Methodology

To study the insertion of O atoms in the TiAl system, DFT calculations were performed using the Vienna ab initio Simulation Package (VASP) [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF]. The self-consistent Kohn-Sham equations were solved using the projector augmented wave (PAW) pseudo-potentials method [START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF] and with the Perdew-Burke-Ernzerhof generalized gradient approximation of the exchange and correlation functional (PBE) [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. 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 600 eV was used for the plane-wave basis set. Γ-centered 20 × 20 × 20 Monkhorst-Pack k-meshes [START_REF] Monkhorst | Special points for brillouinzone integrations[END_REF] 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 × 3 × 3 super-cells [START_REF] Henkelman | A climbing image nudged elastic band method for finding saddle points and minimum energy paths[END_REF]. 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 insertion sites. In the Eyring transition state theory [START_REF] Eyring | The activated complex in chemical reactions[END_REF], 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, Γ ab , computed by:

Γ ab [T] = k B T h Z TS Z a exp - ∆E ab m k B T (1)
where ∆E ab m is to the migration energy to go from a to b, Z TS the (vibration) partition function for the transition state and Z a the (vibration) partition function for the initial state, i.e. a. Z is linked to the Helmholtz free energies, F v , by

F v = -k B T ln Z (2)
where F v is given by:

F v = k B T 3N ν=1 n ν (q) ln 2 sinh ω ν,q 2k B T dq (3) 
ω ν,q are the frequencies in the wave vector q and the mode ν . Vibrational properties were performed on 3 × 3 × 3 supercells, i.e. 54 atoms, for each configuration (insertion sites and transition states). Phonon free energies were therefore calculated to analyze configuration stability and to compute Z. The summation was done on fine q-mesh grids (i.e. 20 × 20 × 20). This was done by using the phonopy package [START_REF] Togo | First-principles calculations of the ferroelastic transition between rutile-type and cacl 2 -type SiO 2 at high pressures[END_REF].

Insertion of oxygen in the TiAl system

The γ-TiAl L1 0 structure belongs to space group 123 (P4/ mmm, tP2). It is a tetragonal structure, where Ti and Al atoms occupy 1a and 1d positions, respectively. The L1 0 structure can be depicted as an ordered centered-tetragonal structure where the two types of atoms alternate in the (0 0 2) atomic planes. In this representation, the lattice parameters a o and c o are equal to 3.999 and 4.076 Å respectively. To simplify, a bct representation was used Ti atoms occupying the corners of the tetragonal lattice and Al atom the center. The lattice parameters are thus equal to 2.822 and 4.074 Å, see figure 1. As shown by Connétable [START_REF] Connétable | Theoretical study on hydrogen solubility and diffusivity in the γ-tial L1 0 structure[END_REF], interstitial species can then occupy various sites in the L1 0 system, as represented in figure 1. Eleven Wyckoff positions were tested: 1b, 1c, 2e, 2f, 2h, 4i, 4k, 4m, 4n, 4o and 8r positions. Atomic positions are given in table 1.

In the TiAl-L1 0 structure, there are four non-equivalent octahedral sites: 1c, 2e, 1b and 2f sites. 1c and 2e sites (resp. 1b and 2f sites) correspond to two non-equivalent octa hedral sites where interstitial atoms are surrounded by four Ti (resp. Al) atoms and two Al (resp. Ti) atoms. Each octahedral configuration 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 bcc structures, the volume defined by the tetrahedral site is inside the octahedral volume.

