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Abstract—The oxygen sorption on the low-index (001), (100), and (110) surfaces of a y-TiAl alloy is studied
by the pseudopotential method with the generalized gradient approximation for the exchange-correlation
functional. The most preferred sites for oxygen sorption in the bulk and on the surface of the alloy are deter-
mined. The titanium-rich octahedral site is shown to be preferred for oxygen sorption in the bulk material.
The effect of the oxygen concentration on the atomic and electronic structures of the stoichiometric
TiAl(100) surface is studied. It is shown that, at the first stage of oxidation, oxygen prefers to form bonds with
titanium. The energy barriers for oxygen diffusion on the stoichiometric (100) surface and in the bulk of the
material are calculated. The energy barriers are shown to depend substantially on the local environments of
oxygen and to increase during diffusion from titanium-rich sites. The most possible mechanism of oxygen dif-
fusion from the (100) surface to the bulk of the material is oxygen migration through tetrahedral sites.

DOI: 10.1134/S1063776115020090

1. INTRODUCTION

Ti—Al-based alloys are known to be applied in the
aerospace, automotive, and shipbuilding industries
and other fields. In addition, titanium aluminides are
considered to be promising for hydrogen energetics
due to the presence of titanium, which is a hydride-
forming element, whereas aluminum has no hydrogen
affinity [1, 2]. y-TiAl-based alloys are most promising,
since they have a set of good mechanical properties,
including a high strength, plasticity, and heat resis-
tance; a high melting temperature; and a low density
[3—5]. Nevertheless, the main disadvantage of these
alloys is a low corrosion resistance at high tempera-
tures, which restricts their wider practical application
[6, 7]. The available experimental data [6—9] demon-
strate that this disadvantage can be caused by the
growth of mixed titanium and aluminum oxide layers,
since both elements can easily oxidize. Such mixed
layers do not ensure a high corrosion resistance at high
temperatures, in contrast to a-Al,0;. New high-tem-
perature materials are known to be designed using
alloying with, e.g., niobium, which has a higher
valence as compared to titanium, and using the modi-
fication of surface layers [10—13]. Since the growth of
oxide films depends on the surface layer composition
and defects, surface segregation can substantially
affect both the composition and the oxidation of sur-
face layers.

To understand the formation of oxide layers on the
v-Ti surface on a microscopic level, it is necessary to

study oxygen adsorption and a possible mechanism of
oxygen diffusion into subsurface layers. The adsorp-
tion of oxygen is known to be studied on various
metallic surfaces, including the Al(111) surface, using
ab initio methods [14—18]. The interaction of oxygen
with alloy surfaces has received little attention, which
is caused by a long computational time [19—24]. The
initial stage of oxide layer formation on the
v-TiAl(111) surface was studied in [25, 26], and this
stage has received little attention for other low-index
surfaces. It is necessary to understand the microscopic
nature of the mechanism of oxide growth on the low-
index surfaces of a y-TiAl in order to improve its cor-
rosion resistance. Therefore, to study the interaction
of oxygen on an alloy surface depending on its orien-
tation and the surface layer composition and to inves-
tigate the diffusion of oxygen into the bulk of the
material is a challenging problem.

The purpose of this work is to perform investigation
of the oxygen adsorption on the (001), (100), and
(110) surfaces in y-TiAl alloy and to study the effect of
the oxygen concentration on the oxidation of the sto-
ichiometric (100) surface and the diffusion of oxygen
into the alloy bulk.

2. COMPUTATIONAL DETAILS

The atomic and electronic structures of the low-
index surfaces in a y-TiAl alloy were calculated by the
pseudopotential (PP) method using the VASP pro-
gram code [27—29] with the generalized gradient
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Table 1. Calculated elastic constants C;; and bulk modulus B for y-TiAl

Elastic moduli, GPa Cy Cys Ci» Ci5(Cy3) Cyy Ces B
Our results (PP GGA) 167.2 161.9 81.1 86.3 109.7 65.2 111.5
Theory (FLAPW LDA [45]) 190 185 105 90 120 50 126.1
Experiment [46] 187 182 74.8 74.8 109 81.2 111.6
Experiment [47] 187 183 75 75.2 109 81.2 111.9

approximation for an exchange-correlation functional
(GGA91) [30]. The cutoff of the kinetic energy was
400 eV. Integration over the Brillouin zone was per-
formed using the Monkhorst—Pack grid [31]. In the
case of the bulk alloy, it was 15 x 15 x 15, and an 11 x
11 x 1 grid of k points was used to calculate low-
dimensional structures. Total energy convergence was
taken to be achieved if the difference between the total
energies of two sequential iterations did not exceed
1073 eV.

