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Abstract

Hydrogen embrittlement is a multifaceted phenomenon that can significantly compro-
mise the toughness of susceptible metals. We study the critical process of hydrogen
diffusion within the body-centered cubic lattice of iron (BCC-Fe or a—Fe) using ab-
initio density functional theory (DFT). Beyond standard investigations on the effect of
hydrostatic stress, we extend our study to incorporate the influence of uniaxial and pure
shear stress states. We find substantial alterations in diffusion barriers. Moreover, we
study scenarios involving paired point (zero-dimensional) defects, including one vacancy
and an additional interstitial hydrogen atom. Calculations comprehend various configu-
rations and transitions between them, providing insight into the interplay between the
chemical environment and mechanical fields. The barrier values here determined offer
essential data for complementary techniques, including Monte-Carlo models, to accu-
rately describe hydrogen diffusion. This research contributes to a deeper understanding
of hydrogen embrittlement, offering insight that can inform the design of safer materials
used in structural engineering.

Keywords: BCC-Fe, DFT, hydrogen diffusion, defect characterization, hydrogen
embrittlement, tensorial stress.

1. Introduction

Low-alloy (including low-carbon) steels are the most used metallic material in structural
components, particularly for applications in which a combination of high toughness and
good weldability is required. Among the degradation phenomena that affect them, those
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leading to the catastrophic failure of structural components, such as hydrogen embrit-
tlement (HE), deserve particular attention due to the associated hazards to human lives
[1].

Currently, five different models describing HE are considered: Hydrogen-Enhanced
Decohesion (HEDE) [2, 3], Hydrogen-Enhanced Localized Plasticity (HELP) [4, 5], HELP-
mediated HEDE [6], HELP + HEDE [6, 7] and Hydrogen-Induced Phase Transformation
(HIPT) [8, 9].

The differences between these models are related to the strength and interplay of the
embrittlement mechanisms that have been proposed. The first of them is HID (Hydrogen-
Induced Decohesion), in which embrittlement is explained as a consequence of local re-
duction in cohesive energy [10-12]. This mechanism is often undistinguished from the
HEDE model in the literature, as the HEDE model is based on the effect of the HID
mechanism alone. The LHEDM (Local Hydrogen Enhancement of Dislocation Motion)
mechanism relates embrittlement to a local decrease of either Peierls stress or the drag
forces of dislocations [12-15]. The LHEDM mechanism is often undistinguished from
the HELP model in the literature. However, the LHEDM mechanism is only one of
the different mechanisms considered by the HELP model, together with AIDE, HESIV,
and DC. AIDE (Adsorption-Induced Dislocation Emission) links embrittlement to the
increased emission of dislocations from surfaces in which hydrogen has been adsorbed
[16, 17], while HESIV (Hydrogen-Enhanced, Stress-Induced Vacancy formation), con-
nects embrittlement to the superabundant formation of vacancies in the presence of
hydrogen [18, 19]. According to the DC (Defactant Concept) mechanism, embrittlement
is a consequence of the increased thermodynamical stability of different lattice defects in
the presence of hydrogen [20]. HIFF (Hydrogen-Induced Fast Fracture), suggests that
embrittlement is the consequence of a two-step process involving the local reduction of
plasticity due to the presence of hydrogen around a cavity followed by crack propagation
with lower hydrogen content from sharp defects [21, 22]. Lastly, the HIPT mechanism co-
incides with the homonym model and attributes embrittlement to phase transformation
[23].

It must be noticed that the relative strength of the different HE mechanisms is highly
dependent on the metallic alloy, the local stress state, temperature, the local defect
concentration and the balance between strain rate and hydrogen mobility both in bulk
and traps. Therefore, we focus on the relevant conditions for structural failure, e.g.
interstitial hydrogen on BCC-iron (the stable allotropic state at room temperature) under
different applied stresses, aiming to understand the effect of shear stresses for the first
time.

HE is a multiscale problem in which hydrogen diffusion is influenced by mecha-
nisms occurring at various scales, ranging from the nanoscale to the micro-, meso- and
macroscale, each of them with significantly different characteristic times. The interplay
between the different scales is far from straightforward. To comprehend such intricate
phenomena, researchers have employed techniques such as ab-initio methods [24-37],
molecular statics (MS) [38, 39] and molecular dynamics (MD) [40-43]. Thus, simplified
models have served as a foundation for developing more complex and realistic approaches
in subsequent research [41, 42, 44|

In order to understand the different aspects of the diffusion of hydrogen, it is im-
portant to characterize both its preferential sites and the possible diffusion paths. This
can be performed by analyzing the changes on the energy of the system associated to
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the insertion of an interstitial atom, by evaluating the minimum energy configuration
after placing the interstitial atom on the relevant positions of the host lattice, and by
observing how the energy is altered under different conditions. Density functional theory
(DFT) suits perfectly this kind of calculation and has the advantage that it does not lead
to biased results caused by ad hoc assumptions.

