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Abstract

®

CrossMark

This work is a first-principles study of the insertion and diffusivity of oxygen in the ~-TiAl
L1, system. Five interstitial positions were identified as stable. One, however, the 2/ site
a pyramid composed of a Ti square topped by an Al atom, was found more stable than the

others. The oxygen interactions with the TiAl system were thus studied and analyzed in detail
using vibrational, elastic and electronic properties. The results show that the O atom prefers
to be surrounded by Ti atoms and tries to minimize the number of bonds with aluminum. The
diffusion mechanism is subsequently studied at the atomic scale, by analyzing displacements
between stable interstitial sites. The oxygen diffusivity is found to be anisotropic and the
components in the x and z direction, D, and D,, are then calculated and compared with those
of O diffusion into other Ti—Al alloys. The analysis of results shows two effects. First, the
stability of sites is related to the number of O—Al bonds, the fewer there are, the more stable
the site is, and second, the diffusion is faster when the content of interstitial sites composed of

many Ti atoms is low.
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1. Introduction

Intermetallic TiAl-based alloys are promising materials for
aircraft engines due to their high specific properties as com-
pared to Ni-based superalloys [1-3]. However, Ti—Al-based
alloys react with the environment thereby leading to oxidation
[4, 5] and embrittlement [6] phenomenon. In both cases, the
bulk diffusion of oxygen in Ti—Al-based alloys is involved but
this has surprisingly not been deeply investigated. Moreover,
several studies showed that in these alloys, oxygen interacts
with dislocations and may be responsible for fine precipitation
[7] resulting in a change in the mechanical properties of the
alloy [8, 9]. Ti—Al alloys are mainly composed of two phases:
~v-TiAl and a;-TizAl. A few studies showed that the oxygen
solubility in the y-TiAl is around 250 at.ppm [10]. However,
the oxygen solubility strongly depends on  phase compo-
sition and temperature. Several authors reported that oxygen
solubility increased when the aluminum content of the gamma
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phase decreased [9, 10]. On the other hand, there is no data in
the literature about the oxygen diffusion in -TiAl. Further,
knowledge of the oxygen diffusion would be extremely useful
to understand the preferential internal oxidation of the v phase
in ap-TizAl + ~-TiAl alloys [4].

In this study, the effects of interface segregation (i.e. TiAl—-
TizAl, grain-boundaries) and the formation of clusters, as men-
tioned in the case of bee-Fe [11] or fee-Ni [12] were neglected
in first-approximation. Indeed, these could modify the solubility
and the diffusion process and solubility. The aim of the present
work is therefore to analyze the insertion and diffusivity of O
atoms in the y-TiAl system, and to propose a diffusion coef-
ficient that can be compared with that of other Ti—Al systems.

The article is organized as follows. Section 2 summarizes
the method and calculations details. In section 3, O insertion
in the TiAl system is investigated and the interactions between
oxygen and the network are described and analyzed. Section 4
subsequently discusses the diffusion mechanisms.

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic representations of the TiAl- L1 structure (bold-centered tetragonal representation) indicating the interstitial positions

tested (left), and the stable positions (right).

2. Methodology

To study the insertion of O atoms in the TiAl system, DFT
calculations were performed using the Vienna ab initio
Simulation Package (VASP) [13]. The self-consistent Kohn—
Sham equations were solved using the projector augmented
wave (PAW) pseudo-potentials method [14] and with the
Perdew—Burke-Ernzerhof generalized gradient approx-
imation of the exchange and correlation functional (PBE) [15].
The investigations showed that TiAl is non-magnetic, wether
with or without O insertion. Calculations were thus performed
without magnetism. A kinetic energy cut-off of 600eV was
used for the plane-wave basis set. I'-centered 20 x 20 x 20
Monkhorst—Pack k-meshes [16] were used to sample the first
Brillouin zone of the primitive cell. For large super-cells, the
band-folding method was used to reduce the k-points meshes.
The forces and the stress tensor were relaxed and calculations
were performed at zero pressure.