The atomic structures of the y-TiAl(001), (100),
and (110) surfaces were modeled by 11-layer thin films
separated by 15-A vacuum region. Low-dimensional
structures were optimized by the Newton dynamics to
achieve the minimum forces of about 0.01 eV/A on
surface layer atoms. Atomic sites were relaxed both
normal to the surface and in planar directions.

The calculations of the total energies of low-
dimensional structures were carried out using two
models containing two surfaces and one surface. In the
model with two surfaces (or the symmetric film
model), the atomic sites of three central layers were
fixed and the atomic sites of the other layers were opti-
mized to achieve the minimum forces on atoms. In
this case, the adsorption energy was calculated by the
formula

1

E _E [EO—TiAl - ETiAl - EOZ] s

ads —

o))

where Eq_15 and Epa; are the total energies of the sys-
tems with and without oxygen, respectively, and Ey, is

the total energy of the oxygen molecule. Factor 1/2
demonstrates that oxygen adsorption was considered
on both film surfaces. Note that the bond length in the
oxygen molecule and the binding energy in it were
1.238 A and 5.41 eV, which agrees well with the earlier
calculation in [32] and the experimental data (1.21 A,
5.12eV) in [33].

In the second model, oxygen was considered only
on one surface, since three lower atomic layers on the
second surface were fixed at the bulk values and the
atoms of the other layers could move during structural
optimization. In this case, taking into account dipole
correction, we were able to compensate for the effects
related to film asymmetry. The adsorption energy was
estimated as the difference between the total energies
of structures with and without oxygen on the surface
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that was taken with the opposite sign and added to half
the total energy of the oxygen molecule.

To estimate the energy barriers for oxygen diffusion
in the alloy and from the surface into the bulk of the
material, we used the method proposed in [34]. We set
initial and final oxygen sites, and intermediate sites
were calculated by a linear interpolation. These con-
figurations were called images and were considered to
be connected by a spring [35]. All configurations to be
calculated were simultaneously relaxed; that is, the
optimum site of an oxygen atom and the nearest
matrix atoms were determined for each configuration.
In this case, the relaxation of each configuration took
into account the relaxation of neighboring configura-
tions, which allowed us to find a trajectory with the
minimum energy and to determine a saddle point. The
diffusion barrier was estimated as the difference
between the energies of systems with oxygen in an ini-
tial equilibrium state and with oxygen at the saddle
point. To study oxygen diffusion in the bulk material,
we used the y-TiAl cell that was doubled along three
directions (2 x 2 x 2) and had 32 atomsanda9 x9x 9
grid of k points. To estimate the oxygen diffusion bar-
riers on a surface and toward the bulk of the material,
we used the cell of the same size as in the case of oxy-
gen adsorption in the model with one surface. Test cal-
culations were also performed for the doubled surface
supercell.

3. RESULTS AND DISCUSSION
3.1. Oxygen Absorption and Diffusion in y-TiAl

The intermetallic y-TiAl alloy has the face-cen-
tered L1, tetragonal structure shown in Fig. 1a. The
electronic structure of y-TiAl was repeatedly studied
by the density functional theory [36—40]. Note that
the results of present calculations of the structural and
electronic properties of the alloy agree well with the
results of earlier theoretical and experimental works
[36—47]. The calculated lattice parameters of the alloy
(a=3.989 A, c =4.068 A) agree well with the experi-
mental values (a = 4.000 A, ¢ = 4.075 A) [41]. The
enthalpy of alloy formation was determined as the dif-
ference between the total energies of the alloy and its
components calculated for the hexagonal (Ti) and
face-centered cubic (Al) structures. This enthalpy is
0.415 eV/atom and is also in agreement with the cal-
culated value (0.42 eV/atom) obtained in [43] and the
experimental value (0.39 +0.02 eV/atom) [44].
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Fig. 1. (a) Atomic structure of the 1 x 1 x 2 cell of a y-TiAl alloy with octahedral and tetrahedral sites for oxygen and some diffusion
profiles in the bulk material: (b) O1 — O1 in the (001) plane, (¢) O1 — T, (d) T — T in the [001] direction through saddle
point O4, and (e) T — T in the [100] direction. The site corresponding to the minimum in curve (c) is indicated by a cross. The
insets to (b)—(d) show the sites of an oxygen atom corresponding to /—6 along the trajectory with the minimum energy.

