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Theoretical study of the insertion and diffusivity of hydrogen in the Ti3Al-D0,9 system:
comparison with Ti-hcp and TiAl-L1 systems.

Damien Connétable®*

4CIRIMAT, UMR 5085, CNRS INP UPS, ENSIACET 4, allée Emile Monso, BP 44362, F-31030 Toulouse Cedex 4, France

Abstract

Using first-principles calculations, the insertion and diffusivity of hydrogen in the Ti3Al-D0;9 system are presented and discussed.
After a brief description of the properties of Ti3Al, the different sites of insertion are identified and discussed. The octahedral
configuration surrounded by Ti atoms only (2a Wyckoff position) is found to be the preferred insertion site for H atoms. The
second octahedral and the two tetrahedral sites are found significantly less stable than 2a sites. Phonon, electronic and elastic
properties were computed to analyze the interactions between hydrogen and the metal. Results show that hydrogen atoms interact
little with the metal. The insertion into a 2a site minimizes the elastic deformation and electronic transfer of surrounding atoms.
The diffusion coefficient of hydrogen is then calculated and discussed by using DFT simulations, kinetic Monte-Carlo simulations
and a multi-site approach. These results are compared with those of H diffusion into the Ti-hcp and TiAl-L1, systems.
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1. Introduction

The renewed interest in Ti-Al alloys leads us to study the
mechanisms of embrittlement by hydrogen or by other intersti-
tial species. More precisely, the role of H is known to induce a
premature failure of metallic systems, known as hydrogen em-
brittlement (HE). Various interpretations of the process and the-
ory are used to explain how hydrogen weakens metals. The two
main prevailing HE concepts are Hydrogen Enhanced Local-
ized Plasticity (HELP) [1] and Hydrogen Enhanced Decohe-
sion (HEDE) [2]. These models were developed to explain the
physical origin of H induced fracture. They take into account
the segregation of H at dislocations, interfaces, interphases and
the formation of cluster-type defects. These mechanisms are
still widely debated and under study. Their better understand-
ing requires deeper knowledge of basic properties, such as the
amount of hydrogen dissolved in the metal, of its diffusion coef-
ficients and hydrogen-metal interactions. Atomistic simulations
can play a crucial role in providing insight into the plasticity and
fracture.

The aim of this work is thus to improve the understanding of
the behavior of interstitial species during their use and ageing.
The use of innovative manufacturing processes, such as additive
machines and SPS techniques, have made it possible to use and
shape TiAl materials. The presence of different sub-structures,
in the form of precipitates or phases, is sought to obtain the de-
sired mechanical properties. In TiAl systems, apart from the y-
TiAl-L1, phase which is the main stable phase, the other phases

*Corresponding author
Email address: damien.connetable@ensiacet.fr (Damien
Connétable)

Preprint submitted to International Journal of Hydrogen Energy

are precipitates like the lamellar @;-TizAl-D0,9. This titanium-
rich phase is chemically close to the a-Ti-hcp structure. TizAl
can also happen during the high temperature oxidation process
that occurs on the surface by depleting Al atoms from under the
surface. The growth of the oxide causes a change in chemistry
resulting locally in a phase change: y-TiAl becomes a;-TizAl,
which in turn may become titanium. Therefore, as a means to
better understand the general behavior of hydrogen in titanium-
based alloys, it is important to explain and predict its behavior
not only in TiAl, as has been done in the past, but also in the
DO0;9 system Even though this phase is a minority phase, it is
no less important in order to better understand the solubility
and diffusivity of hydrogen.

Literature results show that hydrogen dissolves easily in
titanium-rich phases, and particularly in Ti-hcp [3-7], for which
hydrogen atoms have an insertion energy of -0.44 eV into tita-
nium octahedral sites. In a recent study on the insertion of H
in TiAl, Connétable [8] showed that H was preferentially posi-
tioned in sites rich in Ti atoms. Hydrogen is therefore expected
to dissolve more easily in Ti3Al than in TiAl [3, 4]. It is impor-
tant to determine whether this difference is significant and how
hydrogen diffuses, so as to compare results with other Ti sys-
tems. Experimentally, Miyoshi [9] and Naito [10, 11] showed
that H atoms diffuse slower in @, than in other TiAl phases.

This work thus focuses thoroughly on the processes of in-
sertion and diffusivity of H atoms. The interactions between
other defects, i.e. interphases, grain-boundaries [12], vacan-
cies (like super-abundant vacancies [13]) and surfaces were ne-
glected here and assumed negligible in first-approximation. This
work falls into the framework of the study of hydrogen in the
limit of infinite dilution Moreover, before focusing on the weak-
ening of interfaces, a reliable database on the energies and in-
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sertion sites of H in the D09 system must be obtained. It is
indeed a prerequisite before introducing degree of complexity,
and this work fits well into the general framework of the study
of H embrittlement in TiAl systems.

After having conducted a complete study of the hydrogen
insertion and diffusivity in the TiAl-L1y system [8], the case
of H atoms in the TizAl-D0,9 system is discussed hereinafter.
While the TiAl-L1j study focused on insertion sites, here, an
exhaustive study of the insertion in the D09 system is per-
formed. Insertion sites are clearly identified and additional in-
formation is given to characterize the insertion of H atoms at
different scales (volume of relaxation, elastic dipoles, etc.). The
diffusion mechanisms are then studied in detail. The use of ki-
netic Monte Carlo simulations and a multi-site approach [14,
15] are the appropriate tools to study anisotropic properties.
Hydrogen diffusion coefficients will then be discussed and com-
pared with those in the TiAl-L1, system, but also to those in
the Ti-hcp system, for which the diffusion coefficient formulas
were also developed. Subsequently, results will thus be used
specifically for this TizAl system, but also in the case of other
D09 systems.