Prior studies [24-37] based on DFT calculations have reported stationary lattice sites
and transition barriers under stress-free and hydrostatic conditions. Additionally, these
studies examined interactions between interstitial hydrogen and point defects located in
the closest spatial configurations for each interaction. However, they have overlooked
the description of other significant configurations relevant to these interactions. In this
regard, this work goes beyond these studies by characterizing the preferential intersti-
tial sites and diffusion paths affected by external stresses and defects, with the aim of
expanding current knowledge beyond first-order approximations.

Such characterization is divided into three different parts. First, we present the energy
landscape without external stress, giving a description of the system and its diffusion
paths. Second, we systematically explore the effect of external stress, a tensorial physical
magnitude previously reduced to a single scalar value (hydrostatic approximation) on
hydrogen diffusion barriers. Hydrostatic, uniaxial and shear stress states are considered.
In particular, we find that shear stress plays a significant yet consistently overlooked role.
Its analysis is complex, as it depends on the lattice site and its orientation. For instance,
shear stress can double hydrogen mobility even for moderate stress levels, significantly
modifying the accepted scenario. In the final part of the study, the influence of complex
interactions with common point defects in the BCC-iron lattice (either a vacancy or a
second interstitial hydrogen) are taken into account up to a distance of 5 A.

2. Ab wnitio characterization methodology

Spin-polarized DFT calculations with a plane-wave basis set [45-48] using the Cambridge
Serial Total Energy Package (CASTEP) [49] have been performed. The exchange and
correlation energy has been computed within the Perdew-Burke-Ernzerhof generalized-
gradient approximation (PBE) [48].The calculations employed nonlinear core-corrected
ultrasoft pseudopotentials and relativistic corrections were incorporated for increased ac-
curacy and performance [50, 51]. Electronic minimization was done with a density mixing
algorithm following the Pulay scheme [52] over a 30-step history. A Gaussian scheme is
used for energy level smearing with a width of 0.1 eV [53-55]. Convergence tolerance for
energy minimization of 107 eV /atom and an energy cutoff value for the basis set of 375
eV with a finite basis set correction based on three points differing on 5 eV were used for
all calculations. k-point sampling of 6 x 6 x 6 and 4 x 4 x 4 was performed for 2 x 2 x 2
and 3 x 3 x 3 supercells, respectively, using the Monkhorst-Pack grid arrangement [56],
which correspond to convergence tests of about 2% or better in the optimization of the
corresponding unit cell parameter for the pristine material. Finally, geometry optimiza-
tions were obtained with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [57]
until forces on each atom were reduced to values under 10 meV/ A. Zero point energy
(ZPE) corrections were performed by evaluation of the Helmholtz free energy at T=0K
[37] from the calculated phonon spectra (see Appendix C, Fig. C1) [58].



2.1. «-Fe calculations

To assess the suitability and benchmark the selected pseudopotentials, energy cutoff,
number of special points, and other parameters relevant for the calculation, we examine
a few characteristic physical parameters on 2 x 2 x 2 and 3 x 3 x 3 a-Fe supercells, denoted
as Feig and Fesgy.

2.2. a-Fe + H

2 x 2 x 2 and 3 x 3 x 3 a-Fe supercells, including one interstitial hydrogen (Fe;6H and
Fes,H), have been used for calculating hydrogen energy landscapes on a BCC-Fe lattice.
In the FeigH supercell, a complete energy landscape has been generated with a spatial
resolution of a twentieth of the lattice parameter. The interstitial hydrogen has been
placed on a regular grid, allowing full ionic and lattice relaxation.

The geometry optimization of high symmetry sites, namely tetrahedral (T), octahe-
dral (O) and the first-degree saddle point between tetrahedral sites (X), was further re-
fined using the Fes4H cell in a two-step refinement process: First, an initial minimization
based on Linear and Quadratic Synchronous Transit (LST/QST) method [59]. Finally,
the resulting structures were further refined by minimization under specific symmetry
restrictions. The interstitial hydrogen atom occupying high symmetry sites reduces the
symmetry of the Fesy cell (space group Im3m, IT # 229). The space groups of the cells
with interstitial hydrogen at site S (Fes4sHS) are the following: space group P4m2 (IT
# 115) for FesuHT (tetragonal site), space group Amm2 (IT # 38) for Fes,HX (first-
degree saddle point) and space group P4/mmm (IT # 123) for Fes,H® (octahedral site,
second-degree saddle point).

Both Fes,HT and Fes4HC cells present tetragonal symmetry (a =b #c,a == =
90°) aligned with one direction from the < 100 > family of the Fesy cell. The Fes,H*
cell shows orthorhombic symmetry (a # )b # ¢, « = 8 = v = 90°), with one of its axis
prism primitive cell aligned with a < 001 > direction of the Fesy cell, and the other two
aligned along directions < 110 > and < 110 >.

Note that all the distorted primitive cells (FessHT, FessHC, and FessHX respectively)
show a dissimilar ¢ axis , which will be referred to as the interstitial site orientation
along this work.

The solution energy for hydrogen placed at a generic point P, E%Ol can be calculated
as

o 1
E%’ = EF654HP — Epe;y — EEHz’ (1)

where Ep, is the energy of a Hy molecule in vacuum.

2.2.1. Diffusion paths
The diffusion paths reported in the literature are essentially reduced to combinations of
elementary transitions between tetrahedral sites, either through the first-degree saddle
point, T—X—T, or through the second degree saddle point (octahedral site), T—-0—T
[11, 29, 33, 37].

