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This work reexamines the insertion of O atoms in the L10 γ-TiAl system using first-principles
calculations and thermodynamic modeling in the independent point defect approximation. It in-
cludes a study of intrinsic point defects, the insertion of many alloying elements (more than twenty
were considered), as well as a study of their interaction with oxygen. The formation of complex
defects composed of either vacancies, anti-sites or solute elements is then studied. Results at the
atomic scale show a high segregation of oxygen in titanium-rich environments: oxygen easily segre-
gates onto Ti anti-sites (TiAl) and alloying elements are located in the vicinity of Al sub-lattices.
DFT point-defect energetics shows that there is a clear correlation between the nature and site
preference of an alloying element, and the oxygen segregation energy in the vicinity of this solute.
The thermodynamic model shows that at equilibrium, oxygen does not occupy isolated interstitial
sites but prefers to be located in the vicinity of Ti anti-sites or alloying elements. The effect of this
strong segregation on oxygen diffusivity is discussed hereinafter. Results show a strong slowdown
in oxygen diffusivity due to intrinsic defects. For Ti/Al > 0.5 ratios, the traps for O diffusion are
mainly constituted by Ti anti-sites, and the addition of solutes does not contribute much to the
trapping of diffusing O atoms. For Ti/Al < 0.5 ratios however, the contribution of solutes to trap-
ping phenomena can be very important, and a decrease by 1-2 orders of magnitude of effective O
diffusion coefficients can be observed for temperatures around 800-1100 K.

I. INTRODUCTION

Oxygen in solid solution has long been known for its
significant impact on the mechanical properties of TiAl
alloys. Because these materials are now implemented in
hot parts of aeronautical and automotive engines, the
issue of the dependence of the mechanical properties of
TiAl alloys on O concentration is becoming increasingly
a concern. However, due to the low solubility of O in the
γ phase, which in most cases represents the main volume
fraction in these alloys, the experimental investigation of
these phenomena is difficult, but theoretical approaches
can provide interesting guidelines.

The effect of O on mechanical properties has been ob-
served experimentally either when O is initially dissolved
in the material, or when O penetrates into it by diffusion.
In the case where O is initially present in the material as
a contaminant, even though this problem is well known
in the casting industry, only a few works studied this ef-
fect, due to the difficulty of elaborating high-purity, un-
contaminated materials Nevertheless, some studies un-
ambiguously showed that ductility decreases as the con-
centration of dissolved O rises [1, 2]. To explain these
changes in mechanical properties different interpretations
have been proposed. Some studies pointed out the prob-
able role of dissolved oxygen in reducing the mobility of
ordinary dislocations [3, 4]. Other works, based on TEM
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observations, highlighted the influence of extrinsic pin-
ning points anchoring the dislocations [5, 6], which could
be constituted by O-rich atomic precipitates [7]. Finally,
some studies hypothesized the formation of nanometric
O-rich precipitates (of about 5-10 nm in size) [8], pre-
sumably composed of Al2O3 [9], that could interact with
the dislocations, and thus increase yield stress.

The other phenomenon that causes a reduction in duc-
tility is when the alloys are submitted to heat treat-
ments in air at high temperature (300-800°C), for 10-
100 h. In that case, a significant decrease in ductility
at room temperature is observed [10–17]. To account for
this phenomenon, the formation of a brittle surface layer
[10, 12, 15], was proposed, but the underlying mecha-
nisms remain largely obscure. However, though the pre-
cise mechanism leading to ductility loss has not been
clearly revealed yet, it is very likely that O diffusion plays
a significant role in it [14, 16, 17].

To further interpret these phenomena, a key question
is to determine the concentration of O in the γ phase.
Measurements were thus carried out by atom probe to-
mography in a Ti52Al48 alloy [18]. On average, the O
concentration was of about 2300 at. ppm in the bulk.
In the γ phase however, it was of 230 at. ppm only,
most of the O partitioning to the α2 phase, in which
the O content was 19200 at. ppm. Because the volume
fraction of the α2 phase amounted to 10 %, this con-
centration was in quantitative agreement with the aver-
age bulk O concentration of the sample. In other words,
most of the oxygen dissolved in the bulk was actually in
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the α2 phase. The fact that O solubility is much higher
in α2 than in γ can be explained by the chemical envi-
ronment, rather than by size effects: in α2, there exist
Ti-rich sites composed of 6 Ti atoms surrounding octa-
hedral cavities, whereas there are none in γ [19]. Based
on atom probe experiments, the same study showed that
the solubility of O was stable in the γ phase up to age-
ing temperatures of 1300°C. However, the structure and
the thermodynamical stability of this solid solution re-
mains largely unknown. In particular, the interactions of
dissolved O with the various point defects, such as vacan-
cies, anti-sites, and substitutional solutes, have not been
established. A better understanding of these phenomena
could help describe the structure and chemistry of these
complex point defects, which could act either as pinning
points for the dislocations, and/or traps for the diffusing
O solutes.

Due to the low solubility of O in the γ phase, its dif-
fusivity remains largely unknown. Some data concerning
the diffusion coefficients of O in the α2 phase are avail-
able, with however significant discrepancy [20, 21]. At
800°C for example, values of 4-6 ×10−18 m2/s [21] and
1.1 × 10−16 m2/s [20], are reported. Regarding γ-TiAl,
measurements were carried out in amorphous TiAl layers
deposited in sputtering experiments and gave values of
around 10−14 m2/s at 700°C [22]. To the authors’ knowl-
edge, these are the only experimental data that can be
found in the literature. However, O diffusion coefficients
were determined theoretically in three separate studies
and results were comparable [23–26]. Surprisingly, these
works all predict values that are quite high (in the or-
der of 10−11 m2/s at 700°C, for a diffusion perpendicular
to the [001] crystalline axis). These studies also predict
an anisotropy of the diffusion coefficient, the value paral-
lel to the [001] crystalline axis being about one order of
magnitude smaller than the value perpendicular to [001].
The theoretical activation energies from the three stud-
ies are also close, about 1.1-1.2 eV perpendicular to the
[001] direction, and 1.2 eV parallel to [001]. However,
none of these previous works evaluated the effect of sub-
stitutional solutes on O diffusivity, like Cr, Nb, W, Mo,
etc., which are generally added to TiAl alloys.

Therefore, studying thoroughly the coupling between
(i) addition of solutes and (ii) solubility and diffusion
kinetics of O in the γ-TiAl phase is important for devel-
oping these alloys. However, investigating these issues is
difficult because of the very low solubility of O in the γ
phase of TiAl. Consequently, theoretical approaches are
interesting tools when studying dissolution and diffusion
phenomena. This reason motivated the present study as
it addresses the thermodynamical stability of complex
point defects in presence of O and the diffusion of O in
presence of substitutional solutes in the γ phase of TiAl.