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

E i = E o [TiAl + O] -E o [TiAl] - 1 2 E o [O 2 ] (4) 
where E o energies correspond to the DFT energies. The reference state for oxygen is the O 2 molecule. E o [O 2 ] was computed with the spin effects. E i values are listed in table 2 for stable configurations only. After relaxation, eight configurations remain stable: 1b, 1c, 2e, 2f, 2h, 4i, 4k and 4m. Two of them, 2h and 1c, have almost the same lowest energy, about -3.48 eV. From a geometrical point-of-view, both configurations are very similar. The analysis of phonons nevertheless shows that the 1c site is not a local minimum, as shown in figure 2. When the O atom moves slightly away from the 1c site, it always falls into one of the two neighboring 2h sites. It is a 'stable' configuration for symmetry reasons only (by symmetry, forces along the c axis are equal to zero). Therefore, the only stable position, 2h, is located near the top face of the unit-cell, about 0.4 Å up/down of the [0 0 1] face, as displayed in figure 1. The Al-O distance is then equal to 1.85 Å, and to 2.08 Å 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 -2.6 eV (resp. -2.4 eV). Regarding these sites, positions are also rather near, d(4i -2e) 0.7 Å, see figure 1. Phonon calculations show that they are all stable, as discussed below. This result is unusual because, there are three stable near-neighboring sites in the x (resp. z) direction. Finally, as regards 1b (∆H = 0.940 eV) and 2f (∆H = 2.955 eV) sites, their insertion energy is high in comparison with 2h sites.

Configuration stability was analyzed by studying interatomic force constants (IFC). Results (phonon density-ofstates only) are displayed in figures 2 and 3, for unstable and stable configurations, respectively. Three configurations, 1b, 1c and 2f, show imaginary (negative here) frequencies associated 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 1b and 2f but only one in Table 1. Wyckoff positions and site symmetry extracted from [START_REF] Aroyo | Bilbao crystallographic server: I. databases and crystallographic computing programs[END_REF]. the case of 1c. When the O atom is located in the 1c site, it is located in the transition state between two first nearest-neighboring 2h positions, as explained above. For the 1b 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 [START_REF] Connétable | Diffusion of interstitial species (h and o atoms) in fcc systems (Al, Cu, Co, Ni and pd): Contribution of first and second order transition states[END_REF]. 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 decoupled from the rest of the network. It is in the 2h 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, 2h, 4i, 4k and 4m, as displayed in figure 3.

1b 1c 2e 2f (0, 0, 1/2) (1/2, 1/2, 0) (0, 1/2, 1/2) (0, 1/2, 0) (1/2, 0, 1/2) (1/2, 0, 0) 2h 4i 4m 4n (1/2, 1/2, -z h ) (0, 1/2, z i ) (x m , 0, 1/2) (x n , 1/2, 0) (1/2, 1/2, z h ) (1/2, 0, z i ) (-x m , 0, 1/2) (-x n , 1/2, 0) (0, 1/2, -z i ) (0, x m , 1/2) (1/2, x n , 0) (1/2, 0, -z i ) (0, -x m , 1/2) (1/2, -x n , 0) 4k 4o 8r (x k , x k , 1/2) (x o , 1/2, 1/2) (x r , x r , z r ) (-x r , -x r , z r ) (-x k , -x k , 1/2) (-x o , 1/2, 1/2) (-x r , x r , z r ) (x r , -x r , z r ) (-x k , x k , 1/2) (1/2, x o , 1/2) (-x r , x r , -z r ) (x r , -x r , -z r ) (x k , -x k , 1/2) (1/2, -x o , 1/2) (x r , x r , -z r ) (-x r , -x r , -z r )
The zero-point energies (ZPE), H v , were afterwards computed with the following expression:

H v = F v [TiAl + O] -F v [TiAl] - 1 2 F v [O 2 ], (5) 
where F v is the Helmholtz free energy given by the equation (3). Values are reported in table 2. The zero-point energy is found low, <20 meV, as compared to hydrogen [START_REF] Connétable | Theoretical study on hydrogen solubility and diffusivity in the γ-tial L1 0 structure[END_REF]. The 2h and 4i configurations have the same enthalpy energy. These results can now be compared with literature values. Bakulin et al [START_REF] Bakulin | Theoretical study of oxygen sorption and diffusion in the volume and on the surface of a γ-tial alloy[END_REF] 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: O1 = 1c, O2 = 1b, O3 = 2e, O4 = 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, [START_REF] Bakulin | Theoretical study of oxygen sorption and diffusion in the volume and on the surface of a γ-tial alloy[END_REF]), a minimum can be identified in the path along O1-T, which should be the 2h site. Bakulin et al explain that the O atom should occupy the O1 ( 1c) site and that the 1b and 2f sites are stable. This is in contradiction with the 

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 possible jumps.