Table 1 gives the calculated values of elastic con-
stants C;; and bulk modulus B. To calculate the elastic
constants, we used the formalism described in [48] and
determined C;; by the formula

1 OE
Y Voeog,, - o

where F is the total crystal energy, V'is the crystal vol-
ume, and g; is the relative strain. Note that the crystal
lattice was sequentially subjected to tetragonal and
monoclinic deformation. Bulk modulus B was esti-
mated from the equation

B = (C,;+2Cy)/3. (3)

As follows from Table 1, modulus C,, agrees well
with the experimental data, whereas other elastic con-
stants differ from the experimental values by 8—15%.
Elastic constants C;;, Cs3, and Cg are lower than the
experimental values, and the opposite tendency is
found for constants C,, and C;;. Note that the elastic
constants obtained in [45], where the full-potential
linearized augmented plane wave method with the
local-density approximation for an exchange-correla-
tion potential (FLAPW LDA) was used, are higher
than the experimental values except for modulus Cgg.
The energy spectrum and the density of states of the y-
TiAl alloy agree well with the results obtained in [36,
40]; therefore, we do not discuss them here.

The y-TiAl alloy has the following two types of sites
for oxygen sorption: octahedral (O) and tetrahedral
(T) sites. There are two types of octahedra: one of

(2)
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which is formed by four titanium atoms and two alu-
minum atoms, and the other, on the contrary, consists
of two titanium atoms and four aluminum atoms.
Therefore, we designate the corresponding octahedral
sites as O1 and O2, respectively (Fig. 1a). Note that
the tetrahedral site (T) has a stoichiometric composi-
tion. Calculations showed that site O1 is preferred for
oxygen sorption in the bulk material. The absorption
energy at this site is 4.02 eV, which is higher that at site
02 by 0.95 eV. The absorption energy was calculated
by a formula that was similar to Eq. (1). According to
this determination, a higher absorption energy means
a stronger bond of oxygen with matrix atoms. The oxy-
gen absorption at site T is higher than at site O2 only
by 0.10 eV and is substantially lower than at site Ol.
Thus, these results demonstrate that oxygen prefers
titanium-rich sites in the alloy.

Since the y-TiAl alloy consists of alternating tita-
nium and aluminum atomic layers in the [001] direc-
tion, diffusion paths can be divided into the following
two types: along atomic layers in the (001) plane and in
the [001] direction (Fig. 1a). Table 2 gives the energy
barriers along the paths indicated by dashed lines in
Fig. 1a. Some diffusion profiles of oxygen in the bulk
material are shown in Figs. 1b—1e. It is seen that the
diffusion barrier between the titanium-rich octahedral
sites (O1 — O1) in the (001) plane are significantly
higher than between the aluminum-rich sites (02 —
02). Oxygen diffusion is energetically favorable from
site Ol to T rather to O2. As is seen in Fig. Ic, the
curve near site O1 has a local minimum, which indi-
Vol. 120
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Table 2. Energy barriers for oxygen diffusion in a y-TiAl alloy

Diffusion path Barrier, eV
01— 0Ol 3.02
02— 02 0.10
01— 02 1.64
o1—T 1.15

T— Ol 0.30
T— 02 0.19
T—03—T 0.08
T—04—T 2.17
T—T 0.81

cates that the oxygen site indicated by the cross in
Fig. 1ais more stable than O1. The difference between
the energies of oxygen sorption at this site and O1 is
only 0.15 eV. It should be noted that diffusion in the
opposite direction is easier due to the asymmetric dif-
fusion profile O1 — T (Fig. 1c). During oxygen dif-
fusion through tetrahedral interstices along the [001]
direction, a saddle point can be located between alu-
minum (O3) or titanium (O4) atoms. As follows from
Table 2, the energy barrier is substantially lower during
diffusion through an aluminum layer than through a
titanium layer, which can be a trap for oxygen. We also
considered a path between tetrahedral interstices
along the [100] direction between a titanium and an
aluminum layer. In this case, the energy barrier is
0.81 eV, which is substantially lower than the barrier
through the titanium layer (2.17 eV). On the whole, an
analysis of these results allows us to conclude that the
optimum diffusion path of oxygen in the [001] direc-
tion passes along tetrahedral interstices through the
aluminum layer and through an octahedral interstice