The interaction of oxygen with the vacancies and the
anti-sites of the system will thus be investigated. To fur-
ther complete this work, the effect of alloying elements
will be studied. More precisely, the interactions between
solutes and oxygen will be carried out using not only first-

principles calculations but also thermodynamic models.
One of the objectives is to estimate the influence of sev-
eral substitutionnal solutes on the insertion energy of O
in the alloy. From these calculations, the impact of these
solutes on the O diffusivity will be evaluated.

The methodology (DFT and thermodynamic model)
and preliminary results on the TiAl system are presented
in section II. Section III discusses the concentration of
intrinsic point defects in the TiAl system. The TiAl +
O system is then addressed in Section IV, followed by
a discussion on the substitutional elements in the TiAl
system in Section V. Sections VI and VII give conclusions
about the effect of solutes on the solubility and diffusivity
of oxygen in the TiAl system.

II. METHODS

A. DFT simulations

DFT calculations were performed using the Vienna
ab initio simulation package (VASP) [27]. The self-
consistent Kohn-Sham equations were solved using the
projector augmented wave (PAW) pseudo-potentials [28].
The Perdew-Burke-Ernzerhof (PBE [29]) exchange and
correlation functional was used. As γ-TiAl is nonmag-
netic, calculations were performed without magnetism.
The plane-wave energy cut-off was set to 500 eV. Calcula-
tions were conducted on 3×3×3 super-cells, i.e. 108 sites
(54 Ti and 54 Al). 10×10×10 Monkhorst-Pack meshes
[30] were used to sample the first Brillouin zone. Ionic re-
laxations were introduced by using a conjugate-gradient
algorithm, and supercell relaxations (volume and shape)
were also made possible. Calculations were performed at
zero pressure.

B. IPDA thermodynamics

The methodology of first-principles thermodynamics
for ordered compounds is mainly based on the indepen-
dent point defect approximation (IPDA) [31], an ap-
proach initiated in the 1990s, because the increased accu-
racy of first-principles calculations made it significantly
more interesting. The IPDA has the advantage of being
versatile and much easier to implement – and perhaps
just as reliable around stoichiometry – than more com-
plex approaches such as the cluster expansion approach
[32]. Much more than the latter, it can be extended to
many cases of ordered alloys with complex structures,
possibly containing additional elements [33–35], not nec-
essarily including metallic bonding [36], and encompass-
ing the various contributions to point defect free energies,
e.g. point defect phonons [37]. Given the enormous num-
ber of existing ordered compounds, the IPDA thus pro-
vides a useful framework for analysis and interpretation,
suitable for a wide field of potential applications. Notice-
ably, it allows to quickly characterize, in a rather system-
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atic way, an ordered compound for a given – ab initio or
empirical – type of alloy energetics. It also provides an
efficient tool to benchmark alloy energetics, sometimes
allowing to highlight striking differences between energy
models. In this context, the present work on TiAl offers
a good opportunity to describe how the IPDA can be
applied to multi-component systems containing several
kinds of point defects.

The parameters required in the IPDA thermodynamic
model are the so-called grand canonical free energies cor-
responding to the creation of each type of complex, sim-
ple or isolated point defect, which, at a temperature of
0K, correspond to grand canonical energies, Egc. The
ground-state point defect structure is thus obtained by
minimizing the T=0K enthalpy of the system with re-
spect to the point defect numbers at constant composi-
tion. For a given defect, Egc is expressed as:

Egc[defect] = Eo[TiAl + defect]− Eo[TiAl]. (1)

where Eo are the DFT energies of the system with and
without defect. However, the “true” thermodynamic
quantity required to compute defect concentrations is the
formation energy, Ef [defect], of the defects. It is thus
given by:

Ef [defect] = Egc −∆nAl · µ[Al]−∆nTi · µ[Ti] (2)

where ∆nAl and ∆nTi is the number of Al and Ti atoms
added (negative) or subtracted (positive) to the system.
The formation energies needed to compute the concen-
trations of point defects therefore depend on the chemical
potentials of the elements present in the compound. In
the case of binary TiAl, the chemical potentials of Al and
Ti atoms are linked by a constraint that is approximately
given by:

µ[Al] + µ[Ti] = Eo[TiAl] (3)

In the approach used here, the concentration of Ti (and
thus of Al) is fixed, the value of the potential µ[Ti] to
satisfy this constraint is thus calculated. The constraint
(Eo[TiAl]) corresponds to the energy of the perfect bulk.
The defect concentration is thus expressed as:

Cdefect[T ] ∝ e−Ef/kBT (4)

where the proportionality depends on the degeneracy
(multiplicity) of the defect.

C. TiAl system

The L10 γ-TiAl system belongs to space group n°
123. It is an ordered compound with tetragonal structure
where Ti and Al atoms occupy 1a and 1d sites, respec-
tively. The face-centered tetragonal lattice was used in
this work, but considered as pseudo face-centered cubic,
because the lattice parameters are very similar: ao=bo

= 3.999 Å and co = 4.076 Å, see Fig. 1. This small dif-

Figure 1. Schematic representation of the γ-TiAl system
with one O in stable position (labeled 2h), and the two self-
interstitial positions (labeled SIA1 and SIA2). The green balls
(resp. blue) are the Al atoms (resp. Ti).

ference induces a strong anisotropy in the structure and
lifts the degeneracy of many equivalent sites as, for in-
stance the octahedral and tetrahedral sites of the usual
fcc structure. This is also why SIA1 and SIA2 sites are
not equivalent, see Fig. 1. DFT simulations have already
proved successful in accurately reproducing the ground-
state properties of the γ-TiAl system, see for example
Refs. [38, 39].

III. INTRINSIC POINT DEFECTS IN THE
TIAL SYSTEM

A. DFT results

This first part reexamines the properties of the intrin-
sic point defects found in the TixAl1−x system, around
the stoichiometric composition, i.e. x ' 0.5. In the L10

γ-TiAl system, there are three intrinsic point defects: the
vacancies, the anti-sites and the self-interstitials. Regard-
ing vacancies, there are two configurations: Ti vacancies
(labeled VTi) or Al vacancies (Val). There are also two
anti-sites, i.e. Ti (resp. Al) atoms in Al (resp. Ti)
sites, labeled TiAl (resp. AlTi). As for self-interstitial
defects, two configurations were considered, the added
Al/Ti atom thus occupies the SIA1 or SIA2 site (which
correspond to octahedral and tetrahedral positions see
Ref. [39]), as depicted in Fig. 1.

The grand canonical energies of the simple intrinsic
point defects in L10 γ-TiAl are summarized in Table I.

As explained above, the formation energies, needed to
compute the concentrations of point defects, depend on
the chemical potentials of the elements present in the
compound. It thus depends on the TiAl composition
(Ti/Al ratio) and the temperature. The comparison of
the stability of different defects is therefore tricky at this
stage.
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Table I. Calculated values of grand canonical energies (in eV)
of simple intrinsic point defects in L10 γ-TiAl.