When considering such diffusion paths for a for a net displacement of one lattice
parameter along the direction in the < 100 > family (Fig. 1), several alternative paths
become distinguishable. In this analysis, we thoroughly examine these pathways. Among
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these alternatives, only four trajectories consist solely of steps with a positive net ad-
vancement, which for the sake of notation clarity, we label as absolutely monotonically
advancing trajectories (Fig. 2).

These trajectories are as follows: (i) The trajectory through the first-degree saddle
points (X path), T>X—>T—->X—>T—-X—->T—-X—T, (Fig. 2a) (ii) the pure octahedral
trajectory (O path), T-0—T—0—T and (Fig. 2b), two mixed trajectories (XO path),
T—+X—-T—-X-T—-0—-T (Fig. 2c) and (OX path), T-0—-T—-X->T—-X—-T), (Fig.
2d) which consist of pair combinations of halves of pure trajectories.

Figure 1: T, X & O sites involved in a transition along one unit cell from an initial T site (red) to its
translationally symmetric site (blue)

(a) (b) (c) (d)

Figure 2: Absolutely monotonically advancing trajectories for a total displacement of one atomic cell
along k direction. High symmetry sites are labelled by their type (T, O, X) and site alignment direction
(3,7, k). a) X path. b) O path. c¢) XO path. d) OX path.

Diffusion paths in Fig. 2 show four different T—+X—T transitions, T,—X;—T;,
T;—=X; =Ty, Tp—X;—T; and, T; —X;—T}, and two T—0O—T transitions, T,—0,;—T},
and, Tr—0;,—T.

From these paths the following observations can be made: (i) In a T»X—T transi-
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tion, each site is oriented along one of the three directions in the < 100 > family. (ii)
In a T—0—T transition, both T sites are oriented along the same < 100 > direction,
while the O site is oriented along one of the remaining two directions. (iii) T sites are
never oriented towards the same direction as the saddle points surrounding it.

These observations allow the reduction of the number of studied transitions to those
starting from a tetrahedral site (T) with any orientation and jumping through either
a first (X) or second degree (O) saddle point oriented perpendicularly to the tetrahe-
dral site. The transition ends in a tetrahedral site oriented according to the previous
observations (i) & (ii), i.e. T1—=Xo—T3, T1—05—T,

2.3. Influence of external stress

We have performed calculations to determine the impact of an external homogeneous
stress field on energy barriers. These calculations involved relaxing the cell under the
influence of the external stress field, with an interstitial hydrogen atom placed in the
lattice high symmetry sites (T, X, O). For this study, we considered the following five
stress states: (i) hydrostatic (P), (ii) uniaxial stress parallel to the direction aligned
with the interstitial defect (Ul), (iii) uniaxial along one of the directions in < 100 >
perpendicular to the defect alignment (UL), (iv) shear in a plane with its normal oriented
parallel to the defect alignment (S!) and shear in a plane with normal along one of the
< 100 > directions perpendicular to the defect alignment (S*). Seven stress levels have
been examined: + 1.8 GPa, £+ 0.6 GPa, + 0.2 GPa and 0 GPa.

2.4. Local influence of point defects

Perturbations caused by crystalline defects on the mechanical fields decay slowly away
from their core. However, fields in the immediate neighbourhood of the defect cannot be
represented by quasi-constant values and require detailed calculations for each possible
scenario. To study these cases, configurations where a hydrogen atom is found near
another hydrogen atom or near a vacancy have been computed. Since hydrogen atoms
are light and diffuse relatively quickly, the iron lattice lacks the time required to react to
changes in the interstitial position and, consequently, modify the volume of the unit cell
containing the interstitial. Additionally, this volume is constrained by the surrounding
pristine material’s pressure. Therefore, we adopt the simplification of keeping a fixed
unit cell volume throughout the diffusion process.

To this end, the minimum energy configuration for each set of calculations, a-Fe +
H + vacancy and o-Fe + H + H, have been optimized, and the resulting cell dimensions
have been fixed.

2.4.1. a-Fe + H + vacancy

The lattice distortion caused by a single iron vacancy is large enough to require a min-
imum supercell size of 3 x 3 x 3 for simulations involving both one vacancy and one
hydrogen atom (FessH). Calculations were performed for all configurations in which the
interstitial hydrogen was placed inside a box aligned with the crystal directions and cen-
tred in the vacancy. This box had dimensions 1.5 x 1.5 x 1.5 times the BCC-Fe lattice
parameter. Such a region encompasses all the local minima on the hydrogen energy
landscape, including the neighbouring tetrahedral sites, the nearest octahedral site, and



the hydrogen located near the vacancy site (Fig. 3). It also includes the allowed transi-
tions between these sites to capture diffusion barriers. The binding energy between the
interstitial hydrogen and the vacancy is obtained from the following expression [33]:

EI]?IEI%aC = _EF653H + EF654H + EFe53 - EF654 (2)
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Figure 3: Relative position of the different configurations in a FeszH calculation. The vacancy is always
located at the origin.