The investigation of migration processes at the atomic
scale was conducted through NEB calculations on 3 x 3 x
3 super-cells [17]. Five intermediate positions were used for
each ‘trajectory’. The energy of the transition states was then
calculated using the same criteria of convergence as for inser-
tion sites. In the Eyring transition state theory [18], the key
quantity at the atomic scale is the probability of leaving a site
a to a site b. This probability is given by the jump rate, I'yp,
computed by:

kT Zrg [ 0

AEab
Fab[T] = T E exp n :|
a

 kgT

where AE“ is to the migration energy to go from a to b, Zrs
the (vibration) partition function for the transition state and Z,
the (vibration) partition function for the initial state, i.e. a. Z
is linked to the Helmholtz free energies, Fy, by

Fy=—kgTIn Z 2)

where F, is given by:

3N b
F, = kBTZ/nV(q) In [ZSinh <2k]:;>} dq (3
v=1

wy q are the frequencies in the wave vector q and the mode
v. Vibrational properties were performed on 3 x 3 x 3 super-
cells, i.e. 54 atoms, for each configuration (insertion sites and
transition states). Phonon free energies were therefore calcu-
lated to analyze configuration stability and to compute Z. The
summation was done on fine q-mesh grids (i.e. 20 x 20 x 20).
This was done by using the phonopy package [19].

3. Insertion of oxygen in the TiAl system

The ~-TiAl L1y structure belongs to space group /23 (P4/
mmm, ¢P2). It is a tetragonal structure, where Ti and Al atoms
occupy la and Id positions, respectively. The L1 structure
can be depicted as an ordered centered-tetragonal structure
where the two types of atoms alternate in the (002) atomic
planes. In this representation, the lattice parameters a, and c,
are equal to 3.999 and 4.076 A respectively. To simplify, a bet
representation was used Ti atoms occupying the corners of the
tetragonal lattice and Al atom the center. The lattice param-
eters are thus equal to 2.822 and 4.074 A, see figure 1. As
shown by Connétable [20], interstitial species can then occupy
various sites in the L1, system, as represented in figure 1.
Eleven Wyckoff positions were tested: /b, Ic, 2e, 2f, 2h, 4i,
4k, 4m, 4n, 40 and 8r positions. Atomic positions are given
in table 1.

In the TiAl- L1y structure, there are four non-equivalent
octahedral sites: /¢, 2e, 1b and 2f sites. /¢ and 2e sites (resp.
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Table 1. Wyckoff positions and site symmetry extracted from [21].

1b Ic 2e 2f
(0,0, 1/2) (172, 172, 0) 0, 1/2, 1/2) 0, 1/2,0)
(1/2,0, 1/2) (1/2,0,0)

2h 4i 4m 4n

(172,172, -z3) 0, 172, z;) (xm, 0, 1/2) (x4 172, 0)

(172,172, zp) (172, 0, z) (=X, 0, 1/2) (—x,, 1/2,0)
0, 172, -z) (0, x, 1/2) (172, x,,, 0)
(1/2,0, -z)) 0, —x, 1/2) /2, —x,, 0)

4k 4o Sr

(Xk, Xxp, 1/2) (xo, 172, 1/2) Xy Xps Z1) (=X, —Xy, Z0)

(—=X%, —Xp, 172) (=0, 172, 1/2) (=%, Xy, 2p) (Xr, —Xr, Z7)

(—Xks Xp, 172) (172, x0, 1/2) (—Xp Xps -Zy) (X, —Xpy -20)

(X, —Xp, 1/2) 172, —x,, 1/2) (Xr, Xpy -20) (=X, —Xps ~Z1)

Table 2. Insertion energies (E;, in V), zero-point energies (ZPE, in meV) and enthalpy energies (Hy, in eV) of an oxygen atom in different
configurations. The zero point energy of the O, molecule is equal to 45 meV. AH is the energy difference (in eV) between the 2/ site and

the other sites.

