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The projector augmented-wave method within the density functional
theory is applied to investigate the oxygen diffusion in the intermetallic Ti-Al
alloys. It is shown that the highest oxygen absorption energies in Ti-Al alloys
correspond to the octahedral Ti-rich sites but the presence of aluminium in the
nearest neighbours leads to a substantial decrease in the oxygen absorption
energy in the alloys. The migration barriers for the oxygen diffusion between
various interstices in the crystal lattice of the Ti-Al alloys are estimated. The
preferred migration paths along a and ¢ axes and limiting barriers of the oxy-
gen diffusion in the alloys are determined. The dependence of the oxygen dif-
fusion coefficient on Ti-Al alloy composition is discussed.
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1. INTRODUCTION

Titanium aluminides are considered as the most promising structural materials
for the aerospace and aviation applications due to their relatively low density, high
melting point, high specific strength and modulus, good creep resistance, etc. [1],
[2]. However, the oxidation resistance of Ti,Al and TiAl alloys is much lower than
the desirable one that limits their application at high temperatures [1]-[5]. Although
TiAl, alloy has the highest oxidation resistance among the Ti-Al alloys, it is a rather
brittle material because of its low symmetry structure with few slip systems. It is
known that the formation of a dense oxide film with a corundum o-AlLQO; structure
on the surface of alloys with a low titanium content ensures their high oxidation
resistance [6], [7]. However, the chemical activity of aluminium decreases with in-
creasing titanium content that in combination with the thermodynamic characteris-
tics of oxides implies a higher stability of interfaces with TiO and TiO, rather than
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with ALO, [8]. The growth of mixed oxide layers on the surface of the Ti,Al and
TiAl alloys is responsible for lower oxidation resistance. The outer layers of the ox-
ide films, which are not in contact with the alloys, undergo cracking and partial spall-
ation [9], [10]. Thus, the development of new high temperature structural materials
based on titanium aluminides, the mechanical properties of which will be intermedi-
ate between the properties of nickel-based superalloys and high-temperature ceram-
ics, is a challenging problem of modern materials science. Therefore, it is necessary
to control the structure and properties of the surface layers of Ti—Al alloys and also
the conditions of their oxidation. In this context, it is necessary to understand better
the mechanism of surface oxidation of the Ti-Al alloys at the microscopic level. This
implies theoretical studies of the interaction of oxygen with a surface and its diffu-
sion from the surface into bulk and also in the bulk Ti-Al alloys in dependence on
their composition. In the present research, we discuss the oxygen diffusion proper-
ties in the bulk of Ti,Al, TiAl and TiAl, alloys.

2. METHOD OF CALCULATION

The calculations of atomic and electronic structure of binary alloys were per-
formed by the projector augmented-wave (PAW) method [11], [12] within the den-
sity functional theory (DFT) implemented in the plane wave VASP code [13], [14].
The generalized gradient approximation (GGA-PBE) was used for the exchange-
correlation functional [15]. The optimization of crystal structure was carried out
whilst the forces at atoms were smaller than 0.01 eV/A. We used a full relaxation
scheme, which included changes in the cell volume and its shape alongside with
optimization of the atomic positions. A k-point mesh of 7x7x7 obtained according to
the Monkhorst—Pack scheme was used for the integration over the Brillouin zone in
the TiAl and TiAl, bulk alloys. In the case of Ti,Al alloy a I'-centered k-point mesh
of 7x7x7 was used. The oxygen absorption energy was calculated as follows:

Eps = _[EO/Ti-Al —Erial —1/2 Eo2 ], (1)

where Eq1i.a1 and ET;_4; are the total energies of the bulk Ti-Al alloy with and with-
out oxygen, respectively, and Eq, is the total energy of the oxygen molecule. In order
to calculate the oxygen atom migration barriers along possible paths, the Climbing
Image Nudged Elastic Band method (CI-NEB) [16] was used. The initial positions
of images along an elementary path were found by linear interpolation between the
initial and final positions of a diffusing atom. During subsequent simultaneous re-
laxation of all images, each atom was assumed to be elastically bound to the same
atom in the neighbouring images. Such an approach allows determining accurately
a minimum energy path and a saddle point with the maximum energy. In this case,
the relaxation of atomic positions was only performed. The height of the migration
barrier was calculated as the difference in the total energies for system with the dif-
fusing atom in the saddle point and in the initial one.