Species\site Ti Al SIA1 SIA2

vacancy 9.71 6.47 - -

Ti - -3.28 -2.01 -3.61

Al 4.15 - +0.72 +0.09

B. Effect of temperature

The approach described by Besson et al. [31, 33] was
thus used here to compute concentrations and formation
energies depending on temperature and Ti/Al fraction.
Calculations were performed at a fixed temperature, the
fraction of Ti/Al, x, being left free to vary (in the present
method, a chemical potential scan was carried out: for a
value of µ[Ti], there is one µ[Al] value, eq. 3, which cor-
responds to one x concentration). A diagram indicating
the stability of point defects around stoichiometry can
then be established. Results are represented in Fig. 2.

Figure 2. Point defect concentrations as a function of Ti con-
tent x in the TixAl1−x system, for three temperatures: 600,
1000 and 1700K.

As expected, the concentration of Ti vacancies (blue
line in Fig. 2) is much higher than that of Al vacancies
(magenta line), regardless of the titanium concentration
present in the system, and the content of anti-sites is high
on either side of stoichiometry. This result is in agree-
ment with the common idea that in the sub-stoichiometry
of Ti (resp. Al), for example, Al (resp. Ti) atoms replace
Ti atoms (resp. Al), on the sub-lattice sites. Regarding
self-interstitial species, they were included in the IPDA
model. However, their concentrations were all found to
be low: lower than 10−20 at 1000 K and about 10−12

at 2000 K. Their formation energies are in the range
of [4.3 − 6.5] eV (see Supplemental material, section 1).
They will thus be considered as negligible in the rest of
the study.

The formation energies of the different defects obtained
at different temperatures (300, 600, 1000 and 1700K) as
a function of the titanium content in the system were also

plotted, see Fig. 3. The formation energies of both types

Figure 3. Formation energies of point defects in the TixAl1−x

system as a function of the Ti content for four temperatures:
300, 600, 1000 and 1700K.

of vacancies are in the range of [1.5−2.3] eV depending on
the Ti concentration, while the formation energy of anti-
sites is almost equal to zero (in the range of [0.1 − 0.7]
eV) when deviating from stoichiometry.

These results can now be compared to those found in
the literature. They are in agreement with the results
of Woodward [38], Herzig [40], Mishin [41], Hao [42] and
Bakulin [43]. There still are discrepancies depending on
the calculation method (EAM or DFT) and the approx-
imation method (LDA or GGA functionals), as noticed
by Bakulin [43]. Hao [42] obtained high DFT Al va-
cancy formation energies of about 2.98 eV, while Wood-
ward [38, 44] found DFT values in better agreement with
ours, about 2.0 eV. In the case of VTi, these aforemen-
tioned studies produced rather consistent values, in the
range of [1.2−1.8] eV depending on the composition, see
Ref. from Woodward et al. [38]. Nevertheless, the re-
sults gathered in Table II can be successfully compared
with the results of Bakulin [43] (they also used the VASP
code with the PBE functional, but calculations were per-
formed on smaller supercells): the agreement for the
grand canonical energies between the two works is excel-
lent. The concentration of point defects and thus analysis
are thus the same between both works. Remarkably, the
value obtained in our study for Ef [VTi], about 1.69 eV
at stoichiometry, is in excellent agreement with the ex-
perimental measurements obtained by positron lifetime
spectroscopy, about 1.4 eV for the vacancy formation en-
ergy in the Ti52Al48 system [45, 46]. For the Al vacancy
formation energy there are no experimental values avail-
able, probably due to its high value. To conclude, the
present results are considered accurate enough, and will
be used hereinafter.
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IV. TIAL-O SYSTEM

A. DFT results

As reported in previous works [24–26], in the TiAl sys-
tem, O atoms prefer to occupy 2h sites among many
possible interstitial positions, see Fig. 1. O atoms are
thus located (along the c axis of the tetragonal structure)
above an Al atom at an interstitial position, but not at
the octahedral position. These earlier studies indicated
[24–26] that O has a strong affinity with Ti atoms, which
explains for instance its high solubility in Ti systems. In
these works, it was also shown that other interstitial po-
sitions have higher energies than the 2h positions. To
further enhance the model, a second insertion site was
taken into account: the 2e site, identical to the SIA2
configuration, see Fig. 1. It has a higher energy of about
0.88 eV above that of the 2h site. 2h and 2e sites are
therefore used as interstitial O positions, while other in-
terstitial sites are neglected. These two sites were then
prioritized in the construction of the complex clusters.

In this context, an ab initio-based IPDA thermody-
namic study is carried out in order to study oxygen inser-
tion in γ-TiAl. Here, it is considered that O atoms can
interact with (and without) intrinsic point defects and
can form complex oxygen clusters. In addition to the two
interstitial positions, many types of oxygen clusters are
thus included in the model: vacancy-oxygen clusters (la-
beled VAlOn, VTiOn), anti-site-oxygen clusters (AlTiOn,
and TiAlOn) and oxygen aggregates around a ”normal”
Ti or Al atom (i.e. TiTiOn, AlAlOn resp.). DFT simu-
lations are performed for all these cases, with different n
values.

First, regarding the complexes involving a single O
atom (n=1, first row of Table II), various configurations
around a vacancy are displayed in Fig. 4. For similar
(n=1) clusters around anti-sites, only two configurations
for O atoms are considered: when the O atom is either
in the 2h site or in the 2e site (cases 3 and 4 on the
left, cases 4 and 3 on the right). For larger O-vacancy
clusters VY On with n ≥ 2, several configurations built
from the two favorable O sites 2h and 2e are considered
up to n=6. For similar O complexes (n ≥ 2, anti-sites
and O aggregates), the investigation is limited to smaller
values, i.e. n ≤ 3.

To analyze these results, another energy is introduced
in addition to grand canonical energies: the oxygen segre-
gation energy, Eseg[VYOn]. It corresponds to the energy
needed/gained to segregate an O atom onto a VY On−1

complex defect (the most stable configuration n− 1):

Eseg[VYOn] = Eo[TiAl + VYOn] + Eo[TiAl]

− Eo[TiAl +Oint]− Eo[TiAl + VYOn−1]. (5)

Eo[TiAl + VYOn] is the DFT energy of the system with
a VY On cluster (Y=Al or Ti), Eo[TiAl] is the energy of
the perfect system, Eo[TiAl + Oint] the energy of an O
atom in its interstitial position and Eo[TiAl + VYOn−1]

Figure 4. Schematic representation of the different configu-
rations of complex defects composed of one vacancy and one
oxygen, VY O1, where Y=Al (left) or Ti (right). The energy
indicated under each configuration corresponds to the oxygen
segregation energy as defined in the text, which in this case
(n=1) is identical to the oxygen-vacancy binding energy. A
body-centered tetragonal (bct) representation was chosen to
represent the L10 TiAl structure.

the DFT energy of the most stable VY On−1 cluster. A
negative value of Eseg[VY +On] therefore means that an
O atom prefers to segregate on a VY On−1 cluster rather
than staying alone in its interstitial position. Results on
the most stable configurations are summarized in Table
II, and full results are depicted in Fig. 5.