-~ (100)
==~ _ _(001)
(110) 5,
1L 1 I 1
—-0.8 —0.6 -0.4 -0.2 0
AHAI: eV

Fig. 2. Surface energy of a low-index surface in a y-TiAl
alloy vs. the chemical potential of aluminum.
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(T — O1 — T) in the titanium layer. In the (001)
plane, oxygen can diffuse along octahedral interstices
in the aluminum layer and along tetrahedral inter-
stices.

3.2. Energy Stability of Low-Index TiAl Surfaces

It is seen in Fig. 1a that the TiA1(001) surface can
be terminated by a titanium (TiAI(001)y) or an alumi-
num (TiAl(001),,) layer. We will use similar designa-
tions for the TiAl(110) surface. Each atomic layer
along the [100] direction contains both alloy compo-
nents. Figure 2 shows surface energy ¢ as a function of
the chemical potential of Al for the low-index surfaces
under study. Recall that the surface energy is calcu-
lated by the formula

1 lab bulk
c = ZS(ETOZ:L _NEtot )s (4)
where Eou* is the total alloy energy, Eo is the energy
of the cell containing a thin film and vacuum, and S'is
the surface area. Note that Eq. (4) is valid only for sto-

ichiometric surfaces. In the case of nonstoichiometric
surfaces, o is calculated as follows:

1 slab
G = Z—S[Euln — Nyipvr — Nl (5)

where Ny and N, are the numbers of Ti and Al atoms,
respectively, and p; and p,, are the chemical poten-
tials of Ti and Al, respectively. In turn, Eq. (5) can be
rewritten as a function of one variable, e.g., the chem-
ical potential of aluminum,

1 al
G = Z_S[Eﬂ)tb_NTiMTiAI_ Hal(Na = N1, (6)

where Lpa = W + Uap- It is known that the chemical
potentials of the alloy components are lower than the
chemical potentials of the corresponding pure ele-

ments in the crystalline state, Apy = pa — ul:lﬂk <0.It
should be noted that Ap,; changes in the range —AH <
Apy £ 0, where AH (0.829 eV) is the enthalpy of TiAl
formation. Equation (6) can be rewritten as a function
OfAHAls

bulk

1 lab
G = Zg[Efot — Nyibiria — Bar (Na— Nyy)

—Apa(Na — Ny 1.

To determine the chemical potentials of the alloy
components, we used a face-centered cubic structure
for aluminum and a hexagonal structure for titanium.

As is seen in Fig. 2, the TiAl(100) surface is most
stable in a titanium-rich region, and the TiAl(110) sur-
face termination by aluminum is stable in an alumi-
num-rich region. In the limit of high aluminum con-
centrations, the surface energies of TiAl(001),, and
TiAl(110),, are almost the same. It should be noted
that, in contrast to the (110) surface, the TiAI(011)
surface is stoichiometric. However, its energy is higher

(7
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than that of (100), and we will not consider it from
here on. When testing the surface energy convergence
as a function of the number of atomic layers (from 7 to
15), we found that o converges rapidly when the num-
ber of atomic layers increases and that 11-layer films
well describe the structures under study. The surface
energies agree well with the projector augmented wave
(PAW-GGA) calculation [49]. In particular, the sur-
face energy of TIAI(100) (1.70 J/m?) agrees well with
the value (1.62 J/m?) obtained in [49], whereas a
higher value (1.91 J/m? [39]) was obtained in the cal-
culation with the local-density approximation for an
exchange-correlation functional (PAW-LDA).

