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Abstract—Method of the projector augmented waves in the plane-wave basis within the generalized-gradient
approximation for the exchange-correlation functional has been used to study oxygen adsorption on (001),
(100), and (110) low-index surfaces of the TiAl; alloy. It has been established that the sites that are most ener-
getically preferred for the adsorption of oxygen are hollow (H) positions on the (001) surface and bridge (B)
positions on the (110) and (100) surfaces. Structural and electronic factors that define their energy preference
have been discussed. Changes in the atomic and electronic structure of subsurface layers that occur as the
oxygen concentration increases to three monolayers have been analyzed. It has been shown that the formation
of chemical bonds of oxygen with both components of the alloy leads to the appearance of states that are split-
off from the bottoms of their valence bands, which is accompanied by the formation of a forbidden gap at the
Fermi level and by a weakening of the Ti—Al metallic bonds in the alloy. On the Al-terminated (001) and (110)
surfaces, the oxidation of aluminum dominates over that of titanium. On the whole, the binding energy of
oxygen on the low-index surfaces with a mixed termination is higher than that at the aluminum-terminated
surface. The calculation of the diffusion of oxygen in the TiAl; alloy has shown that the lowest barriers cor-
respond to the diffusion between tetrahedral positions in the (001) plane; the diffusion of oxygen in the [001]
direction occurs through octahedral and tetrahedral positions. An increase in the concentration of aluminum
in the alloy favors a reduction in the height of the energy barriers as compared to the corresponding barriers

in the y-TiAl alloy.
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1. INTRODUCTION

Among the large number of known intermetallic
alloys, the greatest attention of both experimenters
and theorists is paid to the alloys based on titanium
and aluminum. The titanium aluminides are consid-
ered as promising structural materials for the high-
temperature applications in the modern branches of
industry, such as aerospace, automobile, ship build-
ing, etc. These materials possess a whole complex of
good mechanical properties, such as low density, high
melting point, plasticity, high strength, and heat resis-
tance [1, 2]. The high specific strength and elasticity
modulus of Ti—Al compounds as compared to the
nickel superalloys make the titanium aluminides very
promising for the production of components of con-
temporary aircraft engines and turbines; however,
their corrosion resistance remains less than desired.
Furthermore, the balance between the mechanical
properties of titanium aluminides and their stability
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with respect to external factors by no means always can
be achieved. For example, the TiAl; alloy is character-
ized by a high melting point (near 1340°C), Young’s
modulus (216 GPa) of the same order as in the nickel-
based superalloys, a comparatively low density (about
3.3 g/cm?) [1, 2], and possesses high corrosion resis-
tance; however, because of the low symmetry of its lat-
tice, this alloy is a rather brittle material. Therefore,
the principal goal of the development of new materials
based on titanium aluminides is to obtain materials,
whose mechanical properties would combine the
properties of Ni-based superalloys and of high-tem-
perature ceramics.

The basic problem in the case of the Ti—Al alloys
remains an increase in the maximum temperature at
which the articles made of these alloys would preserve
the necessary mechanical properties. In this context, it
is required to deeper understand the process of oxida-
tion of the surface of these alloys depending on their
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composition and also to establish factors that can
increase their corrosion resistance at high tempera-
tures. The processes of oxidation of both pure titanium
and its aluminides have been studied sufficiently well
by experimental methods [1, 2]. It is known that oxy-
gen, when interacting with titanium, forms an oxide
scale with a rutile structure; the outer oxide layer usu-
ally has a columnar structure, which becomes less pro-
nounced with an increase in the temperature; and the
inner oxide layer is characterized by a finer structure
with equiaxed grains [1—5]. It is assumed that this
compact inner oxide layer is an efficient barrier for the
diffusion of oxygen. The mechanism responsible for
the formation of this layer is connected with stresses
that act in the oxide and, consequently, with the creep
rate of rutile under oxidation conditions. The trans-
port of oxygen can be substantially affected by the
presence of vacancies and defects. The dissolution of
oxygen in the titanium substrate upon oxidation can
be accompanied by its embrittlement. Furthermore,
the rate of the oxygen diffusion depends on the struc-
ture of titanium and is higher in B-Ti than in o-Ti [6].

The addition of aluminum makes the oxidation
process more complex, since aluminum, just as tita-
nium, has an affinity for oxygen and forms a dense
oxide with the structure of corundum ¢-Al,O5, whose
formation on the aluminum substrate ensures high
corrosion resistance. However, the chemical activity
of aluminum is reduced in Ti—Al alloys that contain
less than 50% aluminum [1, 7, 8]; this, in combination
with the thermodynamic characteristics of the oxides,
leads to a larger stability of the interfaces with TiO and
TiO, than with Al,O;. In this connection, it is assumed
that on the surface of such alloys there occurs a process
of alternating growth of layers with the predominant
content, first, of the titanium oxide and, then, of the
aluminum oxide. In this case, cracking and partial
shedding of the outer layers of the films that do not
contact with the alloy can occur [1, 6, 9]. Available
experimental data [ 10—14] show that, at high tempera-
tures, the low corrosion resistance of the titanium alu-
minides with the aluminum content of 50% and less is
caused by the formation of precisely such mixed layers
of oxides of titanium and aluminum. The thickness of
the external layer of TiO, is on the order of several tens
of micrometers, and the kinetics of oxidation can be
described by a parabolic or even linear law, depending
on the temperature of oxidation [14]. At the same
time, the examination of the high-temperature oxida-
tion of the TiAl; alloy in an oxygen atmosphere [14,
15] has shown that in the range of temperatures from
700 to 1200°C there is formed an outer protective
oxide layer that almost completely consists of 0-Al,O5
and controls the kinetics of oxidation. The oxide
thickness does not exceed several micrometers; never-
theless, even such a thin layer of Al,O; leads to a sub-
stantially lower rate of oxidation of the alloy as a result
of the suppression of the oxygen diffusion. According
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to [14], the low content of titanium in this oxide layer
leads to the suppression of nucleation of the TiO,
phase and, as a result, to the absence of pores and
cracks. The anomalously high rate of oxide growth at
the initial stage of oxidation of the surface of TiAl;
alloy at temperatures below 1000°C observed in [15]
was connected with the internal oxidation of the alloy.
The majority of experimental works, for example,
[16—20] were devoted to the study of the influence of
a third component in the TiAl; alloy on its corrosion
resistance. In particular, it was established that the
introduction of Cr, Fe, Ni, and Ag led to improvement
in the corrosion resistance of the alloy; in this case, no
internal oxidation and formation of the oxides of these
elements were observed. At the same time, an impurity
of manganese negatively affects the corrosion resis-
tance of the alloy, since it significantly increases the
rate of oxidation at temperatures above 1000°C
because of the formation of Al,O; with inclusions of
TiO, particles, although at low temperatures the addi-
tion of Mn does not exert such an effect. The admix-
ture of copper favors the formation of TiO, and CuO
oxides along with Al,O;, thus reducing the corrosion
resistance of the alloy. Therefore, it follows from the
above-mentioned experimental works and references
therein that the growth of oxide films directly depends
on the composition of surface layers and existing
defects. Both the composition of the surface layers and
the mechanism of their oxidation can also be substan-
tially affected by the surface segregation of alloy com-
ponents.