Before discussing ”true” complexes (i.e. O around in-
trinsic point defects), a preliminary case is also displayed
in Fig. 5 (cases 1 on Fig. 4), which corresponds to an iso-
lated O atom in substitution, the O atom being located
either in a Ti or in a Al sub-lattice site. This configu-
ration is not energetically favorable (Eseg > 0). Overall,
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Table II. Calculated values of grand canonical energies (in eV) for oxygen clusters in L10 γ-TiAl. In parentheses, the segregation
energies, Eseg (in eV), are also given.

O in 2h -8.37 O in 2e -7.49

Cluster\X VTi VAl AlTi TiAl TiTi AlAl

XO1 0.82 (-0.46) -3.11 (-1.16) -3.54 (0.74) -12.68 (-0.98) -8.37 (2h) -8.37 (2h)

XO2 8.11 (-0.51) 12.66 (-1.29) - -21.85 (-0.75) -16.69 (0.16) -16.82 (0.03)

XO3 16.87 (-0.34) 20.94 (0.14) - -29.22 (1.05) - -

XO4 25.80 (-0.51) 29.26 (0.11) - - - -

XO5 32.24 (+1.99) 37.49 (0.19) - - - -

XO6 41.46 (-0.81) 44.36 (1.55) - - - -

Figure 5. Segregation energies for oxygen clusters lo-
cated around vacancies (VTiOn, VAlOn), anti-sites (AlTiOn,
TiAlOn) or ”normal” atoms (TiTiOn, AlAlOn).

Table II clearly shows that O atoms strongly segregate
on vacancies and anti-sites, especially on Al vacancies or
TiAl anti-sites which display significant segregation ener-
gies, ' -1 eV. Remarkably, this enhanced cluster stabil-
ity holds only for a small number of O atoms, typically
n ≤ 2 − 3. For the most stable configuration of VAlO1

(case 3, in Fig. 4), the oxygen is in the vicinity of Ti
atoms: the most stable configuration corresponds to two
equivalent positions where oxygen atoms occupy the 2h
sites, above and below the intrinsic defect. This result is
consistent with the previous analysis of oxygen insertion
in the defect-free TiAl system. By increasing n around
an Al vacancy, the most stable VAlO2 configuration is
reached when the two O atoms are on either side of the
Al vacancy position, in the two 2h positions. The other
configurations where O is not in 2h are always less ener-
getically favorable. When n is greater than 2, as there
are two O atoms in the 2h positions, the others have to
be located in the less stable 2e sites. This explains the
positive segregation energies found then for VAlOn.

Around a Ti vacancy, ”case 4” is the most stable con-
figuration for VTiO1, see Fig. 4. There are four equiva-
lent possibilities for this case. In these configurations, all

complex oxygen clusters composed of oxygen are there-
fore energetically favorable. Up to n = 4, VTiOn are
thus energetically favorable, the most stable being those
composed exclusively of these sites. However, as soon
as a cluster is composed of one or more O atoms in an-
other site is less stable than the others. This explains
why positive segregation energies are obtained for clus-
ters containing n = 5 or more O atoms.

These results lead to the conclusion that O segregation
around aluminum vacancies is favored but that only clus-
ters of at most two oxygen atoms can form. On the other
hand, around Ti vacancies, segregation energies are less
strong but still negative, so that configurations are also
favored and clusters including up to four O atoms can be
formed. These results are valid at 0K, but in order to as-
sess the competition and stability among configurations,
thermal effects must now be taken into account.

Concerning O clusters around anti-site atoms, a few
configurations were tested. A specific attention was paid
to the cases that should be the most stable, i.e. the con-
figurations where O atoms are placed in 2h sites. As
with O-vacancy clusters, O atoms prefer a Ti-rich en-
vironment, i.e. TiAl. The oxygen segregation energy on
TiAl, -0.98eV, is found to be close to that obtained for the
segregation around an Al vacancy (-1.16eV). However, as
seen in the previous section, the anti-site concentration,
which depends on the Ti/Al ratio, is much greater than
the vacancy concentration. We can therefore anticipate
on the following, by concluding that complex TiAl+O
defects are likely to be the majore defects.

The last type of defects considered in the present study
are those composed of oxygen only, either around a ”nor-
mal” Al (labeled AlAlOn) or Ti atom (TiTiOn). But
results show that such O aggregates are not favored. In-
deed, their segregation energy is always positive, see Fig.
5.

B. Effect of temperature

From these energies, O defect concentrations can now
be determined as a function of temperature, and as a
function of the Ti/Al fraction, x, in the TixAl1−x system.
Many configurations were inserted in the IPDA model:
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Figure 6. (color online) Concentration of clusters and point defects calculated at 600 and 1000K as a function of oxygen
concentration in the TixAl1−x system, where x = 0.51 (top) and 0.49 (bottom). Lines with symbols correspond to O clusters.
A large number of symbols were represented in the legend, these are all defects (complex or not) used in the ADPI. Only a few
have concentrations above 10−3 ppb. These are the ones discussed in the text.

both kinds of vacancies and anti-sites, two interstitial po-
sitions (the most stable and the second most stable, as
explained above) and all complex defects described pre-
viously. For these thermodynamic calculations, two tem-
peratures (600 and 1000K) and two initial binary compo-
sitions of TixAl1−x, x = 0.51 and 0.49, were considered
(results for additional temperatures are provided in the
Supplemental Material section). The plots were drawn
as a function of the total oxygen concentration present
in the system. Results are plotted in Figs. 6 for x = 0.51
and 0.49.

The results show that, at thermodynamic equilibrium,
in all cases, O atoms are located in the vicinity of Ti
anti-sites and in isolated interstitial positions. The sit-
uation depends somewhat on the TiAl ratio and on the
temperature. For x = 0.51, the main complex defect
is TiAlO1. The main change in the concentrations con-
cerns the second most stable complex, indeed, O may
appear either in isolated form or as a TiAlO2 defect, de-

pending on the temperature. For x = 0.49 (and at the
stoichiometry too), at low temperature, TiAlO2 defects
are more stable, but when T increases, the fraction of
TiAlO1 clusters increases to become the main ones. The
O concentration in isolated interstitial positions remains
negligible in comparison to other complex defects. Some
profiles become steeper for C[O], between 10−3 and 10−2

O at.ppm, but these oxygen concentrations are not en-
countered in the TiAl system, where the concentration is
limited at about 230 at.ppm.