3.3. Oxygen Adsorption on the (001), (100),
and (110) TiAl Surfaces

Figure 3 shows the considered high-symmetry sites
for oxygen adsorption on some TiAl surfaces. We ana-
lyzed hollow (H), bridge (B), and top (T) sites, which
have the same coordination on various surfaces. As
follows from Table 3, oxygen adsorption on the
TiAl(001)y; surface is preferred at a hollow H site,
whereas the bridge B site between two aluminum
atoms is preferred on the TiAl(001),, surface. The dif-
ference between the energies of oxygen adsorption at
sites B and H in TiAl(001),, is only 0.2 eV. A higher
binding energy of oxygen on the TiAI(001); surface as
compared to the binding energy on the TiAl(001),,
surface indicates that, as in the bulk alloy, oxygen on
the surface prefers titanium-rich sites (Table 3). This
conclusion agrees with the experimental data in [50],
which showed that oxygen adsorbs near aluminum
sites only when the oxygen concentration increases.
On the stoichiometric TiAl(100) surface, oxygen
adsorption at site H,, over a subsurface aluminum
atom is only slightly preferable as compared to the site
over a subsurface titanium atom (Hrp;). It is interesting
that the maximum hydrogen adsorption energy was
also obtained at site Hy; [39]. Oxygen shifts to hollow
site H,, on the (100) surface during relaxation from the
bridge site between titanium and aluminum atoms.
Oxygen adsorption at long bridge site Bl is preferred
for the (110) surface irrespective of its termination. As
follows from Table 3, oxygen adsorption is less prefer-

(100)

Fig. 3. Oxygen adsorption sites indicated by crosses on
nonstoichiometric (001) and (110) surfaces and on sto-
ichiometric (100) surface. Symbols H, B, and T indicate
hollow, bridge, and top sites, respectively, on the surfaces.
Light and dark balls correspond to aluminum and titanium
atoms, respectively.

able at top sites. On the whole, the results obtained in
terms of the two calculation models agree well with
each other in the adsorption energy, the relaxation of
interplanar spacings, and the position of oxygen rela-
tive to a surface.

3.4. Electronic and Structural Factors

The preference of certain sites for oxygen adsorp-
tion on low-index alloy surfaces can be explained
when analyzing electron and structural characteristics.
We now briefly discuss the electron characteristics
obtained for the stoichiometric y-TiAl(100) surface as
an example. Figure 4 shows local densities of states
(DOS) for oxygen and the alloy components at the
studied sorption sites on the (100) surface. Note that
the adsorption of one oxygen atom on the (100) sur-
face corresponds to a coverage of 0.5 monolayer (ML).

Asisseen in Fig. 4, oxygen predominantly interacts
with the metallic atoms of the surface layer. This inter-
action leads to the appearance of peaks in the local
DOS of Ti and Al surface atoms, the energy positions
of which coincide with those of the corresponding
peaks of the s and p states of oxygen. The valence band
of oxygen is known to consist of two subbands. The
sharp peak caused by the s states of oxygen is located at
energies from —21 to —16 eV depending on the site of
oxygen sorption. The center of gravity of the p band of

Table 3. Oxygen adsorption energies (eV) on the y-TiAl(001), (100), and (110) surfaces. The values of E, 4 calculated using

the symmetric film model are given in parentheses

Site H B (B1) B2 T
TiAI(001); 6.157 (6.147) 5.481 (5.479) — 4.139 (4.119)
TIAI(001) 5, 4.020 (4.012) 4211 (4.212) - 2.138 (2.099)
TIAI(110); 4811 5.945 4.587 4.348
TIAI(110) 5, 2.660 4.673 4.352 1.501
TiAI(100) 4.851 (4.859) 4.632 (4.633) 3.430 (3.393) 2.510 (2.503)
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Fig. 4. Local DOS of oxygen and metals in the surface (S) and subsurface (S-1) layers vs. the site of oxygen adsorption on the
TiAl(100) surface. Local DOSs of Ti and Al in the case of the pure surface are gray.