Note that the mechanical and electronic properties
of Ti—Al intermetallic compounds have been studied
repeatedly by theoretical methods within the frame-
work of the density functional theory (DFT). For
example, the authors of [21] have calculated the ener-
gies of substitutional defects in the different sublattices
of Ti—Al alloys. The effect of impurities on their elastic
properties and electronic structure has been studied in
[22, 23]. The authors of [24—32] have studied the
atomic and electronic structures of the surfaces of tita-
nium aluminides and the adsorption of oxygen on the
differently oriented surfaces of alloys. In this respect,
the most thoroughly studied alloy is y-TiAl [24—26,
29—33]. The adsorption of oxygen on the surface of
TiAl(111) was studied in [24—26, 30]. It was shown
that the most preferred sites of oxygen adsorption on
the TiAl(111) surface were Ti-rich positions [24] and
that the formation of new Ti—O and Al—O bonds led
to the weakening of metallic bonds [25, 26]. The
authors of [30—33] studied the adsorption of oxygen
on other low-index surfaces of this alloy. In [26, 31],
the effects of surface segregation on the processes of
oxidation of the TiAl surface were studied. Specific
features of the formation of oxide layers on the stoi-
chiometric TiAl(100) surface with the oxygen concen-
tration increasing up to two monolayers (MLs) were
examined in our recent work [32]. In addition, we have
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Fig. 1. (Color online) Atomic structure of the TiAl; alloy (space group D0,,) and of the (001), (100), and (110) low-index surfaces.
Symbol Findicates fixed layers; d and d, are the interlayer spacings in the bulk and on the surface of the alloy.

studied the diffusion of oxygen in the bulk of y-TiAl
alloy and from its surface into the bulk of material [32,
33]. It was established that the sorption of oxygen on
the (001), (100), and (110) surfaces, as well as in the
bulk of the alloy, was most preferred in Ti-rich posi-
tions and that the energy barriers increased upon the
diffusion of oxygen from these positions.

The electronic structure of the TiAl; alloy was also
studied in earlier works [34—37]. A considerably
smaller attention was paid in the literature to the inves-
tigation of the surface structure of this alloy and the
interaction of this structure with adsorbed atoms. The
surface energy of the TiAl;(001) surface was calculated
in [38], where this surface was modeled by 2- to 8-
layer-thick films; however, the adsorption of oxygen
on the surface of this alloy was not studied.

Note that the direct simulation of the high-tem-
perature oxidation of the surface of Ti—Al alloys is dif-
ficult within the framework of the DFT methods;
however, these methods are used intensively in the last
decade for studying adsorption and diffusion of inter-
stitial impurities. Although the DFT methods make it
possible to obtain information on the ground state of
the alloys, it is assumed that for the understanding of
the mechanisms of the high-temperature oxidation of
the surface of the Ti—Al alloys it is necessary to deter-
mine the basic tendencies of the interaction of oxygen
with the surface, which are determined by the electron
subsystem and practically are independent of tem-
perature. In this connection, it is necessary to conduct
comparative and systematic studies of the initial stage
of this process, which includes the calculation of the
energies of oxygen binding with differently oriented
surfaces and the establishment of factors that influ-
ence the diffusion of oxygen in the alloys of different
composition.
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Thus, the purpose of this work is a theoretical study
of the oxygen adsorption on the low-index surfaces
(001), (100), and (110) of the TiAl; alloy, as well as of
the initial stage of the formation of oxide layers with an
increase in the concentration of oxygen on the surface
to three monolayers. Another purpose is to reveal the
most preferable paths of migration of oxygen atoms in
the bulk TiAl; alloy, which will make it possible to
establish the specific features of the oxygen diffusion
in the alloy with decreasing content of titanium.

2. METHOD OF CALCULATIONS

The calculation of the atomic and electronic struc-
tures of the TiAl; alloy with the D0,,-symmetry and of
its low-index surfaces (Fig. 1) was carried out by the
projector augmented wave (PAW) method in the
plane-wave basis [39, 40], which was realized using a
VASP program code [41—43], with the generalized
gradient approximation for the exchange-correlation
functional in the GGA-PBE form [44]. The cut
energy of the kinetic energy of plane waves from the
basic set was equal to 550 eV. During calculations of
the electronic structure of a bulk alloy, the integration
over the Brillouin zone was conducted with the use of
a 15 x 15 x 7 grid of k points obtained according to the
Monkhorst—Pack scheme [45]. The convergence was
considered achieved if the difference in the total ener-
gies for two successive iterations did not exceed
1073 eV. Note that the theoretical lattice parameters of
the alloy (¢ = 3.842 A and ¢ = 8.616 A) differ from the
experimental values (a = 3.854 A and ¢ = 8.584 A [46])
less than by 0.5%.

During simulation of the low dimensionality struc-
tures given in Fig. 1, we used the approach of multi-
layer films separated by a vacuum gap with a thickness
of no less than 15 A. For the TiAlL;(001) surface, we
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used a grid of 9 X 9 X 1 k points, whereas for calculat-
ing the surfaces with (110) and (100) orientations,
grids of 5 X 9 X 1 k points were used. The relaxation of
the positions of the atoms of the surface layers (no less
than five—six layers, depending on the surface orienta-
tion) was conducted with the use of Newton’s dynam-
ics until the forces on atoms reached ~0.01 eV/A.

The calculations of the oxygen adsorption on the
low-index surfaces were performed within the frame-
work of the model of asymmetrical films, which was
described in detail in our work [32]. Note that oxygen
can be adsorbed in different positions on the alloy sur-
face, depending on its orientation. As a rule, there are
considered high-symmetry positions in the voids
coordinated by three—four surface atoms of the matrix
(hollow positions), between two atoms (bridge posi-
tions), and over the surface atoms (top positions). The
positions of the atoms of three layers on one side of the
film were fixed at the values equal to the bulk ones
(Fig. 1), and the positions of the atoms of remaining
layers were relaxed in three directions. The adsorption
energy of an oxygen atom was calculated by the follow-
ing formula:

1
= Etia, — 2

2

E Eo,l, (1)

ads = _[EO—TiAl3

where Eq_tia, and Ery,, are the total energies of the

surface with oxygen and without oxygen, and Ej is
the total energy of an oxygen molecule (9.86 V). Since
in the spin-polarized calculation the binding energy of
the oxygen molecule exceeds the experimental value
(5.12 eV [48]) by approximately 1 eV [32, 47], in order
to compensate for the inaccuracy of the calculations
within the DFT, we used the experimental value of the
binding energy in the estimations of the adsorption
energy of oxygen. The bond length in the oxygen mol-
ecule is equal to 1.23 A, and the energy of an oxygen
atom calculated in the cell with dimensions of 12 A x
12A X 12Ais 1.56 V.

The estimation of the energy barriers for the diffu-
sion of oxygen atom in the TiAl; alloy was performed
by the method proposed in [49, 50]. In the computa-
tional cell, initial and final positions of the oxygen
atom were specified along the direction of migration,
and five intermediate positions were calculated by the
method of linear interpolation. All calculated config-
urations of the oxygen atom along one direction were
relaxed simultaneously; i.e., for each of them the opti-
mum position of the oxygen atom and of the nearest
atoms of the alloy, which ensured the minimum values
of the energies of all configurations, were determined.
The diffusion barrier was estimated as the difference
between the energies of the alloy with oxygen in the
initial position and at the saddle point.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

LATYSHEV et al.