2.4.2. a-Fe + H+ H

We performed a simulation to study the interaction between two hydrogen atoms in a
3 x 3 x 3 Fe supercell that contains two hydrogen interstitials (Fes4Hz). The interaction
between hydrogen atoms was determined by evaluating the binding energy EBid (Eq. 3)

for various configurations in which one hydrogen was placed inside a box with sides equal
7



to the BCC-Fe lattice parameter and aligned with the crystal directions, centred around
the other hydrogen. Lastly, we have also considered all allowed transitions between these

configurations (Fig. 4).
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Figure 4: Relative position of the different configurations in a Fes4H> calculation

3. Results

3.1. «a-Fe calculations

The Fesy cell converged after relaxation to cell parameters a = b = ¢ = 8.439 A and
a = B =~ =902 which corresponds to a single cell lattice parameter of 2.813 A. Space
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group Im3m (IT # 229). Residual stresses were below 2 MPa (0;; <2 MPa i = z,y, 2).
The converged magnetic state was ferromagnetic, with a magnetic moment per iron atom
of 2.2 pp. These quantities show errors < 2% compared to the established experimental
values of 2.867A and 2.22 up [60], establishing the adequacy of the various parameters
in the model.

3.2. a-Fe + H

To facilitate a direct comparison with results published in the literature [29, 30, 33,
35-37], we revisit the case of a single hydrogen interstitial inside the BCC-Fe matrix.
First, we employed a small simulation cell, Fe;gH, which proved sufficient to accurately
reproduce the basic features for the energy landscape for hydrogen in the proximity to
both the tetrahedral and octahedral sites of the iron lattice. Here, we did not include
other relevant factors that will be explored later. We obtained the normalized energy

a

landscape using a spatial discretization of 55, as displayed in Fig. 5.
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Figure 5: Hydrogen energy landscape in BCC-Fe cell

As observed in this figure, our simulations confirm three notable points in the BCC-
Fe lattice with a single hydrogen as an interstitial: (i) At the considered interstitial’s
densities, the optimal absorption sites, which correspond to stationary points of minimum
energy, are the tetrahedral interstitial sites (T). (i) The octahedral interstitial sites (O)
are second-degree saddle points. (iii) The first-degree saddle points between neighbouring
tetrahedral sites (X) correspond to the lowest diffusion barriers.

We further investigate these high symmetry sites using the larger Fes4H supercell to
simulate a more dilute case. The results of these calculations are summarized as follows:

For the interstitial hydrogen atom occupying the tetrahedral site, labelled as Fes,H™,
the cell relaxed to a=b—=8.461A, c=8.448A and a = § = v = 90° (space group P4m2, IT
# 115). This relaxed cell exhibited small residual stresses o, = o,y = —4.2 MPa and
0., = 3.3 MPa, and a magnetic moment per iron atom of 2.20 ppg. The solution energy
of hydrogen (Eq. 1) was equal to 173 meV.
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For the X configuration, Fes;H*, in which the hydrogen atom is in the first-degree
saddle point, the cell relaxed to a=b=8.432A, ¢=8.506A, o = § = 90° and ~ = 89.90°
(space group Amm2, IT # 38). The associated small residual stresses were o, = 0,y =
2.8 MPa and o, = 2.2 MPa. The magnetic moment per iron atom was again 2.20 up.
As expected, the solution energy of hydrogen (Eq. 1) increases to 263 meV.

For the configuration with the hydrogen atom in the octahedral site, Fes,H®, the
cell parameters relaxed to a=b==8.420A, ¢=8.530A and o = § = v = 90° (space group
P4/mmm, IT # 123). Residual stress values were 0., = 0y, = 4.3 MPa and 0., = 14
MPa. The magnetic moment per iron atom was again unaffected and kept the value 2.20
up- The solution energy of hydrogen (Eq. 1) was equal to 301 meV.

The phonon spectra used for the ZPE corrections of the Fes4H cells are provided in
Fig. C.1

The diffusion of interstitials modifies the internal stress in the iron matrix, causing
it to expand or contract compared to the lattice without hydrogen along the directions
parallel, €|, and perpendicular, €, , to the interstitial sites orientation by approximately:
ef = 0.1%,¢l = 0.25% in the T-site, e‘? = 1.1%,¢¢ = —0.23% in the O-site, and
eﬁ( =0.8%, ef = —0.08% in the X-site. Lattice response to these stresses depends on the
density and orientation of interstitials and diffusion times, but it is expected to contribute
to the elastoplastic behavior of iron and self-consistently modify the diffusion barriers.

Furthermore, we briefly summarize our findings derived from the Fes4H calculations.
Tetragonal sites are identified as local minima, whereas octahedral sites are classified as
second-degree saddle points. The enthalpy difference between the relaxed configurations
is AEp_o = 59 meV per Fe atom. AEJTV_CO:HS meV /at, before Zero-Point-Energy
corrections (ZPE).

The first-degree saddle point is located near the midpoint between the two nearest
tetragonal sites but in a position which slightly deviates from the direct path toward the
octahedral site. This first-degree saddle point shows an enthalpy difference of AEp_x
= 56 meV /at compared to the T site. AENS,=90 meV /at before ZPE correction.