21



3. RESULTS AND DISCUSSION

The intermetallic Ti,Al, TiAl and TiAl alloys possess DO, , L1, and DO, struc-
tures, respectively, as shown in Fig. 1. The interstitial impurities such as oxygen, hy-
drogen, etc. prefer to be absorbed in the octahedral (O) or tetrahedral (T) interstices.
All considered Ti-Al alloys are characterised by several types of the O- or T-sites
having different compositions of Al and Ti atoms in the nearest environment. In case
of Ti,Al alloy, there are two O-sites: Ol at the centre of the octahedron formed by
six Ti atoms, and O2 at the centre of the octahedron formed by four Ti atoms and two
Al atoms. All tetrahedral sites in this alloy are formed by three Ti and one Al atoms.
The latter atom can be located in the base of the tetrahedron (T1) or at its vertex (T2).

Fig. 1. Atomic structure and oxygen migration paths in the set of Ti-Al alloy. The positions between
host atoms in the alloys, i.e., on Ti-Ti, Ti—Al and Al-Al bonds are marked by C1, C2 and C3, respec-
tively.

On the contrary, in TiAl, alloy the octahedrons are formed primarily by four
or five Ti atoms and two or one Al atoms, respectively. The calculated absorption
energies of oxygen are given in Table 1. It is seen that the Ti-rich sites are mostly pre-
ferable for the oxygen absorption in the bulk alloys that is in agreement with earlier
calculations [17], [18]. In a number of works, e.g., [1], [19], it has been concluded
that oxygen adsorption takes place on surface titanium atoms and the chemisorption
rate decreases when the aluminum concentration in the alloy increases. Moreover,
the kinetics for oxidation of Ti-Al alloys, especially at low temperatures, is mainly
determined by the growth mechanisms of an oxide scale, i.e., diffusion, rather than
surface processes. A slight energy preference of the Al-rich O4-site for the oxygen
absorption in TiAl alloy is explained by the shift of oxygen towards the Ti atom and,
as a result, by the smaller length of the Ti—O bond than in the O3-site, and also by
the larger ionic contribution to the mechanism of chemical bond. The lower oxygen
absorption energies at the tetrahedral sites correlate with the larger changes in the
cell volume; i.e., oxygen can hardly be incorporated in these sites because of smaller
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interstice volume. On the whole, the oxygen absorption energies in considered tita-
nium aluminides decrease with an increase of Al atoms in the nearest neighbours and

Al content in alloys (Table 1).

Table 1
The Oxygen Absorption Energies in Ti-Al Alloys
Alloys 01 (6Ti) 02 (4Ti+2Al) 03 (2Ti+4Al) 04 (1Ti+5Al)
Ti Al 6.22 4.68 - -
TiAl - 4.02 3.07 -
TiAl - - 2.76 291
Alloys T1 (3Ti+1Al) T2 (3Ti+1Al) T3 (2Ti+2Al) T4 (1Ti+3Al)
Ti Al 4.58 3.77 - -
TiAl - - 3.17 -
TiAl - - - 2.85

Let us discuss the diffusion of an oxygen atom along the paths shown in Fig. 1.
All migration paths of an oxygen atom can be divided into three groups: (1) paths
along the c axis, i.e., along [0001] or [001] directions in dependence on symmetry of
Ti-Al alloy; (2) paths in the (0001) plane for Ti,Al or (001) one for TiAl and TiAlL;
and (3) paths between sites in different (0001) planes in case of Ti,Al or (001) ones
for other alloys but these sites are not one below another exactly. All calculated mi-
gration barriers are summarised in Fig. 2. In Ti,Al, the highest energy barrier for the
oxygen diffusion was obtained between the Ti-rich Ol-sites in the [0001] direction.
It equals to 3.48 eV that is higher than that for the O2—O2 jump (3.02 eV) in the
TiAl alloy. Note that both values for the migration barrier between the preferential
O-sites are substantially higher than the value (2.05 eV) obtained for TiAl, [20].
Thus, despite the differences in the symmetry of the crystal lattices of the Ti—Al
alloys, the energy barrier for the oxygen diffusion between the octahedral sites de-
creases with an increase of the Al content near an oxygen atom. Besides, in Ti,Al the
migration barriers along the O1—02 and O2—0O2 paths in the basal (0001) plane
are of ~0.5-0.9 eV lower than those for O1—0O1 and O2—02 along the ¢ axis that
can indicate the diffusion anisotropy in this alloy.