nb
atom 1b Ic 2e 2f 2h 4i 4k 4m
Unstable Unstable — Unstable 7z, =0.109 z;=0.330 X =~ X, = 0.234
0.044
E; 16 —2.369 —3.366 —2.921 —-0.421 —3.368 —2.555 —2.365 —2.369
54 —2.310 —3.393 —2.522 —0.341 —3.460 —2.571 —-2.317 -2.319
128 —2.344 -3.443 —2.589 -0.529 —3.484 —2.601 —2.349 —2.347
ZPE — — -5 — 13 7 -20 —10
Hy — — —2.594 — —3.471 —2.594 —2.369 —2.357
AH — — 0.88 — 0 0.88 1.10 1.11

1b and 2f sites) correspond to two non-equivalent octahedral
sites where interstitial atoms are surrounded by four Ti (resp.
Al) atoms and two Al (resp. Ti) atoms. Each octahedral con-
figuration differs from the others in the distance between
first-nearest neighboring atoms, Al-Al, Ti-Al and Ti-Ti.
In addition, the 4i, 4n and 4m positions correspond to three
non-equivalent tetrahedral sites. As for the bce structures, the
volume defined by the tetrahedral site is inside the octahedral
volume.

Simulations were conducted on three different sizes of
super-cell: 2 x 2 x 2 (16 atoms), 3 x 3 x 3 (54 atoms) and 4 x
4 x 4 (128 atoms) super-cells. Larger super-cells were consid-
ered large enough to accurately compute the insertion energy
in the limit of infinite dilution. However, for numerical rea-
sons, using intermediate size super-cells, 3 x 3 x 3, is a good
compromise. They were hence used to compute phonon prop-
erties and study migration processes. The insertion energy of
an O atom in an interstitial site, E;, is expressed by:

E; = E,[TiAl + O] — E,[TiAl] — %E [0,] 4)

where E, energies correspond to the DFT energies. The refer-
ence state for oxygen is the O, molecule. E,[O,] was com-
puted with the spin effects. E; values are listed in table 2 for
stable configurations only.

After relaxation, eight configurations remain stable: /b, Ic,
2e, 2f, 2h, 4i, 4k and 4m. Two of them, 2/ and Ic, have almost
the same lowest energy, about —3.48eV. From a geometrical

point-of-view, both configurations are very similar. The anal-
ysis of phonons nevertheless shows that the /¢ site is not a
local minimum, as shown in figure 2. When the O atom moves
slightly away from the /¢ site, it always falls into one of the
two neighboring 24 sites. It is a ‘stable’ configuration for
symmetry reasons only (by symmetry, forces along the ¢ axis
are equal to zero). Therefore, the only stable position, 24, is
located near the top face of the unit-cell, about 0.4 A up/down
of the [001] face, as displayed in figure 1. The Al-O distance
is then equal to 1.85 A, and to 2.08 A for Ti-O. The other
configurations are found almost 900 meV higher in energy
than 2h, see table 2. Moreover, 4i and 2e (resp. 4k and 4m)
configurations almost have the same energy, about —2.6eV
(resp. —2.4eV). Regarding these sites, positions are also
rather near, d(4i — 2¢) ~ 0.7 A, see figure 1. Phonon calcul-
ations show that they are all stable, as discussed below. This
result is unusual because, there are three stable near-neigh-
boring sites in the x (resp. z) direction. Finally, as regards /b
(AH = 0.940¢eV) and 2f (AH = 2.955¢V) sites, their inser-
tion energy is high in comparison with 2/ sites.
Configuration stability was analyzed by studying inter-
atomic force constants (IFC). Results (phonon density-of-
states only) are displayed in figures 2 and 3, for unstable and
stable configurations, respectively. Three configurations, /b,
Ic and 2f, show imaginary (negative here) frequencies associ-
ated with the O atom, see figure 2. These positions are thus
unstable. The analysis of vibrations shows that there are two
imaginary frequencies in the case of /b and 2f but only one in
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Figure 2. Projected density-of-states (pDOS) of O in 1b, Ic and 2f'sites (from top to bottom). The amplitude of the pDOS onto Ti and Al

atoms was divided by 10. Frequencies are expressed in THz.