Section 2 presents the method and calculation details. In
section 3, the ground-state properties of the TizAl system are
briefly described and compared with experimental and theoret-
ical literature, as well as with other TiAl systems. The insertion
of H atoms in the Ti3 Al system is investigated in section 4. The
diffusion mechanisms are subsequently discussed in section 35,
and, to conclude, hydrogen diffusivity is presented.

2. Methodology

First-principles calculations were computed using the VASP
code [16]. The plane-wave basis projector augmented wave
method (PAW) [17, 18] and the Perdew-Burke-Ernzerhof gen-
eralized gradient approximation of the exchange and correla-
tion functional (PBE [19]) were employed in the framework of
the DFT. Like all other TiAl systems [5, 8, 20], the Ti3Al sys-
tem is not magnetic. Calculations were thus performed without
magnetism. For the H, molecule, however, the DFT energy
was computed with spin effects. The plane-wave energy cut-
off was set to 600 eV, and 20x20x20 I'-centered Monkhorst-
Pack meshes [21] were used to sample the first Brillouin zone
of the primitive cell (8 atoms). For super-cells, the band-folding
method was used. Forces between ions were relaxed. Calcu-
lations were performed at zero pressure (relaxed volume and
shapes of super-cells), except for the computation of elastic
dipoles.

The study of migration processes was conducted through
NEB simulations [22] on 2x2x2 super-cells (i.e. 64 atoms per
super-cell). Transition state energies were computed with the
same accuracy as stable position energies. The vibrations for
the stable and transition states were computed to quantify jump
rates, I'y,, and to study the stability of the configurations. The
phonopy package [23] was then used to compute inter-atomic
force constants (IFC), phonon free energies and to analyze band
structures.

3. Ground state properties of the TizAl-D0y9 structure

Tiz Al-DO0;9 has a hexagonal closed-packed structure belong-
ing to space-group 194 (hP8, P63/mmc). Ti atoms occupy the
6h sites (xp,, 2x;, 1/4) and Al atoms the 2c sites (1/3, 2/3, 1/4)
[24], as displayed in Fig. 1.

Figure 1: Schematic representation of the TizAl structure: Ti and Al atoms
are in yellow and blue, respectively. H insertion sites that were tested are also
represented.

DFT values of the ground state of the Ti3Al system, lattice
parameters (a, and c,) and formation energy (Ey), are summa-
rized in Table 1. The formation energy (in eV per atom) corre-
sponds to:

E,[Ti,Al,] — nE,[Ti-hcpl/2 — mE,[Al-fcc]
n+m
(D

Ef[Ti,Al,] =

where E,[Y] are the DFT energies of the Y system.

Results on the TizAl system are compared with earlier the-
oretical and experimental literature, as well as with other sta-
ble TiAl binaries, namely: TiAl-L1, (space group 123, with Ti
and Al atoms in /a and Id sites, respectively see Ref. [8]),
TiAl-B2 (space group 221, with Ti and Al atoms in /a and 1b
sites, respectively), TiAl, (space group 141, tI24, with Ti and
Al atoms in 8e sites), TiAl3-DO0,; (space group 139, with Ti in
2a sites, and Al 2b and 4d sites), and reference states (hcp-Ti
and fcc-Al). Values are given in Table 1. Experimental data
were extracted from Schuster and Palm’s reassessment [25] of
the Ti-Al phase diagram.

The first focus is on the properties of TizAl. The relaxed Ti
position in the D09 system, Xx;, is found equal to 0.830, in ex-
cellent agreement with the experimental value x;, ~ 0.833 [39].
DFT values of lattice parameters (5.75 and 4.65 A) are also
found in excellent agreement with experimental data (5.77 and
4.65 A) [32, 33, 39]. The difference between PBE and experi-
mental values is smaller than 0.7%. The DFT formation ener-
gies, about -280 meV, also agree well with experimental values,
in the range of [-309; -218] meV [25]. These results show that
DFT simulations match experimental observations and can be
considered reliable.

As regards ground states properties of the Ti3 Al system (elas-
tic constants, electronic density-of-states and band structure,
not shown here for simplification purposes), the present simu-
lations reproduced exactly the results of Bakulin et al. [40] and



Table 1: Theoretical and experimental lattice parameters a, and ¢, (in A), formation energies (Ez, in meV/atom), bulk (B, in GPa) and Young (E, in GPa) modulus,
elastic constants (C;;, in GPa) and Poisson coefficient (v).