The concentration of TiAlO2 is generally lower than
that of TiAlO1, even though the segregation energies are
always negative, i.e. -0.98 and -0.75 eV, see Table II. This
is due to the fact that the true thermodynamic quantity
is the energy of formation, and that it depends on the
chemical potential of O. There is a somewhat subtle ef-
fect of T and x which does not appear in the mere values
of Eseg. For instance, at high temperature, the concen-
tration of anti-site defects is high (> 10−3), whichever the
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value of x, this favors the formation of clusters contain-
ing oxygen. When the concentration of TiAl anti-sites
is low, TiAlO2 becomes the main complex cluster, this
can be observed at low temperature. These results will
have an important effect on the diffusivity of oxygen and
the TiAl defects should be considered as a trap for oxy-
gen atoms: the oxygen atoms will diffuse from complex
cluster to complex cluster, consequently, the diffusivity
of O will be slowed down significantly. Moreover, results
show that the oxygen-vacancy affinity, suggested by the
results presented in Table II, is not sufficient to induce
an increase in the vacancy concentration.

However, in practical, solute elements are added to
TiAl alloys for various purposes: increasing mechani-
cal strength, improving oxidation resistance, increasing
formability, and so on (a review of these effects can be
found in Ref. [47]). Though in some cases the added
elements tend to segregate, or promote phase transfor-
mation, they can also remain, at least partly, in solid
solution in the γ phase. After having outlined accurately
the behavior of oxygen in TiAl, it thus seems reasonable
to wonder about the effect produced by the addition of
extra metallic elements in this ternary Al-O-Ti system.
Could they change the intrinsic defect concentrations,
form complex defects with oxygen, and thus modify oxy-
gen insertion and eventually oxygen diffusivity?

V. TIAL+X SYSTEM

A. DFT results

This section investigates the addition of substitutional
solutes in the TiAl system. This encompasses at the
same time the solutes already present in TiAl alloys used
industrially (such as Nb, Cr, W or Mo) and many others.
Several authors have already investigated solute species
in the TiAl system, such as Woodward [38] and Jiang
[48]. These works will be used for comparison purposes.
Similar to vacancies and anti-sites, there are two possible
sites for inserting alloying elements. They can be found
either in place of a Ti atom or in place of an Al atom.
Both positions were tested for 27 alloying elements to
determine which is the preferential site for each of them.
The grand canonical energy, Egc[XY ], of solute X on a Y
site, where Y= Ti or Al is defined as:

Egc[XY ] = Eo[TiAl +XY ]− Eo[TiAl] (6)

where Eo[A] is the DFT energy of the system A, with
or without a complex defect. Results are summarized in
Table III.

Grand canonical energies cannot be used directly to
predict where solutes are preferentially located in the
compound. The true quantity governing point defects
amounts is the formation energy, Ef [XY ],

Ef [XY ] = Egc[XY ]− µ[X] + µ[Y ], (7)

It depends on the chemical potential of X, µ[X], and on
that of Ti and Al in the TiAl system, i.e. µ[Y ] (Y=Ti,
Al). By defining ∆Ef [X] = Ef [XTi]− Ef [XAl], the site
preference of X is thus given by the positive or negative
sign of ∆ Ef [X], which is unknown here. In order to
circumvent this problem, it may be useful to compare
the magnitude of another quantity, Eb[XY ], given by:

Eb[XY ] = Eo[TiAl +XY ]− Eo[TiAl + VY ] (8)

This determines the energy difference between the sys-
tem with an X atom inside the Y sub-lattice and the Y
vacancy. Similarly, the energy difference can be defined
as ∆Eb[X] = Eb[XTi] − Eb[XAl], which can also be ex-
pressed as a function of ∆Ef [V ] and ∆Ef [X]:

∆Eb[X] = ∆Ef [X]−∆Ef [V ] (9)

where ∆Ef [V ] is the relative stability of vacancies ex-
pressed by:

∆Ef [V ] = Ef [VTi]− Ef [VAl] (10)

The sign of ∆Ef [X], which governs X behavior in TiAl,
is thus given by the sign of ∆Ef [V ]+∆Eb[X]. If ∆Eb[X]
is greater (resp. lower) than -∆Ef [V ], then an X solute
should be located preferentially in Al (resp. Ti) sites,
otherwise it should be equally distributed in both sub-
lattices. In section III, the vacancy formation energies,
calculated as a function of x and temperature, were found
in the range of [1.5; 1.8] eV for VTi and [1.9; 2.3] eV for
VAl, hence −∆Ef [V ] is in the range of [0.4; 0.8] eV de-
pending on the Ti/Al ratio in the alloy. To analyze the
site preference of X atoms from equation (7), ∆Eb[X]
should therefore be compared to the values 0.4 (Ti-rich
TiAl) and 0.8 eV (Al-rich TiAl). This analysis was ap-

Figure 7. Eb[XTi]−Eb[XAl] = ∆Eb[X] as a function of the X
element. The dashed lines, about 0.4 and 0.8eV, correspond
to the limit cases between Al and Ti sites occupation, in Ti-
rich and Al-rich TiAl respectively.

plied to all solutes listed in Table III, and ∆Eb is dis-
played in Fig. 7 as a function of X. This shows a clear
trend for site preference of solutes: elements on the left
side of the periodic table prefer to be located onto Ti
sites, while the other elements should replace Al. The
cases of Si and Ge follow this tendency as well.
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Table III. Grand canonical energy, Egc[XY ] in eV, of solute X on Y site (Al or Ti). Eb[XY ] energies are also given. For each
solute, the preferential site deduced from equation (7) is marked with an asterisk.

Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Al Vac

Al Egc 5.11 -1.00 -3.28 -4.38 -4.74 -4.54 -3.84 -2.83 -1.58 0.71 3.06 - 6.47

Eb -1.37 -7.47 -2.32 -10.85* -11.21* -11.01* -10.31* -9.30* -8.05* -5.77* -3.41* -

Ti Egc 7.76 1.87 - -0.69 -0.71 -0.28 0.48 1.40 2.48 4.63 7.09 4.15 9.71

Eb -1.94* -7.83* - -10.40 -10.41 -9.99 -9.23 -8.31 -7.23 -5.07 -2.6 -12.98

Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd Si

Al Egc 6.55 -0.28 -3.51 -5.62 -6.58 -6.59 -5.77 -4.24 -1.93 1.89 3.98 -2.07

Eb 0.08 -6.76 -9.99 -12.09 -13.05* -13.06* -12.24* -10.71* -8.40* -4.58* -2.49* -8.54*

Ti Egc 9.33 2.42 -0.57 -2.21 -2.71 -2.38 -1.37 0.10 2.21 5.93 8.14 2.31

Eb -0.38* -7.28* -10.28* -11.91* -12.42 -12.09 -11.08 -9.61 -7.49 -3.78 -1.56 -7.40

Ba Lu Hf Ta W Re Os Ir Pt Au Hg Ge

Al Egc 6.90 - -4.89 -7.14 -8.38 -1.04

Eb 0.52 - -11.37 -13.61* -14.85* -7.51*

Ti Egc 10.23 - -1.83 -3.63 -4.38 3.33

Eb 0.42* - -11.54* -13.33* -14.08 -6.37

B. Thermodynamic model

The previous analysis provides a good insight into the
behavior of substitutional solutes in TiAl. It can now
be refined by using the temperature-dependent IPDA
model. The focus was put on three elements, see Fig.
7: Nb, Cr and Mo (additional cases are presented in the
Supplemental Material, section 3). They are representa-
tive of substitutional solutes in TiAl (Table III), as Nb
and Cr should respectively prefer to be located onto Ti
and Al sites, while Mo should occupy equivalently both
sub-lattices (Fig. 7). Considering three temperatures
(600, 1000 and 1700K) and two x Ti/Al ratios (x=0.49
and 0.51), results for Nb, Cr and Mo atoms are displayed
in Fig. 8-10, respectively.