Although the migration barriers along the O2—02 path in the [0001] direc-
tion and in the basal (0001) plane are lower than for the O1—0O1 diffusion in Ti,Al, it
takes higher energy for the O atom to be incorporated into the O2-site, which makes
the diffusion between the O2-sites less preferred. In general, the oxygen migration
between the T-sites is characterised by a low barrier; however, the path along the
[0001] direction does not correspond to translation invariance and can be considered
as part of the complex path, e.g., 02—T2—T2—02. The energy barriers between
the T-sites in the plane perpendicular to ¢ axis are decreased in the set Ti, AI-TiAl-
TiAL (1.87-0.81-0.18 €V). It should be noted that in Ti,Al the energy barriers of
the oxygen diffusion along the paths of the third type (O1—T1, O2—T1, 02—T2,
etc., see Fig. 1) are higher than the corresponding barriers in TiAl and TiAl, alloys.
Since the T-sites are less preferable for the O absorption, the reverse diffusion re-
quires lower energy. Finally, it is shown that in TiAl the oxygen diffusion through
the Al-layer is almost barrierless, while the migration barrier through the Ti-layer is
significantly higher (2.17 eV).
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Fig. 2. The calculated migration barrier of oxygen in Ti3Al, TiAl and TiAl, alloys.

In contrast to [21], in our previous work [22] the diffusion coefficient D =
D, exp(-E /k,T), where D, — the pre-exponential factor and £, — the activation en-
ergy, was calculated using a specific value of frequency (v) for each elementary jump
and the corresponding energy barriers along the considered paths. A technique that
is an extension of the theory proposed in [23] was used to describe the oxygen dif-
fusion in a-Ti. More details can be found in [22]. As is seen from Fig. 3a, the diffu-
sion coefficient calculated using the energy barriers obtained within the DFT agrees
well with the experimental data in [21]. The activation energies calculated from the
diffusion coefficient of oxygen in the Ti,Al alloy along a and c axes are 1.99 and
1.97 eV, respectively, that agree well with the experimental data (1.94 and 1.92 eV,
respectively [21]). The small diffusion anisotropy along two directions also agrees
with the conclusion drawn from the experimental data in [21]. However, the oxygen
diffusion in TiAl and TiAl, was not studied despite its importance in understanding
the oxidation behaviour and the diffusion barrier properties of the Ti-Al alloys. It is
seen from Fig. 3b that the diffusion coefficients of oxygen in both TiAl and TiAl,
alloys are substantially higher than those in Ti,Al. The difference reaches five-seven
order in case of TiAl and TiAl,. With an increase of the Al content, the anisotropy in
the diffusion coefficients along @ and ¢ axes and also the oxygen diffusivity in the
Al-rich alloys are increased. We remind that the oxidation resistance of the TiAl, al-
loy is caused by formation of the dense corundum oxide layers. The fast formation of
this thin film prevents the interaction of oxygen with Ti atoms and formation of TiO,
or mixed oxide scales. The established trends in absorption properties and migration
barriers of O in the bulk alloys are valid for the O adsorption on surface and the O
migration from the surface into the bulk.

Let us discuss the changes in a local electronic structure of the alloys during
the oxygen diffusion along ¢ axis. Figure 4 shows the total charge density distri-
bution in the plane perpendicular to ¢ axis and passing through the saddle points
along different paths in Ti,Al and TiAl, alloys. In case of Ti,Al, the oxygen dif-
fuses between two octahedral sites through the saddle point in triangle (Fig. 4a),
whereas in TiAl, the saddle point is located in bridge position between two atoms
(C2 or C3) and the end points are the tetrahedral sites (Fig. 4b). It is seen that in the
saddle points the O—Ti bonds have ionic-covalent character, while the O—Al bonds
are mainly ionic ones. The change of the charge density distributions has a local
character and is accompanied by the shift of the nearest host atoms from O. Since the
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covalent radius of Ti atom is larger by 0.14 A than that of Al one, the presence of Al
atoms as the nearest neighbours of oxygen in the saddle point results in an increase
of the interstice volume. As a result, it is easier for O atom to be incorporated in this
saddle point that leads to lowering of the migration barrier. It is seen in Fig. 4a that
the interatomic distance between Ti and O atoms increases by 0.07 A in presence of
Al atom. On the other hand, the appearance of Al near oxygen leads to a decrease
of the hybridization contribution that weakens the chemical bonds in saddle point as
well. The similar picture can be seen in Fig. 4b.
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Fig. 3. The calculated diffusion coefficients of oxygen in (a) Ti3Al alloy in
comparison with experimental ones and those (b) in TiAl and TiAlL.
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Fig. 4. Total charge density distribution in the plane passing through the oxygen and its nearest host
atoms in saddle point for diffusion along c axis in Ti;Al (a) and TiAl, (b) alloys. The saddle and end
points are shown in corresponding crystal structures.
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Fig. 5. Local DOS of oxygen and the nearest host atoms in initial and saddle points.
The host atoms being the second nearest neighbors to oxygen are marked with symbol *.