a, Co E, B E v
Ti (hep) PBE [8] 2.938 4.657 0 112 123 0.32
exp. [26] 2.945 4.544 - 112 - -
TizAl (D019)  this work 5.752 4.656 -282 115 152 0.28
PWO1 [27] 5.72 4.633 - - - -
PBE [28] 5.734 4.640 - - - -
exp. 5.77/5.792 [29, 30] 4.645 [29, 30] -309/-218 [25] 114 [31] 151 [31] -
TiAl (L1o) PBE [8] 3.999 4.076 -407 114 171 0.25
exp. 3.97/4.01 [32, 33] 4.04/4.08 [32, 33] -392 [32] 110 [34] 183 [34] -
TiAl (B2) this work 3.186 - -266 - - -
TiAl; (D0y,)  this work 3.844 8.624 -398 106 208 0.17
PBE [35] 3.847 8.621 -396 - - -
exp. 3.84/3.848 [29,36]  8.579/8.596 [29, 36] -383 [25] - - -
Al (fec) PBE [8] 4.04 - 0 78 72 0.35
exp. [26] 4.05 - - 78 - -
Cu Cs; Cyq Ces Ciz Cys
Ti (hep) PBE [8] 176 188 43 47 82 76
exp. [37] 172 180 44 45 82 76
TizAl (D0y9)  this work 189 232 51 59 87 64
PWO1 [27] 185 231 57 51 83 63
exp. [33, 38] 175 219 63 - 88 62
TiAl (L1o) PBE [8] 171 172 112 64 88 85
exp. [34] 186 176 101 77 72 74
[33] 187 182 109 81 75 75
TiAl (B2) this work 82 - 70 - 127+ -
TiAl; (D0y)  this work 193 218 94 129 86 45
PBE [35] 190 213 96 127 87 46
exp. [36] 218 218 92 116 58 45
Al (fec) PBE [8] 105 - 33 - 65 -
exp. [26] 106 - 31 - 65 -
Zeng [41]. These works used the same approach, i.e. the DFT- 10 10
PBE-PAW method. However, results are complemented here —=
with the phonon properties. The inter-atomic force constants 75 75
(IFCs) were calculated on the primitive cell (i.e. 8 atoms). )
The plots of the phonon band structure and phonon projected =
density-of-states (calculated on 30x30x30 q-meshes grids) are E s s
displayed in Fig. 2. The analysis of the phonon density-of- g
states projected onto Ti and Al species clearly shows that acous- - 25
tic dispersion curves are almost entirely associated with Ti atoms.
This result is consistent with the mass ratio between Al and Ti T
atoms and the stoichiometry (1:3). As for the optic modes, they % m K G A L % P 6

are associated with Al atoms. The small gap in the phonon
spectra is specific of this structure as compared with other Ti-
Al alloys (see for example TiAl-L1j, Ref. [8]). The dispersion
curves around q=I, associated with the sound velocity, do not
show any anomaly, in agreement with elastic properties and sta-
bility criteria, see Mouhat [42]. From these phonon properties,
the heat capacity, C,, (plotted in Appendix A) and the phonon
free energy were computed, thereafter used to determine the
zero-point energy of H atom inserted in the metal.

The comparison with other binary systems is henceforth
possible. Among all TiAl systems studied, results show that

Q-points nb of states

Figure 2: Phonon band structure (pBAND) and projected density-of-states
(pDOS) of TizAl-D019 primitive cell. The blue and orange lines correspond
to the projected DOS of the Ti and Al atoms, respectively. Frequencies are
expressed in THz.

the TiAl-L1y structure has the lowest formation energy. In all
cases studied here, DFT PBE simulations reproduce the ground
states properties of stable TiAl systems with an excellent accu-
racy. For instance, the elastic constants computed using finite



displacements method as implemented in VASP (on primitive
cells) are excellent. These results can be used as reference pa-
rameters. One system however shows irregularities: the TiAl-
B2 system. At OK, it is an unstable phase. Indeed, C, of the
TiAl-B2 system (equal to 127GPa) is found greater than Cy;
(82GPa). One of Born’s three stability criteria [42] (for cubic
systems) is thus not verified, C’ = (Cy; — C}2)/2 is negative.
This result is in agreement with experimental findings, which
indicate that the TiAl-B2 system is unstable at low temperature
[39].

To conclude, data provided by DFT simulations accurately
reproduce bulk properties, H insertion can now be studied.

4. Hydrogen solubility

To study the hydrogen insertion, a quick analysis of inter-
stitial sites inside the Ti3Al-DO0;9 system is necessary. Part of
the work conducted by Bakulin et al. [40], in their study on
oxygen insertion, can be used here. They identified four inser-
tion sites, labeled O1, O2, T1 and T2. The O1 site is formed of
six Ti atoms while O2 is at the center of the octahedron formed
of four Ti atoms and two Al atoms. T1 and T2 are tetrahe-
drons formed of three Ti atoms and one Al atom. Nevertheless,
a complete analysis of the D09 system reveals there are many
possible interstitial sites [24]: 2a, 2b, 2d, 4e, 4f, 6g, 6h, 12i, 12
and 12k sites. The atomic positions are summarized in Table
2 and represented in Fig. 1. The tetrahedral (resp. octahedral)
sites correspond therefore to the /2k and 4f (resp. 2a and 6g)
sites. A correlation can now be made between the notations of
Bakulin [40] and crystallographic notations: O1 = 2a, O2 = 6g
and 12k = T'1,4f = T2. The other sites are located on the faces
or the edges of the octahedron or tetrahedron volumes. These
sites have already been identified as potential insertion sites for
fcc and hep phases [43—45], this is why they were considered.

To evaluate the relative stability of configurations, hydrogen
insertion energies, E;, were computed. Calculations were con-
ducted on 2x2x2 super-cells (64 atoms) but, in some cases, ad-
ditional simulations were also performed on larger super-cells
(3x3x%3, i.e. 212 atoms) to control the accuracy of the inser-
tion energy and to confirm atomic positions. E; corresponds to
the energy needed to insert one H atom in the TizAl system in
relation to the H, molecule. It is expressed by:

1
E; = E,[TizAl+ H] - E,[Ti;Al] - EEO[HZ] 2)

E, are the DFT energies of the super-cells, E,[H,] is the DFT
energy of the H, molecule. Results are given in Table 3, for
stable configurations only.

After relaxation, nine “stable” positions were found, with
no guarantee of them being local minimums. The most sta-
ble position is the 2a configuration, the octahedral site com-
posed of Ti atoms only. The other sites exhibit a higher energy.
To test the stability, vibrational properties were computed, as
seen above, these will help in the analysis. Results show that H
atoms preferably occupy sites that are far away from Al atoms.
For instance in 2a sites, there are six Ti atoms around the oc-
cupancy site; in 4f sites, there are three Ti atoms and one Al,

however the H atom is closer to the Ti atoms, etc. In the case
of the 72/ configuration the H atom occupies a 64 position af-
ter relaxation, distinct to the first configuration considered, see
Table 3. To distinguish both configurations, 6/ positions were
thus labeled f and f in Table 3.