the case of /c. When the O atom is located in the /¢ site, it is
located in the transition state between two first nearest-neigh-
boring 2h positions, as explained above. For the /b and 2f
configurations, many ‘equivalent’ stable positions are located
around these positions. In such sites, the O atom could move
into one of the four neighboring stable sites. This explains the
two imaginary frequencies. These are second-order transition
states, as mentioned in [22]. Concerning stable sites, in the 4k
case, there is a peak around 1THz mainly associated with the
O atom (in addition to the high frequencies associated with O
atoms, too). This result suggests that this site must be located
in the vicinity of a transition state. It can also be noticed that
the pDOS of the 4m and 4k sites are strongly similar, except
that the low-energy peak in the 4k pDOS is split into two small
peaks and that O frequencies are shifted at higher energies. For
the other stable sites, the vibrations of the O atom are decou-
pled from the rest of the network. It is in the 24 sites that the O
atom least modifies the phonon of the bulk. Finally, there are
five stable positions for the O atom in the TiAl system: 2e, 25,
4i, 4k and 4m, as displayed in figure 3.

The zero-point energies (ZPE), H,, were afterwards com-
puted with the following expression:

1
Hy = Fy[TiAl + O] — Fy[TiAl] = 2 F,[0,], Q)

where F, is the Helmholtz free energy given by the equa-
tion (3). Values are reported in table 2. The zero-point energy
is found low, <20 meV, as compared to hydrogen [20]. The 2h
and 4i configurations have the same enthalpy energy.

These results can now be compared with literature values.
Bakulin er al [23] also studied oxygen solubility in the TiAl
system using first-principles calculations. However, they only
considered five sites in their paper, labeled O1, O2, O3, O4 and
T. Here is the site notation equivalence: Ol = /¢, O2 = Ib,
03 =2e¢, 04 = 2f and T = 4i. The 2h site was not taken into
account, nor were the 4m and 4n sites. By analyzing their NEB
calculations (see figure 1, [23]), a minimum can be identified in
the path along O1-T, which should be the 24 site. Bakulin ef al
explain that the O atom should occupy the O1 ( I¢) site and that
the /b and 2f sites are stable. This is in contradiction with the
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present phonon results. However, from an energy standpoint,
the insertion energy of their configurations are in agreement
with our results. Wei et al [24] briefly studied the insertion of
oxygen into octahedral/tetrahedral sites. They gave energies for
two ‘octahedral sites’, —4.20 and —3.20eV, which should cor-
respond to /¢ and /b sites (or maybe the 2e and 2f sites).

In terms of experimental values, there is no solubility
energy in the literature. The direct comparison with theor-
etical and experimental values is therefore difficult. Only some
values of the amount of oxygen dissolved in Ti—Al alloys was
reported in the literature. A qualitative discussion can thus be
proposed based on these results. Menand et al [10] showed
that the oxygen concentration in the TiAl system, about 100—
250 appm, is lower than in the TizAl- D09 system, >1000
appm. Theoretical results show the same tendency: the values
of oxygen insertion energy in the vy-TiAl system, ~-3.5¢V, is
higher than in the a,-TizAl system, —6.2¢eV [23-25]. Menand
provided an explanation as to why O solubility is lower in
TiAl than in TizAl. He argued that ‘the presence of cavities
surrounded by Ti atoms only are supposed to be convenient
for interstitials’. DFT results clearly confirm this hypothesis:
Bakulin [25] showed that the octahedron 2a site (space group
194) surrounded by Ti atoms only is the most stable site in the
Ti3Al system, and our results show that in the TiAl system, the
2h site in the most stable. However, contrary to the assump-
tion of Menand, the preferred site is neither an octahedral nor
a tetrahedral site, but the 24 site, which is a pyramid formed
by 4 Ti atoms and one Al atom. In this position, the O atom
thus limits the number of first nearest neighboring Al atoms
(just one) and optimizes the number and length of its Ti bonds
(four). In comparison with other possible configurations, like
2c or 4o sites for instance, Ti—O bonds are the shortest in 2.

