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ARTICLE INFO ABSTRACT

Keywords:
Metallic interfaces

Light impurity atoms (LIAs), such as hydrogen and helium, tend to aggregate at pre-existing intrinsic point defects.
This aggregation leads to detrimental effects, particularly in environments such as those foreseen in nuclear fusion

Grain boundaries reactors. There, such impurities would be ubiquitous, resulting in unacceptable material behavior that would

33?5:1 unqualify the material as a Plasma Facing Material (PFM). One option to delay the degradation in performance
Hydrogen is the use of nanostructured tungsten (NW), showing a large density of grain boundaries (GBs). Although we

have already addressed the behavior of a single LIA in a GB, in this work we present the combined synergistic
effects of the simultaneous presence of multiple LIAs, vacancies and Self-Interstitial Atoms (SIA) at semicoherent
W/W interfaces using ab initio methods. Our results reveal a complex and interesting process in the competition
between LIAs and SIAs. When the number of SIAs is low, He appears to hinder their recombination with vacancies,
therefore casting doubts on the self-healing provided by NW. However, in the presence of larger numbers of SIAs,
their mutual repulsion leads to the opposite behavior. Thus, a thorough thermodynamic assessment in which the

Ab-initio simulations
Density functional theory
Self-healing

evolution of the system may be tracked emerges as the crucial subsequent step in these investigations.

1. Introduction

Nuclear fusion has become one of the most promising concepts for a
future large-scale energy supply, due to the high amount of energy re-
leased during the fusion process. It fits perfectly into the 2030 agenda,
since it will provide accessible (fuel elements Li and D are widely dis-
tributed), sustainable and CO,-free energy.

For more than half a century, researchers around the world have
attempted to achieve ignition as a proof-of-concept for various fusion
approaches. Fortunately, on August 2021, this milestone was achieved
for the first time in an experiment carried out at the National Ignition
Facility (NIF) [1-3]. This experiment represented a great leap forward,
as it demonstrated that the ignition threshold is real, largely consistent
with theoretical expectations, and that plasma ignition can be achieved
in an experimental reactor, i.e., at the laboratory scale. However, in this
first experiment no energy gain (Q) was obtained. Subsequently, in some
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experiments performed in 2022 and throughout 2023, at the same facil-
ity, the feasibility of energy gain was also demonstrated. These break-
throughs have motivated a significant increase in public and private
funding for the development of projects aimed at the conceptualization
of commercial power plants.

Despite the achievements, there is still a number of challenges that
need to be addressed prior to up-scaling to a commercial facility. One
of them is the development of plasma facing materials (PFMs) able to
withstand the combined effects of large thermal loads and aggressive
irradiation environments which take place in these reactors.

Because of its properties, commercial, coarse grained W (CGW) has
been suggested to be the best candidate for a PFM in nuclear fusion reac-
tors [4]. However, it has some drawbacks [5-7], among which its high
capacity to retain light species, which are insoluble in metals, but very
mobile, can be trapped by vacancies and any other defect present in
the material. Moreover, in the absence of traps, when the number of He
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atoms is large enough they have also been observed to form clusters that
produce a large strain in the matrix. To release this strain, one or more
interstitials are emitted, creating vacancies that can trap the He clusters
they have created. This phenomenon is called self-trapping. When va-
cancies are associated with the He clusters, the mechanism is activated
and is called trap mutation. However, according to previous publica-
tions, for self-trapping and/or trap mutation to occur, the number of He
atoms in the absence of an initial vacancy must be > 5 and even larger
(= 13) if a previous vacancy exists [8]. This accumulation of LIAs in W
strongly limits its lifetime [9-24]. Indeed, even if the incident neutrons
are obviously detrimental to the material, leading to swelling, cracking,
and a decrease in thermal conductivity in the long term (years), [25-29]
the lifetime of PFMs will be dictated by the deleterious effects of imping-
ing ions, in particular of light ions. For instance, the estimated lifetime
for CGW as a PFM in the HiPER-DEMO reactor based on synergistic ef-
fects, thermal loads accompanied by He irradiation, would be of only
some seconds [30].