3. RESULTS AND DISCUSSION
3.1. Energy Stability of Low-1Index TiAl; Surfaces

Let us consider, first, the energy stability of the sur-
faces of the TiAl; alloy. As can be seen from Fig. 1, this
alloy consists of aluminum and mixed titanium + alu-
minum layers that alternate along the direction [001];
therefore, the (001) surface has two terminations.
Analogously, the (110) surface can be terminated by a
layer of aluminum atoms or by a mixed layer, whereas
the (100) surface has a stoichiometric composition
and is terminated by the mixed layer.

The surface energy was calculated via the following
formula:

1

c=—
28

[Ets(l)atlb = Nyillqial, — l—ll::lk(NAl —3Nn) )
—AUA(N o1 —3NT)],

where Nt; and N, are the numbers of atoms of tita-

nium and aluminum in the film; Wy, is the chemical
potential of the bulk alloy; and Ay, is the deviation of
the value of the chemical potential of aluminum on the
surface of TiAl; from its value in the bulk aluminum.
Since formula (2) was derived as was described earlier
in [32], its derivation is not given here. Note that ALy,
varies in the interval of —(1/3)AH < Ay, < 0, where
AH is the enthalpy of formation of TiAl; per formula
unit (1.598 eV). The obtained value of AH agrees well
with the experimental values 1.48—1.59 eV [51, 52].
The test calculations showed that an increase of the
number of layers in the film to more than 11 does not
lead to substantial changes in the surface energy, and
the error in the value of the surface energy is no more
than 0.005 J/m2. A more detailed description of the
approach and of the details of the calculation is given
in [32].

As can be seen from Fig. 2, the TiAl;(110) 4, surface
(hereinafter, the subscript indicates type of the atomic
layer by which the surface in question is terminated) is
stable almost in the entire permitted range of variation
of Aly;. In the limit of the high concentrations of alu-
minum, the stable surface is TiAl;(001),,, although its

surface energy is less by only 0.01 J/m? than that of
TiAl;(110),;, which is close to the limit of the accuracy
of calculations. On the whole, the diagram of the sta-
bility of the low-index surfaces of the TiAl; alloy is
similar to the diagram obtained earlier for y-TiAl [32].
However, there is observed a reduction in the surface
energy of mixed terminations (001)y;_,; and (110)1;_4,
as compared to the titanium terminations of the sur-
faces of the y-TiAl alloy with the same orientation.
Furthermore, the stoichiometric TiAl;(100) surface,
contrary to TiAl(100), is not stable at any values of the
chemical potential of aluminum; however, its surface
energy is close to the value for that for (001) in the Ti-
rich region. The surface energies of both terminations
of the (001) surface are in fact equal (1.80 J/m?) and
Vol. 123
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Fig. 2. The diagram of the stability of the low-index sur-
faces of the TiAlj alloy.

are in satisfactory agreement with the values of 1.85
and 1.73 J/m? obtained in [38] for the six-layer and
eight-layer films.

3.2. Adsorption of Oxygen on Low-Index Surfaces
of the TiAl; Alloy

3.2.1. (001) surface. It is known that on the sur-
faces of metallic compounds the adsorption of oxygen
atoms is, as a rule, studied in the case of highly sym-
metrical positions. On the TiAl;(001) surface, these
are hollow (H), bridge (B), and top (T) positions,
which are distinguished by the coordination of the
adatom of oxygen (Fig. 3). It follows from Table 1 that,
irrespective of the termination of the (001) surface, the
most preferable site for the adsorption of oxygen is the
hollow position over the aluminum atom of the sub-
surface layer (H,). From the bridge B, position
between two aluminum atoms of the surface layer on
the TiAl;(001),, surface, the oxygen atom is displaced
into a more energetically favorable H,, position, which
is caused by the presence of two different atoms in the
subsurface layer near the B, position (Fig. 3). The
smallest adsorption energy of oxygen is obtained in the
case of the top T, position. The same tendency,
namely, the smaller preference of top positions for the
adsorption of oxygen, was found for both terminations
of the TiAl(001) surface [32]. According to our results
obtained for the Ti;Al(0001) surface, the adsorption
energy of oxygen is also higher in the position over the
subsurface atom of aluminum than over the titanium
atom.

The adsorption energy in the H,; position on the
mixed termination of the TiAl;(001)y_,, surface is
only 0.11 eV higher than in the bridge Br;s position
between the surface atoms of titanium and aluminum.
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Fig. 3. (Color online) Positions of the oxygen adsorption
on two terminations of the nonstoichiometric TiAl3(001)
surface. The large and small blue and light-green balls cor-
respond to the titanium and aluminum atoms of the sur-
face and subsurface layers, respectively.

Oxygen is not displaced from the By, position to H,j,
since in this case in the subsurface layer there are
located atoms of only aluminum. At the same time,
the composition of the surface layer only insignifi-
cantly influences the binding energy of oxygen in the
H,, position (the difference in E,4 for the two termi-
nations is about 0.09 eV); however, the appearance of
titanium in the surface layer leads to an increase in the
binding energy of oxygen with the surface irrespective
of the position of the adsorbate. A similar tendency
was obtained earlier for y-TiAl(001) [32]: the binding
energies of oxygen for the titanium termination of the
surface are higher than for the aluminum termination.
Note also that a twofold increase of the surface com-
putational cell (001) in the lateral directions does not
affect the revealed tendencies; the adsorption energy
of oxygen changes approximately by 0.1 eV.

It is necessary to say several words about the influ-
ence of the oxygen adsorption on the atomic structure
of the surface. As a result of splitting of the mixed sur-
face layer of TiAl;(001)y;_a; or of the subsurface layer
of TiAl;(001),;, the interlayer spacing between the
atoms of surface layers in the case of clean surface
changes differently (Table 2). Since the titanium
atoms of the subsurface mixed layer are moved toward

Table 1. Adsorption energy (F,4) of oxygen on the
TiAl;(001) surface, positions of oxygen (#,) relative to the
surface layer, and distances between the oxygen atom and
nearest atoms of the substrate d(O—M)

Surface TiAL;(001) TiAL(001)15_a
O positions | Hy | Hyy | Tar | Hay | Briar| Tar | T
E,4, eV 4.62 | 3.79 | 2.20 | 4.71 | 4.60 | 2.87 | 3.78
ho, A 0.87 1 0.57 | 1.41 | 0.79 | 1.21 | 1.21 | 1.67
d(O-Ti), A |3.90 | 2.69 | 4.03|2.09 | 1.85 | 2.97 | 1.71
d(O—Al), A| 2.11 [ 2.00 | 1.69 | 2.08 | 1.81 | 1.70 | 3.19
Vol. 123 No.6 2016
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Table 2. Relaxation (in %) of the first interlayer spacing for the clean TiAl;(001) surface and for the surface with oxygen in
the H,; position, and the splitting of the mixed layer. In the parentheses, the values for the atom of aluminum of the second

layer over which oxygen is not adsorbed are given

Surface TiAl;(001) 5 TiAL;(001)7i_
Parameter AdAAL—Aly) | AdAAl,—Ti,) &, A AdAAL—AL) | AdAAl,~Tiy) e, A
(001) —1.5 -7.1 0.12 +2.9 -3.1 0.13
O in position Hy  on (001)|  +0.17 -10.8 0.24 +8.4 (+1.4) | +7.0(+0.0) 0.03