Phonon properties were calculated for all these “stable’” con-
figurations. From IFCs on 2x2X2 super-cells (i.e. 64 atoms),
phonon band-structure along the high-symmetry points of the
first Brillouin zone and phonon density-of-states were plotted,
see Fig. 3 (stable positions only). Only the octahedral and tetra-
hedral sites are stable. Unstable cases are configurations where
the H atom either occupies the center of triangles (2b, 2d, 6ht
and 6hi sites), or is located between two nearest-neighboring
Ti atoms (/2i sites). 2b, 2d, 6hT and 6hi positions show indeed
one imaginary frequency, and are transition states between sta-
ble sites, as seen above.

From IFCs, the zero-point energies (ZPE) of stable config-
urations, H,, were computed. H, is given by:

1
H, = F[TiAl+ H] = FITi;Al = S F\[H)] 3)

where F, are the Helmholtz free energies computed on fine q-
mesh grids (i.e. 20x20x20):

hw,q
2kgT

3N
F, = —kgTInZ = kgT Z f n,(q) In [2 sinh( )] dq (4)
v=1

w,q are the frequencies in the wave vector q and the mode
v. Z is the partition function related to the phonons. At 0K,
1/2F,[H>] is equal to 148 meV. Values are reported in Table
3. As in most systems, phonon enthalpy does not change the
relative stability of sites. However, the ZPE of tetrahedral sites
(4f and 12k sites) is high, about 80 meV. This was already ob-
served in the case of hydrogen in Al-fcc [20], where the H atom
also occupies tetrahedral sites preferentially. H frequencies are
located at high energies, as can be seen on the pDOS plots, Fig.
3, this explains the high values of ZPEs.

We can now discuss and compare present results with liter-
ature values. The negative low value of hydrogen H;, -0.65 eV,
is in agreement with experimental observations [3, 4, 46, 47],
which suggests that the solubility of hydrogen is higher in the
TizAl system than in the TiAl-L1, system in which the theo-
retical insertion energy was found equal to about -0.06 eV [8].
Kimura [3], for instance, showed that hydrogen solubility fol-
lows the Sieverts law [48] and measured a solubility energy
equal to -0.57 eV, which is in excellent agreement with the DFT
value (-0.65 eV). In comparison, the solubility energy in the Ti-
hcp system (-0.41 eV [5]) and in Al-fcc (+0.69 eV [20]) is thus
significantly lower than here.

To gain insight on the interactions between the H atom and
TizAl, the Bader charge, 8 [49], the charge transfer (Ap =
plTi3Al+ H] - p[Ti3Al] — p[H]), the volume of formation (€2y),
the volume of Voronoi and elastic dipoles were computed for
stable positions. Calculated values are summarized in Table 4.

First, results show that the charge transfer is weak and lo-
cal: the H atom completes its s shell and gains almost one elec-
tron. When the H atom is located in an octahedral site, the



Table 2: Wyckoff positions and site symmetry [24].

2a 2b 2d 4f 6g
0,0, 0), 0,0, 1/4), (1/3, 2/3, 3/4), 0,0, z.), (1/3,2/3, z¢), (1/2,0,0),(1/2,0, 1/2)
0,0, 1/2) (0,0, 3/4) (21/3, 1/3, 3/4) ©,0, z,+1/2), (2/3,1/3, zp+1/2), (0, 1/2,0),(1/2, 1/2, 1/2)
0,0, -z.), (1/3,2/3, -zy+1/2), (1/2,1/2,0), (0, 1/2, 1/2)
0,0, -z,+1/2) (2/3,1/3, -z¢)
12i 12§ 12k

(x, 0, 0), (0, x;, 0), (X, yjs 1/4), -yj» X7y 1/4), (X » 2%, Zp), (-2%, Xk, Zk),

Xi» x5, 0),  (x3,0,1/2),  (-xj+yj, -x;, 1/4), (=X}, -y, 3/4), (Xk» ~Xk» Zp), (-Xk, 2%k, x+1/2),
0,x;,1/2),  xi x5, 1/2), (v xi+y; 3/4), X~y X5, 3/4),  (2xg, Xk, zx+1/2), (-Xk» Xg» Zi+1/2),
(-x;, 0, 0), (0, -x;, 0), (yj» xj, 3/4), (Xj-yj» -yj» 3/4), (2X» Xks =20, (-Xk, -2X¢, -Zk),
(-xi, X3, 0), (%3, 0,1/2),  (-xj, -x;+y;, 3/4),  (-y)-Xj, 1/4), (Xt Xks =Z4) (-2Xg, X, -Zx+1/2),
O, xi, 1/2) (X0, -X3, 1/2)  (X4y5 ¥, 14 KXy VA e 2%, -2+1/2) (Xk> Xk, -7x+1/2)

Table 3: Insertion energy (E;, in eV), zero-point energy (H,, in meV) and enthalpy of insertion (H;, in eV) of a hydrogen atom in different “stable” configurations

(see text).
nb atom 2a=4e 2b 2d 4f 6g 6ht 12i 12j~ 6hi 12k
- - - 27=0.846 - x;,=0.499 x;=0.297 x;=0.167 x,=0.167
- - - - - - - - yx=0.138
E; 64 -0.677 +0.318 -0.214 -0.248 -0.159 +0.585 +0.689 -0.043 -0.166
212 -0.673 - - -0.245 -0.155 - - - -0.160
H, 28 unstable unstable 82 9 unstable  unstable  unstable 78
H; -0.645 - - -0.163 -0.146 - - - -0.082
AH 0.0 - - 0.482 0.499 - - - 0.563