The comparison of the local densities of states of O and its nearest neighbour
host atoms in the initial and saddle points is given in Fig. 5. It is seen that almost all
DOS curves are shifted towards the Fermi level (£,) in the saddle points. In case of
the O diffusion in Ti,Al (Fig. 5a,b) the density of states at the Fermi level, N(E,), for
Ti and Al atoms increases in the saddle points in comparison with the initial ones.
Such changes in the electronic structure of the alloy can be considered as an indica-
tor of structural instability. In the initial points the local DOSs and total ones, being
not shown in Fig. 5a,b, have the local minimum in which £ is located. The opposite
effect is observed for the O diffusion between tetrahedral sites in the TiAl, alloy (Fig.
5¢). When O diffuses along the T4—C2—T4 path, there is a decrease of N(E,) espe-
cially in case of Ti atom, while an increase of N(E,) occurs for O local DOS in the
saddle point. However, the total DOS demonstrates the increase of N(E,) in the C2
saddle point by 3.47 el./eV. We remind that the tetrahedral site is less stable for oxy-
gen in TiAl, than the octahedral O4-site. For the O diffusion along the T4—C3—T4
path, there are only small changes in the electronic structure of TiAl, alloy in both
initial and saddle points (Fig. 5d) that correlates with the low migration energy.
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4. CONCLUSIONS

In the present research, the absorption and diffusion properties of oxygen in
the Ti-Al alloys have been calculated by the PAW method within the DFT. It has
been shown that the oxygen prefers mainly the Ti-rich octahedral sites in the bulk
alloys. The appearance of aluminium in the nearest neighbours of oxygen leads to a
decrease of its absorption energy in the set of Ti,Al-TiAl-TiAl, alloys. The greater
solubility of oxygen in Ti,Al is connected with existence of the octahedron formed
by six Ti atoms. The energy barriers for the oxygen diffusion from preferred absorp-
tion sites decrease with an increase of aluminium content in the Ti-Al alloys. 4b
initio estimations demonstrate that the diffusion coefficient and its anisotropy in the
Ti-Al alloys increase also with the Al content. The Ti-rich sites can serve as oxygen
traps, which retard the oxygen diffusion and hinder the aluminium oxidation. The
obtained results can provide the better understanding of the oxygen diffusion pro-
perties in the Ti-Al alloys and the oxidation of intermetallic systems. Furthermore,
such knowledge of the diffusivity and its anisotropy is very important in engineering
and to predict the influence of impurities on the limiting diffusion barriers and the
oxygen diffusion related properties. The effect of impurities on the oxygen diffusion
rate in the Ti-Al alloys will be considered in our forthcoming paper.
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SKABEKIA DIFUZIJAS PIRMPRINCIPU
APREKINI Ti-Al SAKAUSEJUMOS

S. E. Kulkova, A. V. Bakulins, S. S. Kulkovs

Kopsavilkums

Projektora paplasinata vilpa metode blivuma funkcionalaja teorija tiek iz-
mantota, lai petitu skabekla diftziju intermetaliskajos Ti-Al sakaus€jumos. Raksta
paradits, ka augstakas skabekla absorbcijas energijas Ti-Al sakaus€jumos atbilst
oktaedra Ti bagatam vietam, bet aluminija klatblitne tuvakajos regionos ievérojami
samazina skabekla absorbcijas energiju sakausjumos. Tiek novértétas migracijas
barjeras skabekla difiizijai starp dazadam spraugam Ti-Al sakausg€jumu kristala
rezg1. Petijuma noteikti vEélamie migracijas celi gar a un ¢ asim un ierobezojosas
skabekla diftizijas barjeras sakausgjumos. Tiek apskatita skabekla difuzijas koefi-
cienta atkariba no Ti-Al sakausgjuma sastava.
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