To quantify precisely the interaction between the O atom
and the TiAl metal, elastic (elastic dipoles, relaxation vol-
umes, etc) and electronic (Bader charges, charge transfer)
properties were investigated. Data are listed in table 3.

Elastic dipole tensors, P;;, and the relaxation volume, €2,
were calculated by using the method of Varvenne et al [26].
Values given in table 3 were obtained for 3 x 3 x 3 super-cells.
P; quantify rather precisely the elastic effects induced by the
insertion of an atom or a defect on a crystal. Conversely, they
also are a good means to quantify the effect of stresses applied
to the system on the behavior of interstitials. Due to the sym-
metry break, when oxygen occupies an interstitial site, the
components of the elastic tensors differ greatly on the crystal-
lographic direction. For instance, in the case of the 2c site, the
diagonal elements are equal to 9.2 and —2.8eV. The positive
(resp. negative) sign along one direction means that the inserted
atom tends to dilate (resp. contract) the material in this direc-
tion. The least anisotropic tensor is associated with the most
stable site, i.e. the 2k site, which corresponds to a minimum
elastic distortion of TiAl €2, values predicted by elastic theory
are moreover in excellent agreement with DFT calculations
of the formation volume €y = V[TiAl 4+ O] — V[TiAl] (where
V is the volume of the super-cell with and without oxygen).
The distortion of the crystal due to the insertion of oxygen is
important, about 10 AS, as compared to the case of hydrogen,
about 2 A” [20].

6
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2 A0 —
o
2 2
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0 5 10 15 20 25
Frequency [THz], TiAl-L1j, O in 2e
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g4 o—
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o
22 /u A
0 ___
0 5 10 15 20
Frequency [THz], TiAl-L1j, O in 2h
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Figure 3. From top to bottom, pDOS of O in the 2e, 2h, 4i, 4k or
4m sites.

From an electronic standpoint, when an O atom occupies
an interstitial site, the charge transfer calculated by using the
Bader charge [27], B, is found high, about 1.7¢, regardless
of the site considered. The main contribution to the charge
transfer comes thus from INN Al atoms. Therefore, the O
atoms interact mainly with Al atoms, which induces modifica-
tions of the Ti—Al bonds. To confirm this, the charge transfers,
Ap = p[TiAl + O] — p[TiAl] — p[O], were drawn in figure 4.



J. Phys.: Condens. Matter 32 (2020) 175702

D Connétable et al

Table 3. Calculated values of the Bader charge (B, in ¢™) of O, Al and Ti (both in first-nearest neighboring position of oxygen) atoms, the
volume of formation (£, in A ), the volume of relaxation (£2,) and the elastic dipoles (P;;, in eV). The number of electrons of each specie

used in the pseudo-potential (labeled 1) is given as well as the Bader charge of Al and Ti in TiAl- L1, (labeled ).

2e 2h 4i 4k 4m
B O (6D 7.7 7.6 7.6 7.8 77
Al 31,37H 31 3.0 3.0 32 3.1
Ti (101,93} 9.3 9.2 9.1 9.3 9.2
Q 7.0 6.4 10.7 5.9 7.6
Q, 7.8 6.3 10.8 5.7 6.4
P, 98 65 0 43 0 0 91 —1.6 0 42 0 41 06 0
65 98 0 0 43 0| |[-16 91 0 0 22 06 41 0
0 0 -28 0 0 48 0 0 50 0 0 0 0 55

Figure 4. Charge transfer, Ap (in e/AS), when sites are filled: oxygen in 2e (2D data displays in the [10 — 1] direction), 2A ([—110]), 4i
([—100]) and 4m ([1 — 10]) sites. Al atoms are in blue, Ti atoms in orange and O in black.
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Figure 5. Plots of the energy landscape of NEB calculations for O atoms along different paths.