oxygen is seen to shift toward the Fermi level during adsorption. On the whole, the changes of an electronic
oxygen sorption at top sites as compared to more pref-  structure for two hollow sites are similar. The following
erable hollow sites. The strong hybridization of the s  processes take place: the appearance of small peaks
and p states of oxygen with the orbitals of both metals caused by an interaction with the s orbitals of oxygen
causes the preference of hollow sites for oxygen (indicated by arrows in Fig. 4), low metallic states are
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split due to their interaction with the p orbitals of oxy-
gen, and a pseudogap forms. These processes are most
pronounced in the case of adsorption at hollow sites. It
is seen in Fig. 4a that a pseudogap forms at an energy
of —4.5 eV during oxygen adsorption at H,, sites. The
splitting off of titanium states from the valence band
bottom of a metal is most pronounced for oxygen
adsorption at the Hy; site (Fig. 4b). The split states are
in the energy range from —8.8 to —5.6 eV. The hybrid-
ization between the orbitals of the metals and oxygen
at top sites is less pronounced; moreover, the p, orbitals

of Al and the dzz orbitals of Ti, which provide an inter-

action with oxygen at these sites, are almost unoccu-
pied (Figs. 4c, 4d). Therefore, the interaction of oxy-
gen with the surface at these sites is less favorable,
which is reflected by the adsorption energies.

The interaction with the atoms of the subsurface
layer is indirect, through hybridization with the orbit-
als of surface atoms. It is seen that the local DOS of
subsurface atoms change more weakly than those of
surface atoms as compared to the DOS of the pure sur-
faces. The DOS of a subsurface aluminum atom dur-
ing oxygen adsorption at site Hy changes most
strongly, which is related to the causes noted above,
namely, hybridization with the states of a surface tita-
nium atom. The appearance of the titanium states in
the range from —8.8 to —5.6 eV that are induced by an
interaction with the p orbitals of oxygen leads to the
appearance of new hybridized states of aluminum
from the subsurface layer in this energy range, which
causes a shift of its states from the Fermi level.

When calculating partial DOS, we can determine
the symmetry of the states involved in an interaction
with oxygen, since they change most substantially as
compared to the states of the pure surface. An example
of such an analysis was given in our work [51]. The cal-
culations performed in this work also showed that a
charge ~1.5e is transferred from the surface to oxygen
at hollow sites and a charge of only 0.7e is transferred
at the top site above titanium. The preference of site
H,, is likely to be mainly caused by structural factors,
namely, a large distance between titanium atoms in the
[001] direction. At this site oxygen is located at a dis-
tance of 0.25 A from the surface, and it is located sig-
nificantly higher (at a distance of 0.66 A from the sur-
face) at site Hr;.

The interaction of oxygen with an alloy surface
results in partial removal of the negative relaxation of
the interlayer distances detected on pure surfaces. The
compression of the first interplanar spacing from
—2.46 to —2.56% (—2.16% [39]) was obtained for the
Ti and Al sublattices, respectively, in the case of a pure
surface. As a result of oxygen adsorption at hollow sites
Hy and H,, the interplanar spacing is restored to
almost the bulk spacing (—0.03 and +0.07%, respec-
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tively). The aluminum atoms on the /fure v-TiAI(100)
surface shift by approximately 0.05 A relative to tita-
nium atoms, and the splitting of the surface layer
increases to 0.17 A at site Hy,.

We now consider the change in the atomic and
electron structures of y-TiAl(100) when the oxygen
concentration increases to 2 ML. In this case, we can
use the following two approaches: to sequentially ana-
lyze the adsorption of molecular oxygen on the sur-
face, as was done in [22—24] (where the initial stage of
oxidation of the TiNi(110) surface was studied), or to
use the approach proposed in [25] for the TiAl(111)
surface. The authors of [25] investigated the filling of
the most preferred sites on the surface and in the sur-
face layers with oxygen atoms. Obviously, the first
approach is more consistent but it requires a longer
computer time. Therefore, we chose the second
approach to gain an impression of how the oxygen
concentration affects the electronic characteristics of
TiAl1(100). In this case, the second oxygen atom was
placed at the second (in energy preference) Hry; site.