The non-corrected results are in accordance with those of Jiang et al. [29] Hayward
et al. [33] and De Andres et al. [37] with values of AENC, = 120 meV & AENY, = 88
meV, AENC, = 148 meV & AENC, = 90meV and AENS, = 125 meV & AENC, =
109 meV respectively.

Hayward et al. [33] compared the corrected barriers and concluded that both tran-
sitions had equivalent barriers, up to the precision of their calculations. A Mulliken
analysis of the different configurations shows that the hydrogen atom attracts a small
negative charge, -0.33e, -0.032e and -0.31e, when located at T, X and O-sites, respec-
tively, and it carries a negligible amount of spin (-0.05 up,-0.05 up and -0.06 up for T,
X and O).

Based on these observations, we infer that the tetragonal (T) site is the only stable
point for isolated hydrogen in the absence of defects. The transition between neigh-
bouring T sites is easily achieved through the first-degree saddle point (X-site). These
pathways compete with transitions via the O-site (a second-degree saddle point).The
transition between neighbouring T sites is easily achieved either through the first-degree
saddle point (X-site) or the competing O-site (a second-degree saddle point).

Due to the difference in the number of constrained directions, and after accounting
for ZPE corrections, a negligible difference in enthalpy of ~ 3 meV between the X and
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Figure 6: Effect of ZPE corrections on the hydrogen energy landscape on [0 0 1] plane of FessH. (a)
Configuration without ZPE corrections. (b) ZPE-corrected configuration

O configurations can be observed (Fig. 6). Therefore, both T-X—T and T—-0—T
transitions, each with corrected energy barriers of AEp_x=56 meV and AFEr_op=59
meV, are expected to play a significant role in the diffusion process, as well as near
pathways around that region.

3.3. Influence of stress states

As mentioned earlier, the stress tensor can influence diffusion paths and barriers, and
this aspect has not received a detailed consideration in the literature. Figs. 7, 8, 9 give
diffusion barriers between tetrahedral sites for each calculated stress configuration as a
function of stress level. Fig. 7 reveals that, contrary to our initial expectations, the effect
of hydrostatic stress on the diffusion barriers is almost negligible. However, this is not
the case for deviatoric states.

The impact of uniaxial stress states along the < 100 > directions is shown in Fig.
8. Uniaxial stress states under 2 GPa modify the T—X barrier by as much as 18 meV
(20% increase or 32% increase before and after ZPE corrections), effectively doubling or
halving the likelihood of the transition to be successful at room temperature.

In contrast, the T—O barrier can be altered up to 10 meV (7.5%) under the same
range of uniaxial stresses, resulting in a factor of about 1.5 in the effective transition
frequency. It is worth noting that the effect of transitions from a T-site under uniaxial
stress applied perpendicularly to the direction aligned with the tetrahedral interstitial
defect is similar to the effect of applying stress along the interstitial direction for barriers
aligned perpendicularly to the stress, as observed in Fig. 8b. However, note that the
effect is opposite for T and O transition states when stress is applied along the direction
aligned with the saddle point defect.
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Barriers from T under P stress state
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Figure 7: Diffusion barrier from a tetrahedral site through both X-site (blue) and O-site (green) subjected
to hydrostatic stress.

Therefore, tensile uniaxial stress applied in a direction parallel to T sites promotes
hydrogen diffusion, particularly favouring T—X transitions. Conversely, compressive
stresses marginally increase the likelihood of T—O transitions, with a minor detriment
on a subset of T—X transitions. In conclusion, while the net effect of uniaxial compressive
stresses on diffusion can be safely neglected, uniaxial tensile stresses have to be accounted
for.

We find the most important effect under shear stress along the {100} planes, Fig. 9.
Diffusion barriers are modified differently depending on the relative orientation of the
shear plane and the site orientation.

When the normal to the shear plane is parallel to the site orientation (S*) Shear stress
under 2 GPa decreases the T—X barrier by up to 50 meV (55% and 90% before and after
ZPE corrections, respectively), Fig 9a. In contrast, the T—O barrier can be reduced by
60 meV (45% and 100% before and after ZPE corrections, respectively) under the same
stress range. After applying the ZPE corrections, both resulting barriers become of the
order of the accuracy of the calculations (545 meV), which Results in almost barrierless
diffusion. It is interesting to notice that such an effect is symmetric. The same barrier
reduction occurred under positive (tensile) or negative (compressive) stress states.

When the shear plane normal is perpendicular to the tetrahedral site orientation,
Fig. 9b, the effect of stress on barriers is quite limited for all transitions, except for the
transition to an octahedral site aligned perpendicularly to the applied shear stress plane.
In this case, the barrier increases by up to 30 meV at stress levels of 1.8 GPa.

3.8.1. Applied stresses and diffusion paths

Assuming that the material is loaded along the diffusion direction (E), either uniaxially
along the diffusion direction or under shear on a plane perpendicular to the diffusion
direction (Z ® j), the diffusion proceeds along pure trajectories consisting of two equal
halves: the X path is composed of two pairs of jumps, each pair consisting of (1) a jump
from a T-site aligned parallel to the loading direction to an X-site oriented perpendicular

to the loading direction, and (2) of a second jump from a T-site perpendicular to the
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Figure 8: Diffusion barrier from a tetrahedral through both X-site (blue) and O-site (green) site subjected
to uniaxial stress

loading direction to an X-site perpendicular to it, overcoming twice a TUI-XUL +
TU+—XU*' pair of barriers. In contrast, the O path must only overcome two equal
jumps with TUl-OQU" energy barrier.