Table 4: Calculated values of the Bader charge of H, Al (in first-nearest neighboring position of the H atom) and Ti (also in INN of H) atoms (8, in ¢~), volume of
formation (Qy, in A3), the difference between the volume of Voronoi filled and empty (6V,, in A3 ), the volume of relaxation (Q,, in A3, see text) and the elastic
dipoles (P}, in eV). E4 (in meV) corresponds to half of the energy of interaction with its periodic images. The volume of Voronoi of the empty sites are equal to
11.8,9.8, 11.7 and 9.9 A3 for 2a, 4f, 6g and 12k sites respectively. The number of electrons of each specie used in the pseudo-potential (labeled ), and the Bader

charge of Al and Ti in TizAl-D09 (labeled ¥) are also given.

2a if 6g 12k
B H (1 1.8 1.9 1.8 1.9
AI-INN (37, 4.1%) 4.1 3.7 3.7 3.6
Ti-INN (107, 9.6%) 9.6 9.6 9.6 9.6
Q, 0.88 323 1.30 2.93
5V, 0.24 0.64 0.30 0.60
12 00 00] [14 00 00] [17 06 -0.1 23 -0.1 -0.05
Pi; lo.o 1.2 0.0] [o.o 1.4 0.0‘ [0.6 1.0 —0.2‘ {—0.1 1.2 —0.1]
00 00 02 [00 00 06| |-01 -02 09| [-005 -0.1 08
Q, 1.17 3.41 1.64 3.09
E, 1 1 2

charge transfer is smaller than when it is located in a tetrahe-
dral site. The presence of a surrounding Al atom modifies the
charge transfer. The Al atom gives part of its electrons, that
which can be seen as a destabilization of the bonds around the
hydrogen.

These data are complemented by charge transfer plots, Fig.
4. Only one positive (yellow) and one negative (red) iso-surfaces
are represented. When an Al atom is located in the first-nearest-
neighboring position, a directional charge transfer can be ob-
served from Al to H, in agreement with previous results. In oc-
tahedral sites, the charge transfer is more isotropic and smaller,
especially in the 2a configurations. The electronic density-of-

states, depicted in Fig. 5, helps understanding the difference
between 2a sites and the other stable positions. By compar-
ing the eDOS of the insertion in 2a sites and the eDOS of all
other configurations, it can be noted that the peak (-7.5eV) as-
sociated with the hybridization between hydrogen s-shells and
surrounding atoms is split into two parts when an Al atom is in
the vicinity of the H atom: (i) one peak around -4.5eV, and (ii)
another around -8eV. This hybridization explains why H atoms
preferably occupy 2a sites.

Elastic distortions induced by the insertion of an H atom
were then quantified using the volume of formation, Qr and the
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Figure 3: Phonon band structure (pBAND) and density-of-states (pDOS) of H in 2a, 4f, 6g and 12k sites. Frequencies are expressed in THz.

volume of Voronoi, 6V,. Q is given by:

Qr = V[TizAl + H] - V[Ti3Al] 5)
where V is the volume of the super-cell with (7i3Al + H) and
without (T'izAl) the H atom, and 6V, is expressed by:
0V, = VITi;Al + H] — V[Ti:Al]. 6)
V[Y] are the volumes of Voronoi of the Y system calculated
with and without hydrogen. 6V, and Q/ characterize respec-
tively the local and global steric effects due to insertion. Both
volumes indicate that hydrogen insertion only induces a local
(and weak) strain in the system. For 2a sites, the elastic distor-
tion is minimal and only local. The effect is mainly due to the
electronic hybridization between H atoms and the metal.
In addition, elastic dipole tensors, $;; were computed on
2x2x2 super-cells. They were deduced from residual stresses
when an H atom is inserted in the ideal Tis;Al structure and

from the elastic constants of the Ti3Al system (given in Table
1). The method proposed by Varvenne et al. [50] was used
here. The components of #;; are found minimal for the octa-
hedral sites. Nonetheless, in all stable sites, hydrogen does not
induce a strong strain in the system, this agrees with the conclu-
sion of the previous paragraph. This can be quantified by using
relaxation volumes, Q,. Both values, Q, and Q, are found
in excellent agreement. The elastic model confirms firstly that
the long range elastic interactions are weak, and secondly, that
the model is able to capture elastic relaxations easily. Further-
more, the interaction energies with periodic images are found
very small, less than 2meV. This confirms that calculations from
small-size boxes and constant volume simulations accurately
reproduce insertion energies.

In conclusion, these results show that when a hydrogen atom
is inserted into a 2a site, the strain on the system as well as the
electronic interactions are minimized.