Figure 5 shows the atomic structures and the DOS
of Al and Ti surface atoms as a function of the oxygen
concentration. It is seen in Fig. 5b that, as the oxygen
concentration increases to 1 ML, an oxidelike layer
forms on the surface. The adsorption energy of the
second oxygen atom increases insignificantly
(4.931 eV/atom) as compared to E,4 of the first oxy-
gen atom. The adsorption of the second atom leads to
substantial changes in the local DOS of titanium and
aluminum surface atoms (Figs. 5c, 5d). First of all, we
now analyze the changes of the DOS of titanium
atoms induced by an increase in the oxygen concen-
tration on the surface. It is seen in Fig. Sc that the elec-
tronic states near the Fermi level are split to form a
pseudogap in the range from —5 to —2.5 eV. This effect
is also observed for the lower states near —19 eV. Actu-
ally, a certain peak of these states can be attributed to
each oxygen atom on the surface. Since a further
increase in the oxygen concentration favors its pene-
tration into the subsurface layers (which was supported
by our preliminary calculations of the sorption of
molecular oxygen), we calculated the total energies of
several configurations with oxygen in the subsurface
layers. These configurations differed in the sites of
oxygen atoms on the surface and in the region between
the surface and subsurface layers. This analysis allowed
us to determine the most preferred configurations
(Figs. Se, 5f). As a result of the filling of subsurface
sites with oxygen, the number of the lower states that
reflect the interaction of the s orbitals of oxygen with
the s and d states of surface Ti increases substantially,
and the gap characteristic of metallic oxides continues
to form. The splitting off of states from the valence
band bottom of the metal below —2.5 eV is mainly
caused by an interaction with the p orbitals of oxygen
and means the formation of new Ti—O bonds and a
weakening of the metallic Ti—Al bonds on the alloy
surface. The introduction of oxygen into the subsur-
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Fig. 5. Atomic structure of the TiAl(100) surface with oxygen (a), (b), (e), (f) from 0.5 to 2 ML and the change of the local DOS
of (¢) Ti and (d) Al induced by an increase in the oxygen concentration.

face layers is known to point to the initial stage of sur-
face oxidation. Note that the binding energy of a sub-
surface oxygen atom is lower than that of surface
atoms by 0.25 eV/atom for a coverage of 1.5 ML. The
electrostatic interaction leads to the shift of oxygen
atoms on the surface from hollow sites for a given oxy-
gen concentration (Fig. 5¢). In this case, aluminum
atoms are threefold coordinated by oxygen atoms, as
in Al,O3, and the Al—O bond length (1.82 A) is almost
identical to that in aluminum oxide. As is seen in
Fig. 5c, the states of titanium at a given oxygen cover-
age shift toward high energies and are almost unoccu-
pied. As the oxygen concentration increases, the
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pseudogap also shifts toward the Fermi level and forms
completely for a coating of 2 ML, where two of the
four atoms are located between the surface and the
subsurface layers (Fig. 5f). It is seen, however, that Ti
states are retained at the Fermi level, which indicates a
metallic character of the surface. Similar behavior is
observed for the Al states; however, O—Ti bonds form
easier than O—Al bonds, which is indicated by the fact
that a pseudogap forms in the titanium states even for
monolayer coverage (Fig. 5d). Since states in the gap
are almost absent for the TiAl(111) surface at two oxy-
gen monolayers [25], we can conclude that the forma-
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Fig. 6. (a) Schematic representation of the oxygen sites on the TiAl(100) surface and in the subsurface layers and (b)—(e) diffusion
profiles along certain directions. Ti, Al, and O atoms are represented by gray, light gray, and black balls, respectively.

tion of oxide layers on the (100) surface is more com-
plex.

3.5. Oxygen Diffusion on the TiAl(100) Surface

We now discuss oxygen diffusion paths on the
TiAl(100) surface and deep into the alloy. Figure 6a
shows the sites of an oxygen atom under study. Note
that the sites in the surface layer are given schemati-
cally, since an oxygen atom at equilibrium sites is
located at certain distances (0.25—1.65 A) from the
surface layer. Moreover, we only show part of the
supercell used to calculate the alloy surface. An energy
barrier of 0.57 eV was calculated for oxygen diffusion
along the H,, — Hy; direction in the surface layer.
Note that this value is higher than the hydrogen diffu-
sion barrier on the surface by 0.25 eV [39]. At the same
time, the energy barrier to oxygen diffusion in the sur-
face layer is significantly lower than the diffusion bar-
rier to the subsurface layer (Table 4).