To simplify, 4k sites were omitted, because 4k and 4m sites are very close (d < 0.35 Å) 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 1c-1c (or 4i-4i) via 2f were omitted. As explained in the previous section, oxygen shows two-imaginary frequencies in the 2f and 1b 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 2h site, the O atom passes through a 1c site. The barrier is low, about 80 meV. The direct jump between 2h and 4m is found impossible (not represented here). Indeed, the O atom prefers to go through a 4i site first. Most of the energy barriers are low, in the range of 0.10-0.30 eV. The limiting step is consequently the jump from a 2h site to a 4i site, with an energy of 1.26 eV. 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 xy directions, because it requires going through a 2h site.

The macroscopic diffusion can now be computed. Due to the symmetry of the system, oxygen has two distinct diffusion coefficients, D z and D x,y . 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 2h sites were considered. The diffusion coefficients can then be expressed simply in terms of Γ he , Γ eh , Γ hh , Γ ee , the jump rates of 2h-2e, 2e-2h, 2h-2h and 2e-2e jumps, respectively, and a o and c o , the lattice parameters. Γ were plotted in appendix A. By applying Landman's method [START_REF] Landman | Stochastic theory of multistate diffusion in perfect and defective systems. II. Case studies[END_REF], we found:

D x,y = a 2 o 2 • (Γ ee + 2Γ eh )Γ he Γ eh + Γ he (6) D z = c 2 o • Γ eh Γ he Γ hh (Γ eh + Γ he )(2Γ he + Γ hh ) (7) 
where a o = 2.822 Å and c o = 4.076 Å. By combining equations (6) and ( 7), the degree of anisotropy of the diffusion coefficient, A D , is given by:

A D = D z D x = c o a o 2 • 2 Γ eh Γ hh (Γ ee + 2Γ eh )(2Γ he + Γ hh ) . (8) 
A second set of equations (B.3) and (B.4), which includes 4i sites, was also deduced, see appendix B. It will help to evaluate the accuracy of the approximations. The diffusion coefficients, D x and D z , were calculated using DFT results and are depicted in figure 6. An Arrhenius fit was applied to the oxygen diffusion coefficients, D[T] = D o exp(-E a /k B T), to obtain D o and activation energies, E a . Parameters are summarized in table 5. As is the case for hydrogen [START_REF] Connétable | Theoretical study on hydrogen solubility and diffusivity in the γ-tial L1 0 structure[END_REF], 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 quantitatively the same, only the value of D o changes. A D can be approximated by A D ∝ Γ eh /Γ ee (Γ hh Γ he and Γ ee Γ eh ). 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 interstitial sites, i.e. the O atom is not supposed to form clusters in the metal. The oxygen therefore diffuses from one interstitial 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 clusters, which can therefore be considered as traps [START_REF] Hodille | Study of hydrogen isotopes behavior in tungsten by a multi trapping macroscopic rate equation model[END_REF]. Oriani's model [START_REF] Oriani | The diffusion and trapping of hydrogen in steel[END_REF] 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 0 system is compared with its diffusion in the Ti-hcp [START_REF] David | A study of the diffusion of oxygen in α-titanium oxidized in the temperature range 460 °C-700[END_REF][START_REF] Wu | Direct diffusion through interpenetrating networks: oxygen in titanium[END_REF], fcc-Al [START_REF] David | Diffusion of interstitials in metallic systems, illustration of a complex study case: aluminum[END_REF] and Ti 3 Al-D0 19 [START_REF] Bakulin | Absorption and diffusion of oxygen in the Ti3Al alloy[END_REF][START_REF] Koizumi | Effect of impurity atoms on alpha-2/gamma lamellar interfacial misfit in Ti-Al alloy: a systematic first principles study Phil[END_REF] 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 [START_REF] David | Diffusion of interstitials in metallic systems, illustration of a complex study case: aluminum[END_REF]. Two antagonistic effects can be highlighted: the solubility is lower in TiAl than in Ti 3 Al or Ti, but diffusion is much faster. In the Ti 3 Al system, the stable configuration-oxygen surrounded by Ti atoms only [START_REF] Bakulin | Absorption and diffusion of oxygen in the Ti3Al alloy[END_REF]-is much more stable than the other sites that are composed of Al atoms. However, to diffuse, the O atom must necessarily pass through less stable sites, surrounded by Al atoms, so it diffuses slowly. In the case of the γ-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 γ than in α 2 -Ti 3 Al, and consequently its lower solubility in TiAl than in Ti 3 Al. However, on the other hand, the energy difference between stable sites in TiAl-L1 0 is smaller than in Ti 3 Al-D0 19 . The O diffusivity in L1 0 is thus faster than in D0 [START_REF] Togo | First-principles calculations of the ferroelastic transition between rutile-type and cacl 2 -type SiO 2 at high pressures[END_REF] .