Figure 4: Charge transfer, Ap, when sites are filled (from left to right): H in
2a, 4f, 6g and 12k sites. Al atoms are in blue and Ti atoms in orange. Charge
transfers in red (resp. yellow) correspond to a negative Ap (resp. positive Ap).
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5. Hydrogen diffusivity

The mechanism of diffusion will now be discussed. Jumps
between stable sites only were considered, i.e. between 2a, 4f,
6g and 12k sites. Amounting to seven distinct jumps, as shown
in Fig. 6: 2a-2a, 2a-12k, 4f-4f, 4f-6g, 6g-6g, 6g-12k and 12k-
12k. The “bonds” between interstitial sites drawn in Fig. 6
represent the shortest jumps. In addition to these cases, two
jumps were considered but not drawn: direct jumps between
two first-nearest neighboring (1NN) 2a sites and between two
INN 6g sites along the z direction. Some jumps in the basal
plans were neglected, indeed, H atoms have to go through Ti-
Al or Ti-Ti bonds. These configurations should be two second-
order transition states, each bond is connected/shared with four
stable insertion sites. Since the D09 structure can be divided
into two octahedral and two tetrahedral volumes sharing their
triangular faces, the transition states are thus located either at
or near the center of gravity of the triangles of the faces of the
octahedral and tetrahedral volumes, or in the middle of the Ti-
Ti/Ti-Al bonds. However, for the same reasons mentioned in
the case of the fcc system [51], when an H atom is in the mid-
dle of a Ti-Ti (or Ti-Al) bond, it is located between four stable
positions: these are either stable sites, as seen in other systems
[43, 44, 52] (which is not the case here), or second-order transi-
tion states, and their phonon band-structures are characterized
by two imaginary frequencies. In the cases studied here, such
configurations always show two imaginary frequencies. For in-
stance, the direct path between two 1NN 6g in the basal plan (or
between 2a-6g sites in the basal plan) goes necessarily through
a Ti-Ti bond. The transition state is therefore of second-order
(confirmed by simulations).

By analyzing the different paths and the results of the inser-

tion, the transition state of each of the four symmetric jumps
was identified (see Table 3): (i) the transition state between two
INN [2k positions is the 6AF site, (ii) between two INN 4f
sites, it is the 2d site, (ii) between two 2NN 2a sites, it is the
2b site, and (iv) between two INN 6g, it is the 6h7 site. As
seen previously phonon results showed that when the H atom is
in one of these configurations, the site is unstable (one imagi-
nary frequency associated with H). The site is thus a transitions
state for H. For the three jumps remaining, NEB calculations
were performed. Results are displayed in Fig. 7 and migration
energies are listed in Table 5.

Table 5: Migration energies (EY), in meV) of jumps from x to y. In brackets,
Wyckof positions are given.

y\x 2a 4f 6g 12k
2a | 964 (2b) - - 111
4f - 34 (2d) 436 -
6g - 525 744 (6ht) 525
12k 622 - 518 123 (6h%)

In most cases, migration energies are in the same energy
range, i.e. [0.5; 1] eV. The highest migration energy is found
for the jump between 2a sites, in the z direction. Nevertheless,
two paths have very low barrier energies: between two 1NN
tetrahedral sites (4f-4f and 12k-12k), where the jumps are the
shortest.

The IFCs of the transition states were systematically com-
puted to verify the nature of the transition state and to calculate
I'yy, see Appendix B. The probability of leaving a site is given
by the jump rate, I'y,, expressed as:

kgT Zrs o B/l
h Zgr

where E* corresponds to the migration energy given in Table 5.
Zrs is the vibrational partition function of the transition state
and Zg; is the partition function of the initial position. Z is
expressed by eq. (4).

Using these results, the Eyring transition state theory [53]
and the multi-site theory proposed by Landman [14, 15], the
hydrogen diffusion coefficients were expressed and computed.
The diffusion coeflicients should depend on ten components:
réa, l"ff, Fgg’ Fkk, Ff~g, Fgf, Faka Fka, ng and Fgf. HOWCVCT,
because of the complexity of the elementary processes, the dif-
fusion coefficient equations were not developed in the general
case. Nevertheless, two sets of simplified equations were ob-
tained, see Appendix C. Kinetic-Monte-Carlo simulations, in-
cluding all paths and jumps, were then performed so as to vali-
date models.

Using DFT values, hydrogen diffusion coefficients in the
basal plan and perpendicularly, D, and D,, were calculated as a
function of temperature. Results are displayed in Fig. 8. First,
both sets of equations, which involve disregarding /2k and/or
4f sites, almost lead to the same results. KMC simulations that
include all paths and all jumps, are found in excellent agree-
ment with the models. Because of low barrier energies between
4f-4f and 12k-12k sites, the model accurately reproduces the

rxy [T] = @)
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Figure 5: Electronic density-of-states projected onto orbitals and atoms with a hydrogen atom in (from top to bottom) 2a, 6g, 4f and 12k sites.

Figure 6: Schematic representation of the network formed by the stable hydro-
gen insertion sites in the Ti3z Al structure. Jumps are depicted as bonds between
interstitial sites, i.e. 2a, 4f, 6g and 12k. The bonds are plotted for distances
smaller than 2 A.

complexity of the mechanism. This comparison is a means to
further validate the proposed equations on one hand as well as
the different coefficients thereby obtained.

An Arrhenius fit was applied to D, and D,, i.e. D[T] =
D, exp(—E,/kgT), to obtain D, and E,, the activation energies
(for both models and kMC simulations). Parameters are given
in Table 6 and compared with experimental literature [9].

The Hydrogen diffusion is thus found strongly anisotropic
in the Ti3Al system, even at high temperatures. It can also be
noted that H atoms diffuse faster in the z direction than in the
basal plan, contrary to what happens in e-TiAl. Miyoshi [9]
and Naito [10] measured experimentally a mean diffusion coef-
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Figure 7: NEB calculations for H atoms, along three paths: 2a-12k, 4f-6g and
6g-12k.

ficient. Their values are in excellent agreement with our results,
see Fig. 8 and Table 6. In order to further improve our the-
ory/experiment comparison, average diffusion coefficients were
extracted from kMC simulations and added to in Fig. 8, purple
triangle. Values are obviously in excellent agreement with theo-
retical data. Nonetheless, the model used here is able to capture
the anisotropy of the diffusion mechanism in the TizAl system
as well.