the surface in the case of TiAl;(001),;, this leads to a
larger relaxation of the d,(Al,—Ti,) distance. The split-
ting in the surface layer of TiAl;(001)y;_, is only 0.01 A
greater than that for the subsurface layer of
TiAl;(001) .. The average value of the relaxation of the
surface with the mixed termination does not exceed
0.1%, which agrees well with the result of [38]
obtained for an eight-layer film with the application of
ultrasoft pseudopotentials. It follows from Table 2 that
the adsorption of oxygen in the H,, position on the
mixed termination of the TiAl;(001) surface leads to
an increase in the first interlayer spacing. The distance
between the subsurface atom of aluminum over which
there is no oxygen atom and the surface aluminum
atom of the mixed layer also increases, which reflects
the indirect interaction of oxygen with the subsurface
atoms. At the same time, upon the adsorption of oxy-
gen in the Hy, position on the TiAl;(001),, surface the
negative relaxation d,(Al,—Ti,) increases, since the
titanium atom of the subsurface layer is displaced
toward the surface even more strongly. In this case, the
splitting of the subsurface mixed layer increases,
whereas the splitting of the surface mixed layer in fact
disappears upon the adsorption of oxygen on
TiAL;(001)p;_a, (Table 2).

Since oxygen interacts mainly with the atoms of the
surface layer, the changes in the local electron density
of states (DOS) of the alloy components are expressed
more strongly in the case of TiAl;(001)y;_,, (Fig. 4).
The interaction of oxygen with the atoms of aluminum
of the subsurface layer is not direct but rather is a con-
sequence of the hybridization of 3s and 3p orbitals of
aluminum with the corresponding orbitals of surface
atoms. This leads only to inessential changes in the
local DOS of the subsurface atoms of aluminum,
which can clearly be seen in the lower panels in Fig. 4.
On the contrary, the local DOS of the surface atoms of
aluminum upon the interaction with oxygen in these
positions (Figs. 4a—4c) change to a larger degree than
the DOS of the surface atoms of titanium, except for
the T; position, in which oxygen is adsorbed directly
over the surface atom of titanium (Fig. 4d). It is known
that the states of the atoms involved in the interaction
with oxygen are displaced in comparison with the
states for the clean surface. In this connection, the
delocalized s and p orbitals of aluminum more easily
form the bonds with s and p orbitals of oxygen than the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

more localized d orbitals of titanium do. It can be seen
from Fig. 4 that the interaction of oxygen with the sur-
face leads to the appearance of peaks in the local DOS
curves of the surface atoms of Al and Ti, the positions
of which on the energy scale coincide with the peaks of
2s and 2p bands of oxygen. The calculation of partial
DOS of oxygen has shown that its 2s band is located at
the energies from —16 to —20 eV (depending on the
position of the adsorbed atom). In the same region,
there are observed small peaks of DOS of the atoms of
aluminum and titanium (Figs. 4a, 4b) split-off from
the bottom of the valence bands of metals and caused
by the hybridization of their states with the 2s states of
oxygen. The wider 2p band of oxygen lies nearer to the
Fermi level. The positions of the sharp peaks of the 2p
bands of oxygen also agree well with the positions of
the DOS peaks of aluminum, which are located nearer
to the Fermi level at the energies from —6.0 to —3.0 eV
(they are shown by arrows in Figs. 4a—4c). These
peaks reflect the interaction of 2p orbitals of oxygen
with the corresponding 3p orbitals of aluminum,
whereas the peaks located somewhat farther from the
Fermi level, for example, at the energies of —8.0 eV
(Fig. 4a), —6.3 eV (Fig. 4b), and —4.2 eV (Fig. 4c), are
the consequence of the interaction of 2p orbitals of
oxygen with 3s states of aluminum. It is necessary to
note that with an increase in the binding energy of
oxygen with the surface there occurs a shift of the cen-
ters of gravity of both valence s and p subbands of oxy-
gen toward negative energies. On the whole, the strong
hybridization of the s and p states of oxygen with the
orbitals of both surface atoms leads to a larger prefer-
ence of the hollow H,, and bridge By, positions for
the adsorption of oxygen on the mixed termination of
the TiAl;(001);_, surface. The hybridization of the
states of surface atoms with the 2p states of oxygen
leads to the appearance of low-lying states, which also
begin to split-off from the edges of the valence bands
of Al and Ti. Since similar tendencies in the changes in
the local DOS of surface atoms also occur upon the
adsorption of oxygen on TiAl;(001),,, we will not ana-
lyze them here.

It is necessary to note that the smallest energy of
binding of oxygen in the top positions is caused by the
circumstance that in this case the chemical bond is
formed via the interaction of oxygen with the 3p_orbit-

als of aluminum or with the 3a’ZZ orbitals of titanium;
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Fig. 4. Densities of electron states of oxygen and of surface (.S) and subsurface (S — 1) Ti and Al atoms depending on the position
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Fig. 5. (Color online) Oxygen adsorption positions on the
TiAl5(110) surface depending on its termination. The des-
ignations as in Fig. 3.

however, the latter are almost not filled. In this case,
the charge necessary for the interaction with electro-
negative oxygen can be obtained due to a redistribu-
tion of the charge from other filled orbitals of these
atoms or from the nearest neighbors. It can be seen
that upon the interaction of oxygen in the top posi-
tions (Figs. 4c, 4d) there occurs an exhaustion of the
states of the corresponding surface atoms. Further-
more, the transfer of a charge from the substrate to the
oxygen atom in the top positions (0.75—1.23e) is sig-
nificantly less than in the case of hollow H positions
(1.46—1.97¢). Thus, the preference of the hollow posi-
tions is caused by the increase of the ionic contribution
to the mechanism of the chemical bonding of oxygen
with the alloy surface.

3.2.2. (110) surface. The TiAl;(110) surface, just as
(001), also has two possible terminations: aluminum
and mixed. The surface cell of (110) is rectangular with
the dimensions of 5.433 A and 8.616 A. The interlayer
spacing in this case is 1.358 A, which is considerably
less than the corresponding spacing (2.154 A) in the
case of the (001) surface. The calculation of the relax-
ation of the interlayer spacings for both terminations of
this surface has shown that there is observed a substan-
tial contraction of the first interlayer spacing and that
the relaxation (—14.2%) for TiAl;(110),, surface sig-
nificantly exceeds that (—7.4%) for TiAl;(110)p_4.
Note that the values given above were calculated using
the average positions of atoms in the mixed layer. The
splitting in the mixed layer is equal to 0.154 A and 0.136

for the aluminum and mixed terminations of the
(110) surface, respectively; the atoms of aluminum are
located higher than the titanium atoms. On the whole,
on this surface there is observed an alternating relax-
ation of the interlayer spacings, which attenuates with
moving into the depth of the film more slowly than in
the case of the (001) surface.
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The adsorption positions of the oxygens on the two
terminations of the TiAl;(110) surface are shown in
Fig. 5. Apart from the positions noted above, there are
two nonequivalent bridge positions on the (110) sur-
face, which we will call short-bridge (B1) and long-
bridge (B2) positions. It follows from Table 3 that,
irrespective of the termination of the (110) surface, the
largest energy of the oxygen adsorption corresponds to
the short-bridge B1 position. Let us briefly discuss the
structural and electronic factors that are responsible
for the preference of this Bl position for oxygen
adsorption on the example of the stable TiAl;(110),,
surface. It can be seen from Fig. 6a that the oxygen
atom is shifted from the B1 position toward the Hy
position and lies approximately at the center of the tri-
angle formed by two surface aluminum atoms and one
subsurface titanium atom. In this case, the calculated
lengths of the O—Al and O—Ti bonds (Table 3) for the
equilibrium configuration are close to the sum of the
covalent radii of oxygen and corresponding metals.
The difference in the atomic radii of titanium and alu-
minum (about 0.14 A) suggests a smaller value of the
length of the O—Al bond. The titanium and aluminum
atoms involved in the interaction with oxygen in the
B1 position are shifted differently relative to the sur-
face layer: the aluminum atom is displaced by 0.1 A
toward the side of vacuum, whereas the titanium atom
is displaced insignificantly (by 0.01 A) into the bulk of
the alloy.