Consequently, some alternative materials such as nanostructured W
(NW) in which the grain size has been reduced down to the nanometric
scale, notably increasing the density of grain boundaries (GBs) [31-40]
and W-based engineered surfaces such as W nanoneedles [41-49], with a
large surface area, have been suggested as alternative materials for PFM
applications even when the thermal stability of NW under predicted re-
actor working conditions remains an open question that requires further
investigation [50].

These substitute materials have shown, under certain circumstances,
a higher radiation resistance than CGW. However, because of the lack
of experimental facilities able to mimic the synergistic effects taking
place in nuclear fusion reactors (i.e., atomistic damage produced by
the simultaneous arrival of neutrons, He, and, H-isotopes concomitant
to large thermal loads), in particular in those operating in the iner-
tial confinement approach (ICF) [30], and because of the difficult and
time-consuming simulations, most of the studies have been devoted to
analyze the simpler behavior of these alternative materials under pure
He or H irradiation in the presence or not of thermal loads.

Focusing on NW, most of the previously reported data for samples
irradiated with ions (He and H) impinging in the high energy range
(hundreds of keV), at energies above the displacement damage threshold
(E; =90 eV) [51], in which Frenkel pairs (vacancies and self-interstitial
atoms, SIAs) are created, were devoted to study the radiation effects in
the low temperature regime, at which vacancies are immobile. These
data, in agreement with the three-temperature model of Beyerlein et al.
[52], show that GBs behave as defect sinks and that, at those tempera-
tures, vacancies remain in the interior of the grain in the region where
they were created [53]. At higher temperatures, such as those taking
place in fusion reactors (e.g., 800 °C for the HiPER steady state and up
to ~3400 °C for the HIPER-DEMO immediately after the arrival of ions
[541), the radiation response of these materials is predicted to be differ-
ent, since at these temperatures vacancies are already mobile (~300 °C)
[55,56]. Thus, they are expected to reach the GBs where the SIAs are lo-
cated and recombine with them, a phenomenon known as self-healing
process. So far, to the best of our knowledge, there is a little evidence
of this in NW [36].

In an ICF reactor, not only SIAs are predicted to be present at the GB
but also, He and H. Therefore, the obvious question to be asked is if hav-
ing He and H at the GB would influence the self-healing behavior since
both LIAs could either migrate to the GB and remain there or, on the con-
trary, escape using the GB as a pathway. It is important to mention that,
regardless of the differences in energy and fluxes, this situation is going
to be similar to that happening in the divertor of magnetic confinement
fusion (MCF) reactors in which the energy of the impinging ions (keV)
is also expected to be above the displacement damage threshold.

This question was addressed in a previous paper [37], in which the
authors reported on ab initio simulation results focused on completing
a thorough energetic, structural, charge and mobility analysis of the
synergistic behavior of a SIA and up to two LIAs (one He and one H),
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showing that the introduction of a SIA into a GB preloaded with H and
He, drives the He to be attracted to the SIA while H prefers to stay
away from it. In other words, the presence of He could prevent the SIA
from filling in the vacancy and thus hinder the self-healing process (SIA-
vacancy recombination).

This article provides a logical extension of the aforementioned pa-
per considering a larger number of atoms. To do so, we have increased
the numbers of each defect type (SIA, He and H) on a W(110)/W(112)
GB containing a pre-existing vacancy to study the possible competition
effects. Our Density Functional Theory (DFT) simulations have been
carried out in a very systematic way by performing an energetic, struc-
tural, electronic and diffusivity analysis for different configurations in
the presence of the most stable vacancy: (i) nHe and nH, (ii) nSIAs and
nH, (iii) nSIAs and nHe, (iv) nSIAs, nH and nHe, where n is between 1
and 3 and accounts for the number of atoms of each type.