As indicated previously Nb atoms substitute prefer-
entially on Ti sites. Looking at Fig. 8 for x =0.51,
titanium concentration is higher than that of aluminum
(hence TiAl intrinsic defects), but when Nb concentration
increases, the number of Ti sites filled with Nb atoms also
increases. In order to compensate and preserve the Ti/Al
fraction, the Al sub-lattice is then increasingly filled with
Ti atoms, therefore the TiAl concentration increases and
the amount of AlTi anti-sites decreases. When x = 0.49,
at low Nb concentration, the main of intrinsic defects are
AlTi, because there are more Al atoms than Ti atoms.
Moreover, Nb atoms substitute for the intrinsic minority
element, i.e. they form NbTi defects. When the insertion
rate of Nb approaches the deviation from stoichiometry
(C[Nb] ' x), the conservation of the mole number entails
an abrupt addition-induced reorganization of the defect
structure. Namely (i) addition elements are increasingly
substituted on the Al sub-lattice, and simultaneously (ii)
there is a shift in majority intrinsic anti-sites in favor of
TiAl. As the temperature increases, the occupancy rates
of the two sites are closer and the effect on the intrin-

sic defects is weaker. There is therefore a competition
between Al and Nb atoms when it comes to fill the Ti
sub-lattice.

Experimental findings [49] and previous theoretical
works, Jiang [48] and Woodward [38], showed that Nb
atoms are located in Ti sub-lattices. This is in agree-
ment with the results found in the present study.

In the case of chromium (Fig. 9), a similar two-fold
behavior (depending on the value of x) is obtained: the
defect profiles for Cr can be roughly deduced from those
found for Nb by reversing the roles of Ti and Al. As ex-
pected from Fig. 7, Cr is found to preferentially occupy
Al sites whichever the temperature and the Ti/Al ratio.
This confirms that the analysis of Fig. 7 conveniently
allows to predict where substitutional solutes should be
located in the TiAl system. For Cr, the same as for Nb
but in a Ti-rich compound, the thermodynamic analysis
also confirms that drastic changes in the defect struc-
ture are expected when the amount of addition elements
and the off-stoichiometry become roughly equal (C[Cr] '
x). Surprisingly, when comparing our theoretical results
with earlier experimental observations, the concordance
for Cr is not as good as for Nb. Indeed, Hao [49] found
experimentally that Cr atoms should prefer the Ti sub-
lattice. Further investigations on this interesting issue
might help to determine if the disagreement is due to
the IPDA modeling (possible role of Cr clusters), to de-
ficiencies in the DFT energetics in presence of Cr, or to
uncertainties in the experimental conclusions.

The last case presented focuses on Mo solutes, see Fig.
10. Due to its rather particular status (it is the only so-
lute located right in the middle of the threshold domain
indicated in Fig. 7), this element is expected to have the
most intermediate behavior among all solutes considered
in this work considering site occupancy in TiAl. Indeed,
the thermodynamic behavior of Mo is similar to that of
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Figure 8. Concentration of point defects calculated at 600,
1000 and 1700K as a function of Nb concentration in the
TixAl1−x system, where x = 0.49 (up) and x = 0.51 (down).
The vertical black line corresponds to a concentration of 2%.

chromium, but the defect diagram in the Al-rich com-
pound (x=0.49) shows that molybdenum occupies both
sub-lattices at the same time. At high concentration,
Mo atoms occupy both sub-lattices, as seen with the ra-
tio displayed in Fig. 11. Moreover, the behavior of Mo
also differs slightly from its Cr counterpart for x=0.51,
since the defect reversal starts at lower amounts of solute
(C[Mo] < x), which favor an earlier competition between
MoTi and AlTi. Thermodynamic results for the other so-
lutes listed above are given in the Supplemental Material.

In conclusion, the simple method based on the results
of fig. 7 can be used to determine the position of substi-
tution solutes in the TiAl lattice.

VI. TIAL+X+O SYSTEM

A. DFT results

The interactions between oxygen and alloying elements
can now be investigated. It is therefore important be-
cause it provides insight into the effect of a solute on the

Figure 9. Concentration of point defects calculated at 600,
1000 and 1700K as a function of Cr concentration in the
TixAl1−x system, where x = 0.49 (up) and x = 0.51 (down).
The vertical black line corresponds to a concentration of 2%.

insertion of O in the TiAl system. The results obtained
previously on O clusters around intrinsic defects allow
to reduce the number of configurations that ought to be
taken into account: three (resp. two) configurations for
the insertion of an O atom in the vicinity of a solute X,
when X is on a Ti (resp. Al) sub-lattice, XTi(resp. XAl).
Such configurations are those in which the oxygen atom
was found to have the lowest energy in the presence or
absence of vacancies or anti-sites (cases 3 and 4 of Fig. 4).
To further complete this, when X is on the Al sub-lattice,
one additional configuration is also considered which cor-
responds to the case of oxygen-solute-clusters composed
of two O atoms and one X. The final selected configura-
tions, namely a total of six O-X candidate clusters, are
depicted on Fig. 12.

In order to characterize the behavior of O in the vicin-
ity of X, it is helpful to use, as previously, the segre-
gation (or binding) energy of an O atom on XY On−1,
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Figure 10. Concentration of point defects calculated at 600,
1000 and 1700K as a function of Mo concentration in the
TixAl1−x system, where x = 0.49 (up) and x = 0.51 (down).
The vertical black line corresponds to a concentration of 2%.

En
seg[O,X], defined by:

En
seg[O,X] = Eo[TiAl +XY +On] + Eo[TiAl]

− Eo[TiAl +XY +On−1]− Eo[TiAl +O] (11)

Eo[TiAl + XY + On] is the DFT supercell energy of the
XY On complex defect considered, Eo[TiAl] is the energy
of the ideal with no defects supercell, and Eo[TiAl+XY +
On−1] and Eo[TiAl + O] are respectively the supercell
energies for X on a Y site (Y=Ti or Al) surrounded by n
O atoms and for O in its most stable configuration, i.e.
2h. As stated previously, if Eseg is negative, the X-On−1

cluster attracts an extra O atom, whereas if positive, the
cluster repels the oxygen atom.