The oxygen atom in the long-bridge B2 position is
introduced into the subsurface layer to a depth of
0.05 A (the negative value of hy in Table 3 means that
the adatom of oxygen is located below the atoms of the
surface layer); it introduces even deeper into the sub-
surface layer on the mixed termination of the surface
(Table 3); however, in the B1 position the oxygen atom
is located substantially higher than the surface layer. In
addition, in the B2 position the oxygen atom is dis-
placed by 0.25 A toward the H,, position (Fig. 6b),
which leads to the formation of its bond with the sub-
surface atom of aluminum as well (Table 3). At the
same time, the distance between the oxygen and sur-
face atoms of aluminum in the B2 position of the
TiAl;(110),, surface is greater by 0.29 A than in the B1
position, which indicates a weaker interaction of oxy-
gen with the surface in this position. This is confirmed
by the calculations of the DOS of the atoms of surface
layers for these two positions (Figs. 6¢, 6d). Upon the
adsorption of oxygen in the B1 position, there is
observed a sharp peak in the DOS of the surface atoms
of aluminum at —19 eV, as well as substantial changes
in the DOS below —4.0 eV (Fig. 6¢). The two-peak
structure of the valence 2p band of oxygen is the con-
sequence of a strong hybridization of 2p states of oxy-
gen both with 3s and 3p orbitals of aluminum. The
smaller oxygen peak at the energy of —6.5 eV is in
agreement with the sharp peak of 3s states of alumi-
num, whereas the 3p states of aluminum have the same
Vol. 123
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Table 3. Adsorption energy (£, ) of oxygen on the TiAl;(110) surface, positions of oxygen (4,) relative to the surface layer,
and distances between the oxygen atom and nearest atoms of the substrate d(O—M)

Surface O position Hy, H; B1 B2 Ta Tr
TiAl;(110) E,y eV 2.59 2.77 4.87 4.26 1.91 —
ho, A 0.29 0.61 0.59 —0.05 1.68 -

d(O—=Ti), A 3.19 1.82 2.21% 2.06% 4.01 —

d(O—Al), A 2.50, 1.79% 2.63 1.78 2.07, 1.86% 1.68 —

TiAL;(110)7i_a; | Epas €V 4.58 — 5.45 4.92 2.95 3.86
ho, A 0.22 - 1.07 —0.25 1.53 1.71

d(O-Ti), A 2.05 - 1.83 1.89 3.16 1.71

d(O—Al), A 2.78, 1.92% — 1.77 2.91, 1.91* 1.68 3.28

*Asterisks indicate distances from an oxygen adatom to atoms of the subsurface layer.

two-peak structure as that of the valence band of oxy-
gen in this energy range.

In the B2 position, the oxygen is mainly interacts
with more strongly delocalized 3s orbitals of surface
aluminum. The fine structure of the DOS of alumi-
num has the same specific features as the DOS of oxy-
gen. As can be seen from Fig. 6d, the positions of the
peaks of the d states of subsurface titanium atoms and
3p states of subsurface aluminum agree well with the
sharp peak of the DOS of oxygen at the energy of
—5.5 ¢eV. Thus, in the interaction with oxygen there are
involved mainly atoms of aluminum of the subsurface
layer. However, the greater length of the O—Al bond
and smaller (by 0.le) charge transfer than in the Bl
position cause a smaller preference of the B2 position
for the adsorption of oxygen. Note that the charge
transfer to oxygen from the substrate in the case of the
B1 position is 1.6e. The change in the electronic char-
acteristics on the mixed termination is similar to that
described above; therefore, it is not discussed here.
On the whole, the appearance of titanium in the sur-
face layer, just as on the (001) surface, increases the
energy of oxygen bonding with this surface (Table 3).

3.2.3. (100) surface. The (100) surface is stoichio-
metric, in contrast to the two above-considered sur-
faces; i.e., in each atomic layer in the direction [100]
there are located three atoms of aluminum and one
atom of titanium. The distance between the (100)
atomic planes in the TiAl; alloy is 1.92 A, which is an
intermediate value between the values of the interlayer
spacings for the (110) and (001) planes. The average
value of the relaxation is —2.6% for the first interlayer
spacing; in this case, it is the distances between alumi-
num atoms that are reduced more strongly. A small
positive relaxation (0.6%) was obtained for the second
interlayer spacing. The aluminum atoms located in
one layer are not equivalent, since they have different
coordinations (Fig. 7a). The nonequivalent atoms All
and Al2 located in the subsurface layer (Fig. 7a) are
displaced during the relaxation differently: the atom
All is shifted only in the normal direction, whereas the

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

atom Al2 is also displaced insignificantly in the surface
plane. In the surface layer, the displacement of this Al
atom is 0.03 A, and the splitting between the non-
equivalent atoms of aluminum in the direction of the
normal to the surface is equal to 0.08 A. However, this
splitting decreases for the subsurface atoms of alumi-
num (about 0.01 A). Furthermore, the atoms of alu-
minum located in the centers of the quadrangles
formed by two atoms of titanium and two atoms of alu-
minum are located higher than titanium atoms by
0.02 A. All these features of the clean TiAl;(100) sur-
faces lead to the appearance of a larger number of
positions in which an oxygen atom can be adsorbed on
this surface (Fig. 7a).

It follows from Table 4 that the highest energy of
oxygen adsorption corresponds to the bridge Briy,
position between the surface atoms of Ti and Al
Recall that the bridge positions were found to be pref-
erable for oxygen adsorption also on the (110) surface.
Among all the positions considered, the Br;,, position
is characterized by the smallest lengths of oxygen
bonds with the nearest surface atoms (Table 4), which
also indicates the strong chemical binding of oxygen
with the surface in this position. At the same time,
from the bridge position B, between the atoms of alu-
minum, the oxygen atom is displaced into the H,j,
position above the aluminum atom of the second
layer. This hollow position in the quadrangle formed
by one atom of titanium and three atoms of aluminum
is most preferable for the adsorption of oxygen among
the three possible H positions. The latter is caused by
the strong binding of oxygen with the surface titanium
atom toward which the oxygen atom is displaced by
0.46 A. The length of the O—Ti bond in the H,y, posi-
tion is less by 0.16 A than the length of the correspond-
ing bond in the Hy,, position, which indicates a stron-
ger hybridization of the s and p orbitals of oxygen with
the s and d orbitals of titanium in the first case. This
conclusion is confirmed by the calculations of the
local and partial densities of states of the surface atoms
for different H positions. The energies of adsorption of
Vol. 123
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Fig. 6. (Color online) Atomic structures of the TiAl3(110) 5; surface with oxygen adatoms in the positions (a) B1 and (b) B2 (top
view) and (c, d) local DOS of oxygen and surface (.S) and subsurface (S — 1) atoms of Al and Ti that correspond to these positions
of the adsorbed atoms. The dotted and dashed curves show the DOS of atoms for the clean surface.

oxygen in the T positions above both surface atoms,
just as on the (001) and (110) surfaces, are smallest.