The diffusivity of hydrogen in TizAl can now be compared
with that in other systems: Ti-hcp and TiAl-L1j systems. The
diffusion coefficients of H in TiAl-L1, (presented in the Ref.
[8]), those of H in Ti-hcp (computed using data given in Ref.



Table 6: Activation energies (Eg, in eV) and D, (in 10~ m?/s) obtained from an Arrhenius fit. Values labeled ! correspond to the fit for the first set of equations

and 2 for the second.

Tiz Al TiAl [8] Ti
direction E, D, E, D, E, D,
X,y 1.0437/1.043%/1.00F  19.687/26.54%/22.26% | 0.537 1.58 0.446 0.51
z 0.716'/0.7232/0.739*m¢ 5.881/6.53%/3.76/m¢ 0.811 3.04 0.431 0.74
Exp. 0.838+0.128 [9] 5.0 0.449+0.078 [9] 0.47
SS S8 @T(K) S S significant increase in energy barriers and consequently, results
PSS © ¥ ® in a slower diffusion of hydrogen. The fact that H diffuses more
-8 & Dirialm - — P MWMeD. o 11 slowly in TizAl than in TiAl can be explained by the important
-10 e D AL me — Kz = |1 stability of the insertion site (2a) in Ti3Al. This stable site could
— , Exp. H Naito —=— ] behave as a trap in which the H atom has difficulty moving. The
:\""! solubility is lower in TiAl, but the energy difference between
§ ] sites is smaller, thereby facilitating the diffusion of hydrogen.
g ]
1 6. Conclusion
This manuscript is a complete study of the insertion and

1031 (K™)

Figure 8: Diffusion coefficients of H atoms in the TizAl system. Dy, D, are
plotted as a function of 1/T. Both models (labeled m1 and m2) are plotted, as
well as kMC simulations. Experimental data, extracted from the works of Naito
[10] and Miyoshi [9], are also represented.

[5]), and equations (D.1) and (D.2) given in Appendix D are
plotted in Fig. 9 for comparison. For Ti-hcp, the processes are
simpler than in the case of oxygen [43], the expressions of D
were thus easily determined.
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Figure 9: Hydrogen diffusion coeflicients in TiAl systems as a function of 1/T.

From Ti, to TiAl, to TizAl, anisotropy increases. Hydrogen
diffusion, however, is slower. Opposite behaviors can be no-
ticed: hydrogen diffusivity is slower in Ti3z Al than in TiAl and
Ti-hcp systems, even though its solubility (should be/is) higher.
In fine, the flux of hydrogen should be equivalent in TiAl and
TizAl. To explain the differences between the two TiAl systems,
it can be noted that the presence of aluminum atoms leads to a

diffusion of hydrogen in the intermetallic Ti3Al-D0;9 system.
DFT simulations show that H atoms preferentially occupy 2a
sites. The system admits three additional stable configurations:
6g, 4f and 12k sites, which are nonetheless higher in energy
than 2a sites. H atoms prefer to occupy the sites surrounded
by Ti atoms, with which they have a better affinity. Elastic and
electronic effects show a low interaction between hydrogen and
the metal.

Trajectories in the TizAl network were meticulously stud-
ied at the atomic scale. The energy landscape of the H atom
in the Ti3Al system is found complex, exhibiting many jumps
and migration energies of different orders of magnitude. So as
to model the diffusion, two sets of simplified equations were
determined and comparison with kMC simulations was suc-
cessful. Calculated hydrogen diffusion coefficients were then
compared with H diffusion coefficients in the Ti-hcp and TiAl-
L1y systems. Results show that H diffusion is slow and highly
anisotropic in the TizAl-D0,9 system.
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Appendix A. Heat capacity of the Ti3;Al system

For information purposes, the heat capacity at constant vol-
ume, C,, expressed by:

hwq.y 1
=~k ) (5
v qz 2kpT" sinh?(pre

(92 F vib

e (A1)

C(T)=-T
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Figure A.10: Evolution of heat capacity, C,, (in J K~! mol™!) of the TizAl-
D019 system as a function of T.

is reported here and plotted in Fig. A.10. The Debye tempera-
ture, 6p, given by:

xte*

T ; 9p )T
C, = 9Np(— —d
) fo -

is equal to 10.24 THz, i.e. 499K.

(A.2)

Appendix B. Jump rates

The attempt frequency of each jump studied is plotted in
Fig. B.11. They were computed using the migration energies
summarized in Table 5 and Helmholtz vibration energies. I'y,,
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Figure B.11: Attempt frequencies of jumps as a function of T: T4, Iyp, Igg,
Tiks Tygs Ugfy Taks Tkas Tyg and Ty

I's¢ and Iy are one order of magnitude higher than the other
rates.

Appendix C. Multi-sites model

Regarding hydrogen in the TizAl system, four sites were
identified as stable, i.e. 24 sites per unit-cell (2a, 4f, 6g and
12k). This cannot be solved using Landman’s method [14, 15],

indeed it implies manipulating formally an immense matrix (24x24).

Nevertheless, different approximation were made so as to pro-
pose simplified equations.