The maximum transfer value is located between O and Al atoms.
These electrons come from Ti—Al bonds towards the O atom and
reduces the stability of the bonds around the insertion sites.

In conclusion, DFT simulations shows that there is one
main stable interstitial site for oxygen and when O is inserted
on this stable site, interaction O—Al are minimum. In addi-
tion, insertion of O on the stable interstitial site weakness sur-
rounding Ti—Al bonds.

Table 4. Migration energy (E%, in eV) of jumps from a to b.

b\a 2e 2h 4i 4m

e _ _ 0.07 <0.01
2h — 0.08 [ Ic] 0.34 —

4i 0.02 1.26 — 0.02
4m 0.20 — 0.27 <0.01
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Figure 6. Diffusion coefficients of oxygen as a function of 1/T. Al: (a) = [29]; Ti-hcp: (b) = [30], (¢) = [31],; (d) = [32], (e) = [33],

() = [34], (&) = [35]; TizAlL: (h) = [36]; () = [25].

Table 5. Activation energies (E,, in eV) and D, (in 107 m? s~ 1)
obtained from an Arrhenius fit. The label T and ¥ refer to the model
1 and 2 respectively.

Direction E, D,
X,y 1.197%/1.246* 22.437/30.78%
z 1.189'/1.189* 0.927/0.91*

4. Oxygen diffusivity

The question of interest now is to determine how the O atom
diffuses in the TiAl system. As seen before, O atoms can
occupy many stable insertion sites, which induces many pos-
sible jumps.

To simplify, 4k sites were omitted, because 4k and 4m sites
are very close (d < 0.35 A) and have almost the same energy.
The barrier energy between both sites is therefore necessarily
very low, <10 meV. Therefore, 4k sites do not influence the
diffusion coefficient. By omitting the 4k sites, the number of
jumps between 2h, 2e, 4m and 4i sites is reduced. The first
jump consists of a jump between two first-nearest neighboring
2h sites. Then, we considered two jumps to escape from a 2h
site directly to a 4i site or to a 4m site. Once it escaped, the O
atom can then move between 2e, 4m and 4i sites. The jumps
between 2e¢- 2e sites via 1b, and between Ic— Ic (or 4i—4i) via
2f were omitted. As explained in the previous section, oxygen
shows two-imaginary frequencies in the 2f and /b sites. These
configurations are second-order transition states, their jump
rates are smaller (see appendix A), short-cuts are preferred.
Figure 5 summarizes the energy landscapes of the jumps
computed using NEB calculations. Six paths were finally
considered as acceptable jumps, as depicted in figure 1. Their
migration energies are summarized in table 4.

As explained above, to move from a 2h to another 2k
site, the O atom passes through a /¢ site. The barrier is low,
about 80 meV. The direct jump between 2k and 4m is found

impossible (not represented here). Indeed, the O atom pre-
fers to go through a 4i site first. Most of the energy barriers
are low, in the range of 0.10-0.30eV. The limiting step is
consequently the jump from a 2 site to a 4i site, with an
energy of 1.26eV. This significant value is the consequence
of the high stability of 2h configuration as compared to the
other configurations, therefore the energy cost to leave the
site is important. This site is a local ‘trap’ for the O atoms.
These results suggest that diffusion along the z axis should
be slower than in the x — y directions, because it requires
going through a 2% site.