On the whole, the changes in the densities of elec-
tron states of atoms that are nearest to oxygen depend-
ing on the oxygen position on the (100) surface
(Figs. 7b, 7¢) are similar to those considered earlier for
other surfaces. Note that oxygen upon the adsorption
in the bridge B4, position gives two sharp peaks cen-
tered at the energies of —19 and —4.2 eV (Fig. 7b). At
the same energies, in the local DOS of titanium and
aluminum there are peaks induced by the interaction
with oxygen, which are shown by arrows in Fig. 7. It
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can be seen that the DOS peak of the surface alumi-
num at the energy of —4.2 eV is mainly caused by 3p
states, which change more substantially upon the
interaction with oxygen than the 3sstates. The interac-
tion of oxygen with the 3s states of aluminum leads
only to a broadening of the sharp peak of oxygen and
to the appearance of small features in its left arm. At
the same time, the states of the subsurface aluminum
atom practically do not change, since they are
excluded from the direct interaction with oxygen.
Upon the adsorption of oxygen in the H,, position, it
is the 3s states of aluminum that change to a larger
Vol. 123
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Fig. 7. (Color online) (a) Positions of the oxygen adsorption on the TiAl;(100) surface and (b, c) partial DOS of oxygen and near-
est surface (.5) and subsurface (S — 1) atoms of aluminum and titanium for the positions (b) Brjs; and (c) Hujp. The dashed curves

show the DOS of the corresponding atoms for the clean surface.

degree (Fig. 7c), since there is only a small peak
caused by the changes in the 3p states of aluminum.
This leads to the appearance of a two-peak structure of
the DOS of oxygen, and the smaller peak at the energy
of —5.2 eV reflects the hybridization of the 2p states of
oxygen with the 3p orbitals of aluminum. In this case,
the depletion of the 3d states of titanium also occurs,
which are involved into the interaction with oxygen in
this position to a lesser degree than in the case of Byyy;.

In general, the results obtained indicate a decrease
in the binding energy of oxygen on the low-index sur-
faces of the TiAl; alloy irrespective of the position of
adsorption in comparison with TiAl, which is in agree-
ment with the experimental data [53].

3.3. Influence of the Oxygen Concentration on the
Atomic and Electronic Properties of the Surface

Let us analyze the influence of the oxygen concen-
tration on the atomic and electronic structures of the
TiAl;(001) surface depending on its termination. We
used the approach upon which the additional atoms of
oxygen were placed into positions according to the fol-
lowing energy preference. The aluminum termination
of the (001) surface is more stable in the limit of the
high concentrations of aluminum according to our
calculations of the surface energies of low-index sur-
faces (Fig. 2). In this case, the tendencies in the
changes in the density of the electron states of the sur-
face atoms of aluminum remain similar to those that
were established earlier for the adsorption of oxygen
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on the TiAl(100) surface [32]. As was shown above, the
adsorption of one atom of oxygen on the Al-rich (001)
surface, which corresponds to the degree of coverage
equal to 0.5 ML, leads to the formation of states in the
DOS of the surface atoms of aluminum, which begin
to split off from the bottom of the valence bands
(Fig. 8a, the second panel from top) as a result of the
formation of new bonds with oxygen. Let us recall that
the degree of coverage in this work we defined as the
ratio of the number of oxygen adatoms to the number
of atoms in the surface layer of the substrate. The elec-
tronic structure of subsurface titanium almost does
not differ from the appropriate DOS of titanium on
the clean surface, since it is located at a distance of
3.90 A from oxygen and interacts with it through the
hybridization with the surface atoms of aluminum
rather than directly. It can be seen from Fig. 8a that in

Table 4. Adsorption energy (F,q) of oxygen on the
TiAl;(100) surface, positions of oxygen (%) relative to the
surface layer, and distances between the oxygen atom and
nearest atoms of the substrate d(O—M)

Oposition | Haiy | Hap | Hyy | Briar | Tar | T
EquV | 428 |471 | 411 |499 |2.36 |3.53
ho, A 0.71 1082 |030 [1.09 | 152 |1.69
d(O—Ti). A | 2.06 [ 1.90 | 239 [185 |411 |1.69
dO-AD, Al 5 |15 | 19 | 179 | 168 |3.52
2.8
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Fig. 8. (Color online) Local DOS of (a) (solid curve) surface and (dashed curve) subsurface atoms of Al and (b) subsurface atoms
of Ti that are nearest to oxygen; (c, d) atomic structures for the case of (c) 2.0 ML and (d) 3.0 ML of oxygen on the TiAl3(001) 5

surface.

the local DOS of'the surface atoms of aluminum in the
region of —4.5 eV there is formed a pseudo-gap, which
becomes wider with an increase in the concentration
of oxygen and is displaced toward the Fermi level (Ef).
At the degree of coverage of oxygen equal to 1.5 ML,
when one of the atoms penetrates into the subsurface
layer, in the DOS of the subsurface atoms of titanium
there also begin to appear split-off states in the region
from —8.0 eV to —4.0 eV (Fig. 8b), which reflects the
direct interaction of titanium with oxygen. In this case,

the interatomic spacing Ti—O is 2.10 A. Figures 8¢ and
8d display the variation of the atomic structure of the
surface upon high concentrations of oxygen, when the
latter penetrates into the subsurface layers, occupying
tetrahedral positions. At 2.0 ML of oxygen, the split-
ting of the mixed layer is 0.12 A, but it increases to
0.72 A at 3.0 ML of oxygen. In both cases, the titanium
atoms are located below the subsurface atoms of alu-
minum. In Fig. 8a, it can be seen that the formation of
oxide layers on the aluminum termination of the (001)
surface practically stops at the degree of coverage with
oxygen equal to 2.0 ML. At the same time, in the DOS
of the subsurface atoms of titanium (Fig. 8b) even at
the degree of coverage with oxygen equal to 3.0 ML
there is a high density of electron states at the Fermi
level, N(Ep), and the states lying below, at the energies
from —8.5to —2.0 eV, are not completely split-off. The
local DOS of the subsurface atom of aluminum also
demonstrates the presence of a density of states at the
Fermi level. Thus, on the one hand, the states of sub-
surface atoms are already involved into the interaction
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with oxygen, but, on the other hand, the metallic Ti—
Al bonds still exist. Furthermore, on the TiAl;(001)
surface there is formed a subsurface region enriched by
aluminum (Fig. 8d), which contributes to the forma-
tion on the surface of the TiAl; alloy of a protective
film of Al,O3, which is assumed to be responsible for
the high corrosion resistance of the alloy. Similar
changes in the atomic and electronic structure were
revealed by our calculations of the oxygen adsorption
on the TiAl;(110),, surface. These results are not dis-
cussed in this work, since the tendencies revealed do
not differ from those described above.