2. Methodology

All calculations in this paper have been performed using the DFT
framework [57] employing the plane-wave Vienna Ab initio Simula-
tion Package (VASP) [58]. Projector augmented-wave (PAW) pseudo-
potentials (PP) [59] were used under the generalized gradient approx-
imation (GGA), proposed in the Perdew-Burke-Ernzerhof (PBE) formal-
ism [60]. The W PP included 6 electrons in the valence band (corre-
sponding to the most usual configuration 54*6s%). The H and He PPs
were also characterised by their conventional 1s' and 1s> electronic
configurations, respectively. Using the procedures described above, we
have found the lattice parameter of W to be 3.172 A, which is in good
agreement with the experimental value of 3.165 A [61]. The plane wave
cutoff energy was set at 400 eV and relaxation was deemed to have
been achieved when the Hellmann-Feynman forces on the ions were no
greater than 0.03 eV A~!,

The construction of the W(110)/W(112) interface has already been
explained in great detail in previous articles [33,40]. Briefly, it consists
of two 6-layer slabs along the Z-axis, i.e., 288 (168) atoms in W(110)
(W(112)). It is based on the coincidence lattice site (CSL) theory [62],
that is a geometrical construction derived from the geometry of the lat-
tice. In this theory, the rotation of the second lattice, i.e., top/bottom
surface, is limited to those values that bring a (lattice) point into co-
incidence with another point in the first lattice. Specifically, we have
rotated the (110) surface 55 degrees with respect to the (112) surface.
However, due to the non-coherent nature of the interface, the W(112)
surface has been expanded by about 1% in the X-direction. Regarding
the k-point mesh, due to the large dimensions of the system (31.09 A
x10.98 A x31.72 A), only the gamma point at the center of the Bril-
louin zone was used, as it was found to be sufficiently accurate [37].
We have fixed the last two layers at each side, to resemble bulk-like
conditions. The rest of the atoms are allowed to relax until they fit the
convergence criteria. In addition, we have included a free vacuum of
12 A to eliminate the undesired residual interactions between adjacent
layers when the cell is repeated in the Z-direction. A full optimization
of atomic positions after introducing the defects is performed in two
steps, to try to significantly reduce the probability of running into con-
vergence problems. First, we relax the system via a damped Molecular
Dynamics force-based optimization that implements a robust line search
algorithm. Once this initial step is completed, the system is further re-
laxed by using the conjugate gradient algorithm with a scaling constant
for the step widths of 0.5 A.

With respect to the energetic analysis, we are focused mainly on for-
mation energies, E -, and interaction energies, E;. The formation energy
of asystem E (N, Ngjs, Ny, Ny,), containing N, W atoms, Ng4
SIA and N;;4 = Ny + Hpy, LIA atoms, where obviously Ny (Ng,)
stands for the number of H (He) atoms, can be easily estimated using
the corresponding total energies taken from the DFT simulations. We
can define it as follows:



J. Sudrez-Recio, D. Ferndndez-Pello, M.A. Cerdeira et al.

Ef(NM’ NgiasNg,Ny,)=

E(NpsNsias N Nyge) = Nspa E/ (M) = Ny E™ (H)— @
Ny E™/(He)— E(Ny;,0,0,0),

where the final energy obtained is expressed as E(N s, Ng; 4, Ny, Npye)
and E(N,,,0,0,0) corresponds to the pristine configuration without de-
fects. Here, E"¢/ (M), E"/ (He) and E"/ (H) are the reference energies
of the different species present in the system, i.e., the energy per metal
atom and those of the two possible species of LIAs. The reference en-
ergy of a metallic atom is obtained from a perfect crystal, considered to
be a 5x5%5 bece supercell; E™/ (He) and E™/ (H) are, respectively, the
energy of an isolated He atom and half the energy of an H, molecule
when both objects are placed inside a large empty simulation box.