The macroscopic diffusion can now be computed. Due to
the symmetry of the system, oxygen has two distinct diffu-
sion coefficients, D, and D,,. In first-approximation, as the
residence time in the 4i, 4m and 4k sites is small (low energy
barriers), only the jumps between 2e and 2 sites were consid-
ered. The diffusion coefficients can then be expressed simply
in terms of 'y, ey Tpy Tee, the jump rates of 2h- 2e, 2e- 2h,
2h- 2h and 2e- 2e jumps, respectively, and a, and c,, the lat-
tice parameters. I were plotted in appendix A. By applying
Landman’s method [28], we found:

ay  (Tee + 2Ten) T

Dy, = =2
- Feh + Fhe

; (6)

D._ 2. Lonl'nel'nn
% (Top+The)(20he + i)
where a, = 2.822 A and ¢, = 4.076 A. By combining equa-
tions (6) and (7), the degree of anisotropy of the diffusion
coefficient, Ap, is given by:

2Ll

< >2 " (Tee + 20a) (200 + T’

A second set of equations (B.3) and (B.4), which includes 4i
sites, was also deduced, see appendix B. It will help to eval-
uate the accuracy of the approximations.
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Figure A1. Attempt frequencies of all jumps as a function of T.

The diffusion coefficients, D, and D, were calcu-
lated using DFT results and are depicted in figure 6. An
Arrhenius fit was applied to the oxygen diffusion coefficients,
DI[T] = D, exp(—E,/kgT), to obtain D, and activation ener-
gies, E,. Parameters are summarized in table 5. As is the case
for hydrogen [20], the oxygen diffusion is anisotropic in the
TiAl system. It is almost two orders of magnitude faster in the
x-y plans than along the z direction. The slopes are quanti-
tatively the same, only the value of D, changes. Ap can be
approximated by Ap o T'pp/Tee (Tpp < T and T < T'pp).
The difference between both jumps is small, thus explaining
the anisotropy.

Again, there is no experimental data to compare with the
theoretical diffusion coefficients found here. Our results can
be seen as the upper limit of the diffusion coefficient in the
bulk. In our numerical experiments, oxygen is located in inter-
stitial sites, i.e. the O atom is not supposed to form clusters in
the metal. The oxygen therefore diffuses from one intersti-
tial site to another, as described above, so the result presented
above should be accurate. However, if O atoms form clusters
with vacancies for instance, it is reasonable to assume that
oxygen diffusion would be slower in the bulk. The diffusivity
of O atoms should depend on the concentration of these clus-
ters, which can therefore be considered as traps [37]. Oriani’s
model [38] is thus accurate enough to describe the diffusion
coefficient in first approximation. However, this model still
requires using ideal diffusion coefficients.

To highlight these results, the diffusion of oxygen in the
TiAl- L1 system is compared with its diffusion in the Ti-hcp
[32, 35], fcc-Al [29] and TizAl- DOy [25, 36] systems, as
reported in figure 6. It is obvious that oxygen diffuses faster

in TiAl than in the other titanium compounds, between 3 and
6 orders of magnitude faster. By contrast, the diffusion is
slightly slower than in fcc-Al [29]. Two antagonistic effects
can be highlighted: the solubility is lower in TiAl than in TizAl
or Ti, but diffusion is much faster. In the Ti3Al system, the
stable configuration—oxygen surrounded by Ti atoms only
[25]—is much more stable than the other sites that are com-
posed of Al atoms. However, to diffuse, the O atom must nec-
essarily pass through less stable sites, surrounded by Al atoms,
so it diffuses slowly. In the case of the -TiAl system, results
show that the most stable site is in the vicinity of an Al atom.
This explains why oxygen is less stable in 7y than in ap-TizAl,
and consequently its lower solubility in TiAl than in TizAl
However, on the other hand, the energy difference between
stable sites in TiAl- L1 is smaller than in TizAl- DO;9. The O
diffusivity in L1 is thus faster than in DOq.

From these results, it can be assumed that modifying the
Al/Ti ratio should have an impact on the solubility and diffu-
sion of O in the TiAl- L1, system. The chemical homogeneity
of insertion sites in the TiAl system induces in smaller migra-
tion energies than in other Ti—Al alloys.