On the other hand, loads perpendicular to the diffusion direction make the first and
second half of the process different. When considering diffusion along the k direction in
Fig. 2 while loading along j direction, the first half of the X path is a combination of a
TUL-—=XU' jump and a TUI XU jump. In contrast, the second half is made of two
TUL—XUl jumps. Under these conditions, the O path is made of a TU-—OU" and a
TUL—OU! jump. Loading along the 7 direction (instead of along j) exchanges the half
of the transition that occurs first.

We have computed ZPE corrections for each direction and site under stress fields.
This evaluation shows variations In the ZPE corrections near the limit of accuracy of

our calculation technique (‘AZPEI.E_% - AZPEZ‘LJ»‘ < 4meV). The corrected landscapes

on Fes,H [0 0 1] plane under uniaxial and shear stresses applied along the (1 0 0) AND
(0 0 1) directions can be seen in Fig.10. When considering the corrected barriers, as
shown in Fig.10b, it becomes clear that the TSIl +XS+ and the TSI —0S* transitions are
significantly reduced to values within the error bars 5+5 meV, resulting in approximately
barrierless transitions. However, due to the zigzagging nature of the diffusion path, there
is an alternation between barrierless diffusion and diffusion through a barrier similar to
the equilibrium TS+—XS! one. Such an alternation effectively increases the diffusion
coefficient by a factor of 2. Note how the existence of regions where the interstitial can
diffuse quickly, due to very low barriers, increases the volume accessible to hydrogen.
Although diffusion parallel to the loading direction can be dominated by one of the
pure paths or evenly distributed among several pathways depending on the stress state,
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Figure 9: Diffusion barriers from a tetrahedral site through both X-site (blue) and O-site (green) sub-
jected to shear stress

the landscape for all tetrahedral sites aligned parallel to the stress are the same. A
similar scenario happens for the landscape of tetrahedral sites oriented perpendicularly
Fig. 10a & 10b.

However, for diffusion path perpendicular to the external stress, i.e., pathways which
alternate between a scenario where the saddle points are oriented parallel and perpen-
dicularly to the applied stress, mixed paths are favoured, since the stress state promotes
different saddle points (O,X) for the parallel and perpendicular orientations Fig.10c &
10d.

3.4. Local influence of point defects

3.4.1. a-Fe + H + vacancy

A single vacancy in the 3 x 3 x 3 Fe supercell (Fess) constitutes a sufficiently diluted
system. Hence, the resulting internal stress is so small that the cubic lattice parameter
remains practically unchanged at the value of 8.439 A (a=2.813 A) compared to the
supercell for the perfect crystalline system (Fes4), with a relaxation change in the volume
0o = —0,093384 A3. The calculated formation enthalpy for the vacancy in our model is
2.51 V.

The binding energy (EE{. | Eq. 2) between the hydrogen atom and the vacancy for
various configurations, along with the distance between the vacancy and hydrogen in the
equilibrium configuration, and the angles between the hydrogen-vacancy direction and
the different directions in the < 100 > family, are given in table B.1. Values for EB™1Y,
in table B.1 show that the first neighbouring octahedral site to the vacancy is the most
favourable location for hydrogen (EB®¢ = 733 meV). In contrast, H in the vacancy
site results in an unstable configuration (EB"$_ = —133 meV). The other available sites
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Figure 10: Effect of tensile (a,c) and shear (b,d) stress applied along the x (a,b) and z (c,d) directions
on the ZPE-corrected hydrogen energy landscape on [0 0 1] plane of FessH.
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surrounding the vacancy are all stable positions too, with binding energies fluctuating
around 65+55 meV, depending on the configuration.

Table 1: Energy barrier of transitions from position in row to position in column, AE,_. in a FessH
cell.

AE, . |[[O1 | T2 | T3 [Ta | T | Ts | Te | T§ | T7 | Ts | T}
meV
0, 651
T 37 | 67 | 123
T, 64 | 49 | 21 | 108
T, 68 | 31
T: 79 85 | 72
Ts 40 | 107
Tg 80 61
T} 102 | 111 | 115
T, 108 | 114 83
Ts 86 83
T! 97 124

The energy barriers for interstitial hydrogen diffusing between stable configurations
are listed in Table 1 (ZPE corrections are not considered here owing to the complexity of
computing phonons for such a large cell). hydrogen tends to move close to the vacancy
(components below the main diagonal in table B.1) rather than moving away from it
(upper triangular submatrix). Low-energy configurations, such as T4, have extended
residence times.

Rotation of the H-Vacancy complex implies that the diffusion of the hydrogen atom
from one octahedral site (Oq) site to another one (O’y), requires passing through two
intermediate sites in a three-step process because the direct transition is forbidden: Oq
—Ty—T’5—0’;, with respective barriers being 651, 67 and 37 meV. Such pathway is
unlikely due to the large value of the first barrier. We remark that diffusion paths around
a vacancy are complex. Therefore, the effective diffusion coefficient around a vacancy
requires the individual calculation of various transitions and their associated barriers.