In our opinion, of more interest is the behavior of
oxygen on the mixed termination of the TiAl;(001)i_x
surface, since in this case both components of the alloy
are involved into the interaction with oxygen, which
manifest itself vividly in the appropriate atomic and
electronic characteristics (Fig. 9). With the degree of
coverage with oxygen equal to 0.5 ML (Fig. 9a), there
are observed changes in the local DOS of surface
atoms similar to noted above; namely, there are
formed low-lying states near the bottom of the valence
bands of Al and Ti (Figs. 91, 9g), and in the region of
—4.0 eV there appears a pseudo-gap, which indicates a
change of the mechanism of bonding in the surface
layers. The adsorption of a second atom of oxygen in
the H,, position (Fig. 9b) leads to a splitting of the
mixed surface layer; in this case, the aluminum atoms
lie higher by 0.87 A than the titanium atoms. This sug-
gests that on the surface of the TiAl; alloy the interac-
Vol. 123
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tion of oxygen with aluminum is stronger than with
titanium. In the DOS of surface atoms, there is
observed a further splitting-off of lower-lying states
from the bottom of the valence bands of metals; in this
case, the pseudo-gap is extended from —4.0 to —2.0 V.
Upon a monolayer coverage with oxygen on the
TiAl;(001)y;_4; surface, the number of split-off states
located at the energies near —19 eV increases, and the
states themselves are displaced almost by 1 eV toward
the negative energy. This effect is more strongly pro-
nounced in the DOS of the aluminum atom, which
indicates a strengthening of the O—Al bonds on the
surface. A further increase in the concentration of oxy-
gen favors the penetration of the oxygen atom
adsorbed in the H , position into the subsurface layers
(Fig. 9c), where it occupies a tetrahedral position
between the surface and subsurface layers. The incor-
porated atom of oxygen is located lower by 0.99 A than
the titanium atoms of the surface layer, whose splitting
decreases to 0.75 A. The pseudo-gap in the DOS of
aluminum is extended almost to Fp, at which there is
only a low density of electron states, although N(Ep)
remains significant for the titanium states.

At an oxygen concentration of 2.0 ML, the splitting
of the surface layer decreases to 0.23 A; in this case, it
is already the titanium atoms that lie higher than the
aluminum atoms. Thus, with an increase in the con-
centration of oxygen its interaction with titanium on
the surface is strengthened, which is reflected in the
local DOS of titanium (Fig. 9f). In particular, the
width of the valence band of titanium increases to 7 eV,
and N(Ef) decreases from 2.4 to 1.4 el /eV. The num-
ber of states lying below, in the region of —21 eV, which
are due to the interaction of the 2s orbitals of oxygen
with the 4s orbitals of surface Ti, also increases. The
states split-off at the energies from —10 to —3 eV are
mainly caused by the interaction of the p orbitals of
oxygen with s and d states of titanium. The appearance
of a pseudo-gap in the DOS of titanium or aluminum
indicates the formation of new Ti—O and Al—O bonds
and a weakening of Ti—Al metallic bonds in the sur-
face layers. At the same time, the presence of states at
Ep at the degree of coverage with oxygen equal to
2.0 ML indicates that the metallic nature of the sur-
face is not completely lost. The analysis of atomic
structures and of their electronic characteristics indi-
cates that the process of the formation of oxide layers
on the surface of the TiAl;(001) alloy with the mixed
surface termination and of new bonds with an ionic
nature practically is completed at the degree of cover-
age with oxygen equal to 3 ML. It can be seen from
Fig. 9e that at this concentration the oxygen atoms dis-
place the titanium atoms toward the surface and also
are incorporated into the split Ti—Al layer; as a result,
the interlayer spacing between the atomic layers of
titanium and aluminum increases substantially (to
1.63 A). This behavior is caused by the larger activity of
titanium in the intermetallic alloys. It is known that
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the energy of self-diffusion of titanium in titanium
aluminides is by an order of magnitude higher than
that of aluminum [54]. Furthermore, the energy of the
formation of titanium oxides is less than that of Al,O,
[55]. It can be seen from Fig. 9e that there is formed a
layered structure with an outer layer of the titanium
oxide and an inner layer of the aluminum oxide. In
this case, the subsurface atoms of aluminum are six-
fold-coordinated by oxygen; the lengths of the O—Al
bonds are 1.92—2.10 A. The lower atoms of Al have
only two bonds with oxygen, whose length is equal to
1.81 A. Recall that the lengths of Al—O bonds in Al,O;
are 1.86—1.97 A. The bond lengths and the chemical
composition of this region indicate the beginning of
the formation of Al,O; in the subsurface region.

Thus, the above analysis of the structural and elec-
tronic factors has shown that at the low concentrations
of oxygen on the mixed termination of the (001) sur-
face a more preferred process is the formation of oxy-
gen bonds with the aluminum atoms, whereas as the
oxygen concentration increases, bonds with titanium
are formed more easily. As it was noted in [31], the for-
mation of substitutional defects (aluminum at the site
of titanium) on the mixed TiAl(100) surface occurs
easier than the substitution of titanium for aluminum
(0.46 eV and 2.15 eV, respectively). However, the
adsorption of oxygen favors the surface segregation of
titanium; this leads to the selective oxidation of tita-
nium and the formation of titanium oxides at the ini-
tial stage of the surface oxidation [53]. It is precisely
such a behavior that can be observed, also, on the
mixed termination of the TiAl;(001) surface. The
influence of defects and oxygen on the surface stability
of the low-index surfaces of the TiAl; alloy requires a
more detailed study.

On the whole, the investigations conducted
demonstrate a strong dependence of the mechanism
of oxidation on the composition of surface layers. It is
obvious that subsequently a more careful study of the
segregation of impurities on the surface of the alloy, as
well as of their influence on the adsorption and diffu-
sion of oxygen through the interface should be per-
formed. As was shown in our work [55], impurities
such as Zr, Nb, Mo, Hf, Ta, W, and Re increase the
energy of the formation of vacancies in TiO,; there-
fore, the resulting inner oxide layer can serve as an
efficient barrier for oxygen diffusion.

3.4. Diffusion of Oxygen in the Bulk TiAl; Alloy

In conclusion, let us examine the diffusion of oxy-
gen in the bulk of the TiAl; alloy and consider the
obtained energy barriers with the results for the y-TiAl
alloy of equiatomic composition. Since the dimen-
sions of the lattice in the directions [100] and [010] are
two times less than in [001], the minimum size of com-
putational cell for the analysis of the oxygen diffusion
is (2 X 2 X 1). As was shown in our work [32], an
Vol. 123
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Fig. 9. (Color online) Atomic structures of TiAl3(001)1;_a; with a degree of coverage with oxygen from (a—e) 0.5 to 3.0 ML, and
the corresponding local DOS of atoms (f) Ti and (g) Al that are nearest to oxygen. The atoms of oxygen, titanium, and aluminum

are shown by the red, blue, and light-green balls, respectively.