For simplification purposes, 12k sites were first considered
as transition states between 2a and 6g sites. As a result, the
size of the system to be solved is reduced. New jump attempts
were then introduced: (i) ['ug and I'gi, the probability to jump
between a 2a and a 6g site through a 12k site, (ii) I'gr and I'yq
between two 1NN 2a or 6g through a 72k site. In this approxi-
mation, the paths were always considered, but not the 72k sites.
Hydrogen diffusion coefficients, D, are thus expressed as:

D,,[T] a? 1“akgrfg(rgf + 120 + 6ng8)
X,y 4 (3 rukgrfg +2 Fakgfgf +2 rfgrgka)

(C.1)

in the basal plan, and:

2
C z
DZ[T] = —4 ng (3 l"akgl"ffl“gf +6 Fakgl“ffl“i;g +9 Fakgl"fgl“gg

+4 l"fml"ffl"gka +12 Fakal"ffl"gka + 12 Fakgl"ffl"gka+
6 I“fml“fglﬁgka + 18 Fakangnga + 18 Fangnggka+
24 TatgT Tk + 36 TakeT e Tke) /

((3TakeT e + 2 TakgTes + 2T el ata)(2 s + 3T s5))
(C2)
along z. a and c are the lattice parameters of the TizAl system.
To compute the new attempt frequency, approximations were
made and migration energies were simplified, see Table C.7.

m
x=y°

Table C.7: Migration energies (E',, in meV) of jumps from x to y for the first

model. E®e = Fok 4 gk _ pka pks _ pak _ pka y gk pska _ pekoang
Ef;,kg — E;gnk
y\x 2a 4f 6g
2a | 964 (2b)/634 (12k) _ 518 (12k)
4 - 34 (2d) 436
6g 1038 (12k) 525 744 (6ht)/744 (12k)

In the second approximation, 4f and 12k sites were both
disregarded. To complement the previous simplification, an ad-
ditional jump rate was introduced, I'y,. The trajectory through
the 4f and 12k sites were always all included. The diffusion
coefficient in the basal plan, D,, is thus given by:

a3 Takg(Tefe + 2 Tk + Take)
2 (3 Fukg +2 ngu)

Dx,y[T] = (C.3)

and along z:

[

C

DAT) = (9 TakgTese + 3 Takele + 215 kg + 6 Tt L gta+

6 TakeTgka + 12 TakeTke) / (3 Tk + 2 Teka)
(C4)
To compute I'yz,, the limiting step is the jump from 4f to
6g, see values in Table C.8.



Table C.8: Migration energies (E'

Ty

second model. E%k4 = Eok 4 X _ pka poks _
gka _ pek sfe _ psf

E”l — Eln and E”l — Em -

in meV) of jumps from x to y for the
k k k
Ed — Eke + B8 ES® = E}

m>*=m = ms

y\x 2a 6g
2a | 964 (2b)/634 (12k) 518 (12k)
6g 1038 (12k) 744 (6ht)/744 (12k)/525 (4f)

Appendix D. Hydrogen diffusion coefficient in the Ti-hcp
structure

In the Ti-hcp system (space group 194, Ti atoms in 2¢ po-
sitions), where H atoms can only occupy octahedral (2a sites)
and tetrahedral (4f) sites [5, 7], the diffusion coefficients are
expressed as:

a* (B, +2T. )y,

2 2 Faf + rfa

D.[T] = c? 3 Féarfa + 2F§al"ff + 3Fafl"ff)l"fa
2 (2Faf +I“fa)(3l"fa +21"ff)

Dx,y[T] = D.1)

7 (D.2)

The notations are depicted in Fig. D.12. The construction of

Figure D.12:  Schematic representation of H paths and attempt frequency in
the Ti-hcp system.

Landman [14, 15] was used. Two quantities are required: the
Laplace transform of the waiting time density matrix, ¥ (), and
the Fourier transform matrix of the displacements of hydrogen
in TiAl, p(k). Y(u) is given by:

201 2a, 4fi 4f 4f  4fy
2a % % % 0 0 %
2a, |He Zeo 0 % % 0
pw= 4 |FE 0 0 E 0 0
a o F2 o0 0 0
a0 F 0 0 0
afy 12 0 0 o0 %f 0 |

(D.3)

11

where K, = 6I'yy + 67, + 2I%, + uand Ky = 30y, + Ty + 1.
I'yy is the probability of escape from internal state x to another
state y. p(k) is given by:

2a, 2a; 4f 41> 4f3 41

2a, Aﬂlﬂl Aazal Aflal 0 0 Af4lll
20 |Awa, Awa 0 Alelz Afsﬂz 0
E(k) = 4f1 Au1f1 0 0 Afzfl 0 O
41 0 Agn  Afp 0 0 0

413 0 Au 0 0 0 At
4fs YAayp 0 0 0  Agn O

(D.4)
where

Apa =€k 4 eibhy g pilktlekd) o pmilike 4 omilks 4 omilkitlko)] /6

141

Ao, = [k 4 eibk 4 gioktlek) o pmilike 4 pmiliky 4 omilhktlekd] /6
2

Adja, = Adyay : [1+ efllkl]/z

Af|a1 =[1+ eileke 4 e’(ll'k,\'+1xk;)]/3

Afar = e R+ e_”.y k4 e"(‘ly k+lika)) /3

Apar =Apg, = [1+€ Lk 4 i (bktcko] /3

A = Anp = App = App = % k i
Awf = A“?f2 = Aaf, = [1+ ei' ke 4 gmillykytlckd] /3
Ag s, = € R[] 4 gmileke 4 gmilhihitliko] /3

(D.5)
with [, = [, = a and [, = c. In order to derive D, and D, the
procedure suggested by Landmann [15] and described by Wu
[43] was then used.

Ishioka [55] found the same expression directly, when I, =
0. Connétable et al. [5] explicitly reported the value of each
parameter. Using the present notation, it was found that:

I%,[7] =0
I [T] = 8Thz - exp(—0.65eV /kzT)
I'sf[T] = 22Thz - exp(-0.12eV /kpT)
[,/[T] = 9Thz - exp(~0.46eV /ksT)
T1,[T] = 27Thz - exp(—0.39eV /ksT).

Diffusion coefficients can thus be compared with the results of
Bakulin [6] and experimental measurements. The model allows
to refine the values and identify a small anisotropy.
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