 90.00 103.5 103.7
Model A 1220 5727 5529 89.85 1037 103.8
Model B 1222 5719 5529 8990 103.6 103.8
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reactant approaches the top of the barrier, f is the popu-
lation of the reactant, and p(E > AE) is the probability
that the reactant has sufficient energy to surmount the
barrier AE, i.e.,

_ L par
p(E > AE) T fAEe dE.
Here k is the Boltzmann constant, and 7 is the Kelvin
temperature. Assuming that quasiequilibria are estab-
lished among all intermediates that precede the rate-
controlling step (and the reactant), Boltzmann statistics
were employed to estimate the population of the inter-
mediate precursor to the rate-controlling step.

The temperature range of stability for -alumina in the
sequence of the dehydration of boehmite is about 1200—
1300 K [4]. The predicted rate for the key step at 1300 K
is 1.76 X 107 s~!, which implies that about 11 h are
required for half of the reactants to surmount the barrier,
in excellent agreement with experimental reaction time
(about 2-10 h) [12,16].

All calculations reported above are for scheme A.
As the energy increase accompanying the migration of
Al(16d) to an 8b site is much higher than those of Al(16d)
to 48f or 16c¢ sites, the transformation by scheme B is
energetically less favorable. In addition, one needs to
reorder 14 atoms to complete the transformation of
v- to f-alumina by scheme B (instead of 8 atoms in
scheme A), which makes this scheme statistically less
probable as well. Therefore, starting from the same con-
figuration, the transformation by scheme B will occur
much more slowly than by scheme A. Of course, due to
the range of distributions of Al vacancies, different Al
migration paths are possible, thus forming the variants of
the models A and B in different domains. This is consis-
tent with the observed formation of twins and interfaces
in f-alumina [8,16].

Two types of domain boundaries are observed
experimentally — translational and rotational. The ob-
served translational interfaces have been reported to cor-
respond to the translational vectors R = ¢4/2 and
R = a,/3 [8,16]. The translational interface with R =
cg/2 can be formed by ordering cations through
schemes A and B, respectively, in neighboring do-
mains (Fig. 2) [8]. However, the translational interface

l
al
$al
W
< 127
of
-2 A A
0 1
Step
FIG. 3. Energy profile along the reaction pathway.
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FIG. 4 (color). Models of translational and rotational inter-
faces in #-alumina: (¢) Translational interface with R = a4/3 +
¢y/6; (r) Rotational interface with by, ¢, rotated 180° around
ay. See Fig. 2 for R = ¢y/2.

with R = ay/3 seems incompletely identified [8].
According to the translational relationships between the
variants of the § models mentioned above, we suggest that
the observed translational interface is actually R =
ay/3 + cy/6, with the ¢y/6 value being too small to be
observed [Fig. 4(1)]. The rotational interface on (001),
planes is explained by the 180° rotation of the b,y and
cyn axes around a,y, ie., a’eN = a,n, by = —b N,
Con = —c,N, in a neighboring domain [Fig. 4(r)] [8].
The twinned interface reported by Wang et al. is actually
rotational plus translational [16].

To account for the extension of the lattice vector a,, by
the factor of 3/2 in the y- to -alumina transformation,
Levin and co-workers suggested that the process must
proceed through disordering of the y form to a simple
fce structure with a, reduced by 2, with subsequent
reordering with a threefold increase of the lattice parame-
ter [5,8]. Our study shows that 3/2a.,, is easily explained
by the 6 models constructed from the yy cell. Although
a, = (5/2)"2a,, ay can be simplified to 3/2a,, if one
neglects the small distortion of oxygen sublattice. It may
be true that the lattice symmetry becomes nominally
Fm3m during the y- to #-alumina transformation process
by scheme B, due to the large scale rearrangement of the
Al sublattice and the involvement of the 8b sites, but it
does not seem to be necessary to satisfy such a restriction
in the domain where the transformation takes place by
scheme A, wherein the 8b sites are not involved.

In summary, we have shown that although the unit cell
of cubic y-alumina looks quite different from that of
monoclinic #-alumina, both of them can be described by
cells containing Al;¢O,, that are very similar. We found
that when some of the Al atoms in vy-alumina move to
specific sites, a structure that is a close approximant of the
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@-alumina structure is formed. Two possible cation reor-
dering schemes are proposed which eventually form
translationally equivalent & models, both of which are
equivalent to the experimental structure within the mar-
gins of error of the calculations.

Based on our first-principles calculations, the Al mi-
gration is found to take place first in the vicinity of the
cation vacancies in order to reduce the strong Al-Al
interactions. Starting from a lowest energy configuration
of y-alumina, the lowest energy pathway of transforma-
tion was mapped out. The computed conversion rate re-
covers the experimental transformation temperature with
high accuracy. The experimental observations of the ori-
entation relationship between y- and #-alumina, and the
translational and rotational interfaces in #-alumina can be
reasonably explained within the proposed models.
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