3.4.2. a-Fe + H+ H

Since interstitials tend to cluster near vacancies, it is important to study the effect of
a second interstitial on diffusion. Such a problem is difficult because its many-body
nature and it has been largely ignored in the literature, except for statistical approaches
as in [61]. However, the statistical approach lacks specificity of detail. Therefore, here
we characterize this problem by listing relevant configurations and by computing the
energies involved in the many-body diffusion of two interstitials.

The binding energy (EBH4, Eq. 3) of hydrogen atoms in different configurations and
their distances in the bound positions, both in the relaxed and the reference lattice are
presented in table A.1.

As expected, the binding energy between the two hydrogen atoms quickly becomes
less negative as their distance increases, being almost negligible for configurations from
Ty outwards (d > 3.3 A). Configurations T4, Tg and Tg show weaker interaction than
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configurations with similar distances between hydrogen atoms due to the spatial distri-
bution, as these configurations correspond to locations along < 100 >, < 110 > or
< 111 > directions, owing to the non-spherical shape of the hydrogen interstitial defect.

The table shows that interactions are less intense when the line connecting the sites
is either parallel to a lattice direction or a diagonal both face and body.

Table 2 shows the transition barriers between two configurations with two hydrogen
atoms. It is observed that the transition barriers exhibit similar tendencies as the con-
figurations presented in table A.1, with negligible differences in transitions beyond Tiq
(AFE19> 10> = 10944 meV), which indicates the effective range of the interaction.

For configurations near the vacancy, a highly heterogeneous and irregular landscape
can be appreciated (AFE g<_,19< = 109+£50 meV). A closer analysis shows that movements
to distant configurations (elements in the upper triangular matrix) generally have lower
barriers than transitions bringing interstitials closer (elements in the lower triangular
matrix) We attribute such a feature to the repulsive nature of the interaction between
two interstitial atoms. Transitions to high-energy configurations, such as Tg & T3, display
high energy barriers. In contrast, transitions to low-energy configurations exhibit below-
average transition barriers.
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Table 2: Energy barrier in transitions from position in row to position in column, AE,_,. in a Fes4sHH cell

AE, .|| To | T3 | T4 | Ts | T: | T | T7 | T4 | Ts | T | To | T§ | Tio | Tua | Tiz | Tuz | Tis | Tie | Tig | Tir | Tus

s

To 11

T3 47 90 | 56

Ty 119 112

Ts 150 116 91

! 154 90 88

Te 124 104 | 113 100

Ty 113 96 142 89

T! 101 104 108 89

81

Tg 108

T} 73 158

Ty 117 100 65

T! 79 142 153

Tyo 100 81 | 138 115

Ty 98 105 | 108 108

Tio 97 106

T3 109 | 111 113

Ti, 99 110 110

T 97 110

Tie 112

Ty7 106 108

Tis 108 111




Transitions from inside the range of the interaction to the outside, (AFE;p<_,10>)
and the reverse transitions (AE)y>_,19<) show the same complex behavior as internal
transitions, indicating a sudden smoothing of the interaction core in all directions within
this range.

The heterogeneous barriers we have found hint to an energy landscape for a hydrogen
atom in the presence of another interstitial hydrogen atom becomes locally complex
up to distances of ~ 3.2 A (T10), beyond which the non-mechanical components of the
interaction becomes negligible. Inside those distances of ~ 3.2 A, the use of individual
transition barriers is necessary.

4. Conclusions

It is generally acknowledged in the literature that hydrogen embrittlement is associated
with the accumulation of atomic hydrogen near dislocations or vacancies. Therefore,
mechanisms that facilitate the diffusion of interstitials are expected to modify the mate-
rial sensitivity to this form of structural failure. This concept finds support in experimen-
tal observations where hydrogen embrittlement significantly decreases at temperatures
exceeding 400-500 K, and original mechanical properties are restored after heat treat-
ment at these temperatures [62, 63]. Therefore, our discovery of scenarios where the
diffusion barrier diminishes and the interstitial find easy to diffuse to large regions, holds
relevance in helping the design of materials resistant to embrittlement.

We have analyzed the effect of non-diagonal stresses on the diffusion barrier of in-
terstitial hydrogen. Unlike the small changes reported previously in the literature for
diagonal stresses, we report a large variation in the diffusion barrier for deviatoric states
that can modify its value by as much as 100%. Therefore, to obtain accurate values for
barriers under shear tension, it is necessary to consider at the same time both the tran-
sition involved and the stress state. For instance, a 600 MPa shear stress reduces TSI —
08+, TSI — XS+ and TS — OS!l barriers by 10 to 15 meV, which increases the success
ratio of these transitions by a factor between 1.5 to 2 at room temperature, without any
significant effect on the other available transitions. This effect gradually increases up to
a stress value of 1.8 GPa, in which the transitions become effectively barrierless, result-
ing in a diffusion process limited by the greencomplementary transitions (the other half
of the trajectory). As a consequence, we find that nontrivial stress-dependent diffusion
paths control hydrogen mobility.