From these results, it can be assumed that modifying the Al/Ti ratio should have an impact on the solubility and diffusion of O in the TiAl-L1 0 system. The chemical homogeneity of insertion sites in the TiAl system induces in smaller migration energies than in other Ti-Al alloys.

Conclusion

This manuscript presents a complete study of the insertion and diffusion of oxygen in TiAl-L1 0 system. Different stable sites were found, but one site, the 2h site, is significantly more stable than the others. The interactions with Al atoms are stronger than with Ti atoms, and the 2h site minimizes them. Results indicate that the preferred site ( 2h) minimizes elastic effects, but most importantly reduces the number of O-Al interactions. 

Figure 1 .

 1 Figure 1. Schematic representations of the TiAl-L1 0 structure (bold-centered tetragonal representation) indicating the interstitial positions tested (left), and the stable positions (right).

Figure 2 .

 2 Figure 2. Projected density-of-states (pDOS) of O in 1b, 1c 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.

Figure 6 .

 6 Figure 6. Diffusion coefficients of oxygen as a function of 1/T. Al: (a) = [29]; Ti-hcp: (b) = [30], (c) = [31],; (d) = [32], (e) = [33], (f) = [34], (g) = [35]; Ti 3 Al: (h) = [36]; (i) = [25].

Figure A1 .

 A1 Figure A1. Attempt frequencies of all jumps as a function of T.

Table 2 .

 2 Insertion energies (E i , in eV), zero-point energies (ZPE, in meV) and enthalpy energies (H f , in eV) of an oxygen atom in different configurations. The zero point energy of the O 2 molecule is equal to 45 meV. ∆H is the energy difference (in eV) between the 2h site and the other sites.

		nb								
		atom	1b	1c	2e	2f	2h	4i	4k	4m
			Unstable	Unstable	-	Unstable	z h = 0.109	z i = 0.330	x k 0.044	x m = 0.234
	E i	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
	H f		-	-	-2.594	-	-3.471	-2.594	-2.369	-2.357
	∆H		-	-	0.88	-	0	0.88	1.10	1.11

Table 5 .

 5 Activation energies (E a , in eV) and D o (in 10 -6 m 2 s -1 ) obtained from an Arrhenius fit. The label † and ‡ refer to the model 1 and 2 respectively.

	Direction	E a			D o		
	x, y	1.197	† /1.246	‡	22.43	† /30.78	‡
	z	1.189	† /1.189	‡	0.92	† /0.91	‡