It follows from Table 4 that the barriers to oxygen
diffusion from the tetrahedral (T1) to the octahedral
(01, 02) sites are low and differ insignificantly from
each other. However, the diffusion between the tetra-
hedral sites (T1 — T2) is energetically preferable as
compared to the diffusion to the octahedral sites of the
subsurface layer. The oxygen diffusion between the
octahedral sites of the subsurface layer and the layer
next to the surface is less favorable than that on the
surface, and the barrier increases with the distance
from the surface. The barriers also increase if an initial
oxygen site was located in a titanium-rich region,
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which indicates the preference of Ti—O bond forma-
tion and agrees with the experimental data in [50]. In
particular, the barrier between sites Ol and T2 is
1.15 eV, and the O2 — T2 barrier is lower by an order
of magnitude. An analysis of these results allows us to
conclude that the optimum diffusion path of an oxy-
gen atom from the y-TiAl(100) surface to the material
volume is Hyy, — Hpy — T1 — T2 — T3. This
conclusion differs from the conclusion drawn earlier
for hydrogen diffusion in [39], since the diffusion
between tetrahedral sites was not considered in that
work.

In conclusion, we note that an increase in the
supercell size is not reflected on the detected tenden-

Table 4. Energy barriers for oxygen diffusion on the TiAl(100)
surface and in the subsurface layers

Diffusion path | Barrier, eV | Diffusion path | Barrier, eV
H, — Hy 0.57 TI — T2 0.28
Hp— T1 1.35 T2 — O1, 0.11

T1I — Ol 0.32
02, — Ol 1.02

T1 — 02 0.31 2 2

02, — T3 0.12

01— 02 0.97
? 0o1,— T3 1.13

01— T2 1.15
T2 — T3 0.30

02— T2 0.09
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cies and changes the energy barriers by 5—10%. In par-
ticular, the energy barrier between the sites in the sur-
face layer increases from 0.57 to 0.62 eV and the min-
imum barrier (O2 — T2) decreases from 0.09 to
0.08 eV.

4. CONCLUSIONS

We presented the results of the calculation of oxy-
gen sorption in a y-TiAl alloy on low-index (001),
(100), and (110) surfaces that was performed by the
pseudopotential method in a plane-wave basis. The
oxygen sorption in a y-TiAl alloy was shown to be pre-
ferred in a titanium-rich octahedral site. Oxygen pre-
fers to adsorb at bridge site B on the TiAl(001),; sur-
face, which is stable in the limit of high aluminum
concentrations, an hollow site H is preferred for oxy-
gen on TiAl(001)y. On the stoichiometric TiAl(100)
surface, the adsorption energy is also maximal for the
hollow site above a subsurface aluminum atom. Oxy-
gen prefers to adsorb at long bridge site B1 on the
TiAl(110) surface irrespective of its termination. Using
the stoichiometric (100) surface as an example, we dis-
cussed the changes of the structural and electronic
characteristics induced by oxygen adsorption, includ-
ing the changes caused by an increase in the oxygen
concentration. It was shown that one oxygen mono-
layer on the (100) surface is insufficient for its satura-
tion. An increase in the oxygen concentration leads to
the penetration of oxygen into the subsurface layers,
where it occupies tetrahedral sites. The binding energy
of subsurface oxygen atoms is lower than on the sur-
face. The appearance of new Ti—O and Al—O bonds is
accompanied by the formation of a bandgap and a
weakening of the Ti—Al metallic bonds in the alloy.
Calculations demonstrate that the formation of Ti—O
bonds prevails over aluminum oxidation when the
oxygen concentration increases. On the whole, mixed
oxide layers can form on the (100) surface, which
agrees with the experimental data in [6, 7, 13]. The
calculations of the diffusion paths from the (100) sur-
face to the material volume showed that diffusion on
the surface is preferred as compared to diffusion into
the subsurface layers. After the penetration of oxygen
into the subsurface layer, oxygen migration along tet-
rahedral interstices is preferred. The energy barriers
increase for diffusion from titanium-rich sites.

Obviously, the processes that occur on the y-TiAl
alloy surface are complex and should be considered on
various scale levels. In this work, we only considered
the microscopic aspect of the interaction of oxygen on
the low-index surfaces and energy in the bulk of the y-
TiAl alloy and did not take into account many effects,
including the effect of temperature and the structural
transformations on the surfaces. Nevertheless, ab ini-
tio calculations allowed us to correctly estimate the
oxygen sorption energy in the bulk and on the surface
and to predict the microscopic mechanism of gas dif-
fusion, information on which can hardly be obtained
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from experimental data. In further studies, we are
going to take into account the effect of structural
defects and alloying metals and to consider the oxida-
tion of the alloy surface in more detail.
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