We have analyzed in detail the effect of the distortion on the hydrogen local energy
landscape near a vacancy and the interaction with a second interstitial hydrogen. We re-
port binding energies for each configuration (within some local range) and the transition
barriers among the different configurations. hydrogen-vacancy complexes show interac-
tions that extend over several unit cells, decreasing, as expected, with distance. On the
other hand, hydrogen-hydrogen interactions show a shorter range interaction, that can
safely be neglected for distances beyond two unit cells. In both cases, the local field
is complex, and each specific transition must be considered independently to accurately
model hydrogen diffusion in their surroundings.

Therefore, it can be concluded that hydrogen transport in iron, is a complex phe-
nomenon that cannot be described by a global diffusivity constant. Instead, it requires
the use of local diffusivity tensors that depend on the crystal orientation, the neighbour
defects and the stress state. In this work, we have calculated in some detail the physical

19



effects on the diffusion barriers caused by stresses and point defects, parameters essen-
tial to further understand and accurately simulate the processes involved in hydrogen
embrittlement.
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Appendix A. Hydrogen-Hydrogen interaction table

Table A.1: For each configuration: binding energy, distance between the two hydrogen atoms both in
the relaxed configuration (in angstroms) and in the reference configuration (as a fraction of the reference
lattice parameter), angles between the H-H direction and the relevant directions in < 100 > family
[parallel to the orientation of interstitial H4 and perpendicular directions (angle 1 <angle, 2)|, and
orientation of interstitial Hp.

Configuration EBind Distance Distance Angle | Angle | Angle | Orientation
(relaxed) | (normalized) I 1t 12 H4-Hp
[meV/at] [A] [a] (1 [ [°1 | [?]
T, -150 1.924 2/8 0.00 | 90.00 | 90.00 [
Ts -75 1.859 \V/3/8 64.33 | 37.78 | 64.33 12
T, -3 2.008 V4/8 90.00 | 45.00 | 45.00 [
Ts -11 2.277 V/5/8 18.19 | 71.81 | 90.00 11
T} -11 2.276 \V/5/8 71.81 | 18.19 | 90.00 11
T -6 2.468 V/6/8 54.59 | 54.81 | 54.81 [
T, -15 2.677 V7/8 36.86 | 57.81 | 73.99 12
T! -15 2.677 7/8 74.02 | 36.86 | 57.80 11!
Ty 6 2.831 V/8/8 0.00 | 90.00 | 90.00 [
TS -28 2.859 8/8 90.00 | 0.00 | 90.00 [
Ty -40 3.116 9/8 45.00 | 45.00 | 90.00 11
TS 44 3.084 9/8 75.26 | 21.08 | 75.26 12
T1o -59 3.156 \/10/8 63.62 | 26.38 | 0.00 [
T, -8 3.316 V/11/8 50.28 | 50.28 | 64.66 I
Ty -7 3.464 V/12/8 35.31 | 65.92 | 65.83 [
T3 -5 3.606 V/13/8 54.03 | 38.28 | 78.63 12
T, -5 3.606 \/13/8 78.63 | 38.28 | 54.03 12
T -8 4.005 V/16/8 45.00 | 45.00 | 90.00 [
Tl -3 3.999 \/16/8 90.00 | 45.00 | 45.00 [
Ty7 -10 4.124 V/17/8 59.03 | 46.69 | 59.03 12
Tis -7 4.245 \/18/8 70.54 | 48.21 | 48.16 I




Appendix B. Hydrogen-Vacancy interaction table

Table B.1: For each configuration: binding energy, distance between hydrogen atoms both in the relaxed
configuration (in A) and the reference configuration (as a fraction of the reference lattice parameter) and
angles between the vacancy-H direction and the directions in < 100 > family [parallel to the interstitial

site orientation and along perpendicular directions (angle 1 <angle 2)].

Conlf. EBd T Distance Distance Angle | Angle | Angle

(relaxed) | (normalized) [ 11 12

[meV /at] [A] [a] (1 1 (2] | [°]

A% -133 0 0

0, 733 1.172 \/41/4 0.00 90.00 | 90.00
(02 56 2.230 V8/4 90.00 | 45.00 | 45.00
To 119 2.542 V13/4 33.57 | 56.43 | 90.00
Ty 60 3.233 V21/4 77.45 | 29.15 | 64.15
Ty 107 3.706 \/E/ZL 56.90 | 41.74 | 67.61
T} 31 3.789 V29/4 21.73 | 68.27 | 90.00
T 14 4.278 V/37/4 80.46 | 9.54 | 90.00
Tg 39 4.718 \/E/Zl 63.41 | 26.59 | 90.00
T} 83 4.720 V45/4 41.83 | 53.38 | 72.64
T, 86 5.122 \/@/4 82.08 | 34.54 | 56.64
Tg 53 5.494 \/(ﬁ/él 67.39 | 39.83 | 59.18
Té 100 5.495 \/6>1/4 50.16 | 39.84 | 90.00




Appendix C. Phonon spectra
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Figure C.1: Phonon spectra used to compute the zero-point correction in Fess, Fess HT, Fess HX &
FesaHO