The segregation energies for one O atom (i.e. for n = 1
in equation 11) around XY are depicted in Fig. 13 and
Fig. 14 . It can be seen that the most stable case is always
configuration 1 for both sub-lattices. Furthermore, onto
the Ti sub-lattice, almost all X elements repel O atoms,
except Ca, Y, Sc and Sr. On the contrary, when the
alloying element is located on the Al sub-lattice, the seg-
regation is strong. The further to the left of the periodic

Figure 11. C[MoTi]/C[Motot] ratio calculated at 600, 1000
and 1700K as a function of Mo concentration in the TixAl1−x

system, where x = 0.49 and x = 0.51.

Figure 12. Schematic representation of solute-oxygen config-
urations in TiAl considered in the present work.

Figure 13. Oxygen segregation on X solutes: XAl+O1,2. The
dotted line refers to the segregation energy, -0.98 eV, of O on
the TiAl anti-site, see text.

table, the more attractive the element for O. Moreover,
it was shown (previous section) that O segregation on
TiAl anti-sites is strong, and it can thus be compared to
that of solutes. From Table I, the ”reference” segregation
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Figure 14. Oxygen segregation on X solutes: XTi+O1,2.

energy around TiAl is -0.98 eV for the first O atom, and
-0.75 eV for the second one. Fig. 13 shows that Ti is one
of the most attractive elements for oxygen, and only few
elements on the left side of the periodic table segregate
oxygen more strongly than the TiAl anti-site.

Oxygen seems to be attracted near XAl only in the
configuration 1. There are two equivalent sites to build
this complex defect. We therefore studied the segrega-
tion of a second atom on the other site, see Fig. 13.
The segregation energy is found slightly lower than for
one atom, but remains negative overall as for the first
oxygen atom. These conclusions based on segregation
energies are representative of the situation at 0K. It is
therefore interesting to investigate the influence of tem-
perature, in order to check which alloying elements are
indeed more efficient oxygen traps than titanium anti-
sites. All solute-oxygen configurations from Fig. 12 were
included in the model, even though some are expected to
exhibit negligible concentrations.

B. Thermodynamic results

Considering all configurations, the evolution of the
concentrations of complex defects in the TiAl-X-O sys-
tem can be upgraded by including small X-O clusters.
Fig. 15 and 16 respectively display the results for Nb and
Cr, since these two solutes are representative enough to
draw general conclusions. Furthermore, a solute content
equals to 2 at.% was considered, for two temperatures,
i.e. 600 and 1000K. This value of 2% is representative
of the solute contents typically found in many materi-
als [47]. For such high amounts, the solute effect on O
insertion is strongly exacerbated, as illustrated below.

Two trends appear. The first one concerns the case
where the X solute (here Nb, Fig. 15) is preferentially
located on the Ti sub-lattices. The O atoms then remain
located near TiAl anti-sites, despite a favorable O-Nb in-
teraction. The concentration of NbTiO clusters is signifi-
cantly smaller than that of NbAlO. This is valid whatever
the temperature, and the Ti/Al ratio. The second trend

concerns the case where the X (here Cr, Fig. 16) solute
is located on Al sites. Results thus show that at low
temperature, O atoms prefer to form aggregates with Cr
atoms whatever the Ti/Al fraction. At higher temper-
ature, when the Ti/Al fraction is greater than 0.5, the
O atom prefers to form TiAlO clusters, otherwise, they
form both kinds of defects, i.e. TiAlO and CrAlO. Due to
the high X content (2 at. %) chosen here, the insertion of
oxygen thus preferentially occurs through the formation
of O clusters around CrAl or TiAl. Since the sub-lattices
occupied by Nb and Cr solutes are different, this leads
to small differences, i.e. oxygen atoms are located in the
vicinity of CrAl. This effect is less pronounced when the
X concentration decreases.

These results show that the insertion of O atoms in γ-
TiAl is more complex than expected. At thermodynamic
equilibrium, the impact of solutes and anti-sites is strong.
Oxygen is not only on isolated interstitial form but rather
forms small complex defects. Solutes and anti-sites can
thus be considered as oxygen traps, which are likely to
have an influence on the diffusion of oxygen. The next
and last section focuses on evaluating the impact of the
presence of these traps on the diffusivity of O in γ-TiAl.

VII. EFFECT ON OXYGEN DIFFUSIVITY

The effect of intrinsic point defects and solutes on oxy-
gen diffusivity will be discussed hereinafter. Without
traps (as solute substitutional or anti-sites interacting
with the O atoms diffusing in interstitial sites), the dif-
fusion coefficients of oxygen according to the crystallo-
graphic directions were studied and expressed in litera-
ture [24–26]. In these works, the atomic process of oxy-
gen diffusivity were investigated. It was then assumed
that O atoms diffuse from interstitial sites to interstitial
sites, between Ti and Al atoms. By adding the present
results to the argumentation, alloying elements and (Ti,
Al) anti-sites can be viewed as oxygen traps. Here, as
a first approximation, the mobility of complex defects is
supposed to be negligible compared to the interstitial dif-
fusivity. The O atom can be trapped by either the solute
atom or the anti-site (which is assumed not to move) or
by both. Oriani [50] thus proposed an analytical expres-
sion for taking into account the oxygen trapping. Kirch-
heim [51] then generalized this model to multi-traps in
the context of random walks. The effective diffusivity
can be expressed as:

Deff =
Dideal

1 +
∑

i∈{traps} Ci exp
[
−Ei

seg

kBT

] (12)

where Dideal is the ideal diffusion coefficient of oxygen in
interstitial positions [24, 26], and Ci and Ei

seg the trap
content in the system and the segregation energy of an O
atom at trap of kind i, respectively. It was used success-
fully in the case of hydrogen diffusivity in the Ni system
[52].
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Figure 15. Concentration of complex defect and point defects calculated at 600 (left) and 1000K (right) as a function of oxygen
concentration in the TixAl1−x + Nb 2 at.%, x=0.51 (top) and 0.49 (bottom). The defects listed in the legends are not the only
ones included in the thermodynamic model, but when the concentrations are too low to be observed there are not included in
the graph. NbTiO1, NbTiO2 and AlTiO1 concentrations are lower than 10−8.