5. Conclusion

This manuscript presents a complete study of the insertion and
diffusion of oxygen in TiAl- L1, system. Different stable sites
were found, but one site, the 2/ site, is significantly more stable
than the others. The interactions with Al atoms are stronger than
with Ti atoms, and the 24 site minimizes them. Results indicate
that the preferred site ( 2k) minimizes elastic effects, but most
importantly reduces the number of O—Al interactions.
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A study of the trajectories at the atomic scale, by analyzing
each possibility, was carried out. New explicit expressions
of diffusion coefficients were given, taking into account the
main configurations. Results show that, generally speaking, O
atoms diffuse slowly in the TiAl- L1, system, but significantly
faster than in the other Ti—Al alloys.

From these results, it can be assumed that by adjusting the
Ti/Al ratio of the TiAl system, it is possible to modify oxygen
solubility and diffusivity. As explained above, the O atom
prefers to minimize its number of Al-O bonds. It can there-
fore be expected that increasing (decreasing) the Al content
should induce a decrease (resp. increase) in the amount of true
¢ 2l sites in the metal. The oxygen concentration should thus
decrease (resp. increase). However, this Al increase (decrease)
should also induce an increase (resp. decrease) in oxygen dif-
fusivity, due to fewer (resp. more) 2h sites/traps. Nevertheless,
these antagonistic effects are in fact difficult to separate. The true
important quantity is indeed the flux of matter, so more exhaus-
tive models are required to further evaluate the penetration of
oxygen.

We thus reported here a number of data useful in the build
of empirical potentials for the Ti—Al-O system.
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Appendix A. Attempt jumps

The attempt frequencies for all jumps studied were drawn
in figure Al. They were computed using migration energies
summarized in table 4 and Helmholtz vibration energies. The
jump probability through second-order transition states is
systematically low, even in the case of I',, via the /b site,
where the migration energy is low. This is an argument in
favor of not taking them into account in the process at the
atomic level.

Appendix B. Multi-states model

The same method as presented in [20] was used to derive dif-
fusion equations. In the first set of equations, the number of
jumps were reduced, to simplify the atomistic process. Only
2h and 2e sites were retained. The O atom can jump between
2h sites. It can also jump from a 2k to a 2e sites directly, the
transition state considered was that of the jump between 2A-
4i. In 4i, the O atom is considered to jump instantaneously in
a 2e site. Then in 2e, the O atom can move through another 2e
site via the 4m site. Four quantities characterize the diffusion
coefficients: I',, I'se, I'se and I',.. The diffusion coefficients
are therefore equal to:

(Fee + 2Feh)Fhe

o &
e 2 Feh+rhe

(B.1)

Table B1. Migration energies (E®

«’,in eV) of jumps from a to b for
the second model.

b\a 2e 2h

2e 0.20 (via 4m)
2h 0.34 (via 4i)

1.26 (via 4i)
0.08

Table B2. Migration energies (E%, in eV) of jumps from b to a for
the second model.

b\a 2e 2h 4i
2e 0.20 (via 4k) — 0.07
2h — 0.08 0.34
4i 0.20 1.26 —
D.— 2. Lenlnel'nn 32)
A .

® (Ten + The) (2T he + Tip)

where a, = 2.822 A and c, =4.076 A. Migration energies
are listed in table B1.

To improve this model, the 4i sites were included.
Equations become:

a?

Dy, = ?Drhi(reerhhr%e + 2T ThT% + 2T DT Din
Al lnnlielin + 4 Lo UnilieUin + 2 Lol i

+2 0T l3, + 6T, Tl'7,)

[ (Tl hi + Twilie + Toil'in) (Tpn 4+ 2T0i) (Tie +2T))

and (B.3)

D._ 2 Lol pp L pil'in
02Tl + Thilie + Toilin) T + 2T0)

The parameters for this model are given in table B2.

(B.4)
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