increase in the size of the computational cell leads to
insignificant changes in the values of the barriers (5—
10%) and does not affect the established tendencies.
Note that the calculations were performed taking into
account the relaxation of the positions of the matrix
atoms near the position of the oxygen atom for all its
configurations, but the symmetry of the lattice in this
case was unchanged.
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The energy of the absorption of oxygen in the posi-
tion O2 (Fig. 10) in the center of the octahedron
formed by five atoms of aluminum and one atom of
titanium is higher by 0.15 eV than in the position O1 in
the octahedron formed by four atoms of aluminum
and two atoms of titanium. A reverse tendency was
obtained in the y-TiAl alloy, where the absorption of
oxygen is more preferred in the octahedron with the
Vol. 123
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Fig. 10. (Color online) (a) Atomic structure of the unit cell of the TiAl; alloy with octahedral and tetrahedral positions for the
oxygen atom; (b, c¢) diffusion profiles for the preferable paths of diffusion along the directions (b) [001] and (c) [100].

higher content of titanium. In the TiAl; alloy, the
energy of the absorption of oxygen in the tetrahedron
enriched by aluminum, which contains three atoms of
aluminum and one atom of titanium, is only 0.05 eV
less than in the O2 position. The energy preference of
the O2 position for the absorption of oxygen is
explained by the same factors that we used earlier for
explaining the preference of the bridge By, position
on the TiAl;(100) surface: i.e., by the shift of oxygen
toward the titanium and, as a result, by the smaller
length of the Ti—O bond than in the O1 position, and
also by the larger ionic contribution to the mechanism
of chemical bond.

Unlike y-TiAl [32], in the TiAl; alloy all positions
have in their environment greater number of atoms of
aluminum than of titanium. Recall that the diffusion
of oxygen in y-TiAl between the octahedral Ti-rich
positions was found to be less preferable than between
the Al-rich positions, and on the whole the barriers for
the diffusion along the aluminum layers or across
these layers were substantially lower than for diffusion
from the positions enriched by titanium. This suggests
that the barriers for the oxygen diffusion in the alloy
enriched by aluminum must be lower than in y-TiAl.

The calculated values of the energy barriers for the
paths shown by dashed lines in Fig. 10a are given in
Table 5. It can be seen that the energy barrier between
the O2 positions is substantially lower than between
the O1 positions with the smaller number of alumi-
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num atoms in the nearest neighbors. Furthermore, the
energy barrier between the O1 positions is less approx-
imately by 1.0 eV than between the Ti-rich Ol posi-
tions (3.02 eV) in y-TiAl [32]. The diffusion barrier
between the tetrahedral positions along the [001]
direction through the O3 position in the aluminum
layer (Fig. 10a) is almost four times lower than the cor-
responding barrier through the O4 position. In the lat-
ter case, the saddle point is located in the bridge posi-
tion between the atoms of aluminum and titanium. It
must be noted that although the barrier along the T —
O3 — T path is small, it does not correspond to trans-
lational diffusion, and it should be considered as part
of a more complex way. As follows from Table 5, the
energy barriers for oxygen diffusion along the paths
Ol - T or O2 — T are also small; in this case, the
reverse diffusion T — O2 is more preferable than T —
O1, which is caused by the larger preference of the O2
position for the absorption of oxygen. The analysis of
the obtained results makes it possible to draw a con-
clusion that the trajectory with the smallest energy
along the direction [001] is O2 - T — Ol — 02
(Fig. 10b); in this case, the activation energy lies in the
range of approximately from 0.18 to 0.27 eV.

In the directions [100] and [010], the lowest energy
barrier is obtained for the oxygen diffusion over the
tetrahedral positions, when it migrates between the
aluminum and mixed layers. The barrier for the diffu-
sion of oxygen between the tetrahedral positions is
reduced from 0.81 eV in y-TiAl [32] to 0.18 eV in TiAls.
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Table 5. Values of the energy barriers for the diffusion of
oxygen in the TiAl; alloy

Diffusion path Height of the barrier, eV
01 - 0l 2.05
02— 02 0.58
02 - 01 1.45
01 ->02 1.31
Ol1->T 0.18
T— Ol 0.27
02->T 0.25
T—- 02 0.20
T—->03->T 0.52
T—>04->T 2.14
T->T 0.18

At the same time, the migration of oxygen along the
02 > T — T — 02 trajectory (Fig. 10c) also occurs
almost without a barrier. This indicates a high mobility
of oxygen in TiAl, irrespective of the direction of its
diffusion.

Thus, the calculations carried out confirmed that
with an increase in aluminum concentration the barri-
ers for the diffusion of oxygen between positions
enriched by aluminum or through the aluminum layer
decrease, just as in the alloy of equiatomic composi-
tion. However, the positions near the titanium atoms
will not be traps, as in y-TiAl, since the barriers for dif-
fusion from these positions are sufficiently low. Note
that the established tendencies occur also in the tita-
nium-rich Ti;Al alloy, in which the barriers for diffu-
sion between positions enriched by titanium increase
to 3.64 eV. In this work, we do not discuss the results
of oxygen diffusion from the surface into the bulk of
the alloy, since the tendencies discovered earlier for
v-TiAl [32] remain valid for TiAl; as well. The forma-
tion of a dense protective layer of aluminum oxide will
not be suppressed on the surface of TiAl;, since the
oxygen atoms are not trapped by the mixed Ti—Al lay-
ers in contrast to the titanium layers in TiAl.

4. CONCLUSIONS

Thus, in this work we presented results of the cal-
culations of the adsorption of oxygen on the low-index
(001), (100), and (110) surfaces of the TiAl; alloy,
which were performed by the projector augmented-
wave method within the framework of the density
functional theory. It was shown that on the (001) sur-
face, irrespective of its termination, oxygen prefers to
be adsorbed in the H-hollow position. On the alumi-
num termination of the TiAl;(110) surface, which is
stable in a wide range of the variation in the chemical
potential of aluminum, the energetically preferable for
oxygen is the B1 short-bridge position. It was estab-
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lished that the binding energies of oxygen on the
mixed terminations of the (001) and (110) surfaces are
greater than on the aluminum termination irrespective
of the adsorption position. On the stoichiometric
TiAl;(100) surface, the largest energy of the oxygen
adsorption was obtained for the Brpj,, position. An
analysis of the structural and electronic factors that are
responsible for the energy preference of the positions
for oxygen adsorption has been performed.

Changes in the atomic and electronic structure of
near-surface layers that occur with an increase in the
concentration of oxygen have been analyzed on the
example of the (001) surface depending on its termina-
tion. The calculations indicate that on the aluminum
terminations of the (001) or (110) surfaces, the oxida-
tion of aluminum predominates over the oxidation of
titanium, which is in agreement with the experimental
data [1, 14, 15] on the oxidation of the surface of the
TiAl; alloy; the process of the formation of the forbid-
den gap ends at the degree of coverage equal to 2 ML.
This reflects the completion of the process of the
transformation of the metallic surface into the oxide
surface. On the mixed terminations of low-index sur-
faces, the interaction of oxygen with aluminum pre-
vails over the interaction with titanium at low concen-
trations (to 1. 5 ML of oxygen), whereas at high con-
centrations, the bonding of oxygen with titanium is
stronger, which leads to the formation of a layer
enriched by titanium and, as a result, to the formation
of titanium oxides on the surface.

The performed calculation of the energy barriers
for the diffusion of oxygen in the TiAl; alloy has shown
that the migration of oxygen is more preferable
between the tetrahedral positions both in the region
between the aluminum and mixed layer and through
the aluminum layer. An increase in the aluminum
concentration leads to a reduction in the energy barri-
ers for the oxygen diffusion in the bulk material.
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