Figure 16. Concentration of complex defect and point defects calculated at 600 (left) and 1000K (right) as a function of oxygen
concentration in the TixAl1−x + Cr 2at.%, x=0.51 (top) and 0.49 (bottom).
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The ratio R = Deff/Dideal was used to analyze the
effect of Ti anti-sites and substitutional solutes on oxy-
gen diffusivity. Fig. 17 shows the plot of this ratio as a
function of temperature for different values of Eseg[trap],
different solute concentrations (0, 0.5, 1 and 2 %) and
different TixAl1−x concentrations. In Eq. 12, two types
of traps were considered: TiAl and XAl. The solute con-
centration was kept as parameter, while the Ti anti-site
concentrations were extracted from the thermodynamic
model and assumed unchanged by the solute and oxygen,
in first approximation.

The main result provided by Fig. 17 is that oxygen dif-
fusion coefficient is slower in presence of solutes and anti-
sites than in the ideal case. This effect seems to be signif-
icant: the calculations predict a decrease of the diffusion
coefficient by several orders of magnitude, in comparison
with the evaluations in the simple case of interstitial dif-
fusion without interactions with solutes [24, 26]. More-
over, the specific effect of the added element depends
strongly on the Ti/Al ratio of the alloying TixAl1−x sys-
tem. Thus, for the value of x =0.49 and 0.50, the concen-
tration of TiAl anti-sites is low, the decrease in oxygen
diffusivity in R is then limited to 1%. When an X ele-
ment with O segregation energy greater than -0.5 eV is
added , even at 2 at.%, no additional oxygen slowdown
is observed. To identify the influence of the solute, Fig.
13 and 14 can be used: the elements on the right of Fe
in the periodic table should not modify the diffusivity
of O. In the second case, i.e. when x = 0.51, a strong
slowdown of oxygen diffusion, due to segregation on ti-
tanium anti-sites, is observed. Ti anti-sites have such a
high trapping effect that addition elements can not entail
any additional contribution. It is also interesting to note
that AlTi defects (namely including a third type of trap
in eq. 12) do not modify the oxygen diffusivity, as their
segregation energy is always positive or slightly negative
(> -0.2 eV).

These results tend to indicate that, with respect
to ideal interstitial diffusion, the diffusion coefficients
in TiAl alloys containing either solute substitutionnal
and/or Ti anti-sites, is significantly diminished. This
probably accounts for the fact that the experimental dif-
fusion coefficient of O found by Zalar (10−14 m2/s at
700°C) [22] is lower by three orders of magnitude than the
theoretical values found for interstitial diffusion without
interactions (10−11 m2/s at 700°C) [24, 26]. However,
the diffusion coefficients of O in presence of solutes re-
main to be experimentally determined and compared to
the theoretical predictions of this study.

VIII. CONCLUSION

This paper contains an exhaustive chemical study and
a thorough discussion on the solubility and diffusivity of
oxygen in the L10 γ TiAl system. On one hand it presents
atomic scale results regarding the formation of complex
defects and, on the other hand, a thermodynamic anal-

Figure 17. R = Deff/Dideal, the effective/ideal diffusion
coefficient ratio as a function of O segregation energies around
X solutes. R = Deff/Dideal is calculated for different values
of Eseg[trap] (in eV), different solute concentrations (0, 0.5, 1
and 2 at.%) and different TixAl1−x concentrations, i.e. x =
0.51 (top), 0.50 (middle) and 0.49 (bottom).

ysis of the concentration of these defects as a function
of temperature and TiAl ratio (with or without addi-
tion elements). At the atomic scale, results clearly show
that anti-sites, especially TiAl, strongly attract oxygen.
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Oxygen segregation is favored by the fact that the local
environment is rich in titanium atoms. Moreover, when
an X addition element mainly replaces aluminum, the
Al-depleted chemical environment favors the interaction
between X and O.

At thermodynamic equilibrium, the situation is more
contrasted than expected. Indeed, different behaviors are
observed depending on temperature and chemical com-
position. Intrinsic defects and alloying elements strongly
modify the insertion of O in the TiAl system. The pres-
ence of anti-sites is thus crucial; the oxygen atoms are not
located in the ideal interstitial sites (as it was assumed
at first) but in complex defects. In most cases, the main
complex defect composed of oxygen remains TiAlO.

Results also show that these complex defects play a
trapping role for O atoms that diffuse from one inter-
stitial site to another. The impact of the presence of
these traps on the diffusivity of O in TiAl was thus eval-
uated. Results show that Ti anti-sites significantly slow
down oxygen diffusivity, particularly in Ti rich alloys.

Solutes can also reduce the O diffusivity but specifically
in Al-rich alloys. For Ti/Al > 0.5 ratios, the traps for
O diffusion are mainly constituted by Ti anti-sites, and
the addition of solutes does not contribute much to the
trapping of diffusing O atoms. However, for Ti/Al < 0.5
ratios, the contribution of solutes to the trapping phe-
nomenon can be very strong, and reduce by 1-2 orders
of magnitude the O effective diffusion coefficient, which
is observed for temperatures around 800-1100 K. In con-
clusion, the choice of the solute elements and the Ti/Al
ratio both play a very important role in the design of the
material as regards oxygen diffusion.
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solubility in γ and α2 phases of tial-based alloys, Acta
Materialia 44 (12) (1996) 4729 – 4737. doi:https:

//doi.org/10.1016/S1359-6454(96)00111-5.
URL http://www.sciencedirect.com/science/

article/pii/S1359645496001115

[20] S. Draper, D. Isheim, Environmental embrittlement of
a third generation γ tial alloy,, Intermetallics 22 (2012)
77–83.

[21] Y. Koizumi, M. Kishimoto, Y. Minamino, H. Nakajima,
Oxygen diffusion in ti3al single crystals,, Philosophical
Magazine 88 (2008) 2991–3010.

http://www.sciencedirect.com/science/article/pii/S135964549800233X
http://www.sciencedirect.com/science/article/pii/S135964549800233X
https://doi.org/https://doi.org/10.1016/S1359-6454(98)00233-X
https://doi.org/https://doi.org/10.1016/S1359-6454(98)00233-X
http://www.sciencedirect.com/science/article/pii/S135964549800233X
http://www.sciencedirect.com/science/article/pii/S135964549800233X
http://www.sciencedirect.com/science/article/pii/S1359645496001115
http://www.sciencedirect.com/science/article/pii/S1359645496001115
https://doi.org/https://doi.org/10.1016/S1359-6454(96)00111-5
https://doi.org/https://doi.org/10.1016/S1359-6454(96)00111-5
http://www.sciencedirect.com/science/article/pii/S1359645496001115
http://www.sciencedirect.com/science/article/pii/S1359645496001115


16

[22] A. Zalar, J. van Lier, E. J. Mittemeijer, J. Kovac, In-
terdiffusion at tio2/ti, tio2/ti3al and tio2/tial interfaces
studied in bilayer structures,, Surface and Interface Anal-
ysis 34 (2002) 514–518.

[23] S. Kulkova, A. Bakulin, S. Kulkov, First-principles calu-
clations of oxygen diffusion in ti-al alloys., Latvian Jour-
nal of Physics and Technical Sciences 55 (2018) 20–29.
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