Additionally, one can define the interaction energy, E;, between two
configurations by subtracting from the energy of the system with the
LIAs and SIAs E(M,SIA, He, H) firstly the contribution of the impu-
rity that is removed, say H (analogously for the He and SIA), E(H),
calculated inside the large empty supercell used for the total energy sim-
ulations, and secondly the contribution of the remaining metallic atoms
and the He and SIA atoms E(M,S1A, He). The latter is calculated by
removing the H and constraining the metallic atoms to be fixed at the
positions that are found from the relaxation of the structure when the H
atom was still present. The same reasoning is valid for the He and SIA
cases. Therefore, the equation that represents the interaction between
H and the metal can be expressed as follows:

E(M,SIA,He,H)= )
E(M,STA,He,H)— E(H)— E(M,SIA, He). @
By using this definition, a positive value indicates that removing a LIA
results in a lower energy configuration, while a negative value implies
the opposite. This approach provides insight into the potential energy
change attributed solely to the presence of the impurity within a fixed
lattice configuration, helping to isolate the energetic contribution of the
impurity alone. The interaction energy highlights how the defect affects
the local environment before any relaxation occurs and is believed to be
valuable for comparative studies involving different defects or impuri-
ties under the same conditions [36].

Next, the concepts of Voronoi and Bader volumes are introduced.
The Voronoi volume [63] refers to the space around each atom that is
closer to it than to any other atom, providing insight into the geometric
arrangement of atoms within a structure. On the other hand, the Bader
volume [64] is associated with the electronic density around each atom,
offering information about charge distribution and electron localization.
It is important to note that, while both volumes offer valuable insights
into the spatial distribution within a system, they serve different pur-
poses and are not directly comparable.

Finally, the mobility of defects in selected cases to evaluate the ef-
fect of the simultaneous presence of multiple defects has been analyzed.
The aim has been to calculate the energy barriers required to evolve
the system between two stable, relevant configurations, as found in the
previous steps. The Nudged Elastic Band (NEB) method as implemented
in VASP [65] to find the most favorable trajectory showing the low-
est migration barrier has been used. This method helps to minimize
the energetic cost for a displacement from one initial to a final equi-
librium configuration, following the prescriptions of Transition State
Theory (TST) [66]. The energy barrier has been calculated by subtract-
ing the total energy at the initial equilibrium configuration from the
one at the saddle-point. For each migration, a total of 9 images (#1-
#9) were initially generated, with the first and last corresponding to
equilibrium configurations. The initial coordinates of all atoms in the
intermediate images #2 to #8 were set to values linearly interpolated
between images #1 and #9. In our NEB calculations, each #M image
was linked to the #(M-1) and #(M+1) images with an inter-image string
constant of 5.0 eV/A? and a maximum allowed translation step of 0.25
A. The multi-image minimization procedure was processed using the
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force-based Fast Inertial Relaxation Engine (FIRE) method [67] until a
predetermined tolerance value for the force of 0.1 eV/A was reached.

In all calculations shown in the following, He self-trapping and trap
mutation have been left out of account because, as mentioned in the
introduction, the reported number of He atoms for these phenomena to
occur is, in any case, larger than the one we consider [8]. Zero point
energy (ZPE) contributions have also been disregarded, because even if
they may have an effect on solution energies [68], their influence on
formation energies has a minor effect [69].

3. Results

In this section we present the results of our DFT calculations on the
behavior of NW under simultaneous He and H irradiation at energies
above the displacement damage threshold. Fig. 1 shows the most stable
vacancy at the GB (green sphere), viewed from the front (or above) in
a) and from both the two sides in b) and c). Note that the vacancy is
located at the (112) surface, as determined in a previous article [33].
All subsequent calculations are performed with this vacancy present.

To determine which LIA species occupies the vacancy first, we placed
defects (up to 3 of each) along the grooves adjacent to the vacancy,
marked by red arrow lines and dashed circles in Fig. 1 a) and b), re-
spectively. To ensure that we identified the most stable configuration,
for each set of defects we systematically generated three different initial
configurations based on plausible atomic arrangements around the GB
and the vacancy. Each configuration was then relaxed to allow the sys-
tem to reach a local energy minimum. We then compared the energy of
these relaxed structures to identify the most stable (i.e., lowest energy)
configuration. Figs. 2, 4, 6, and 10 correspond to the red insets in Fig. 1
b) and c), and show the various relaxed interface configurations. Each
arrangement is discussed below.

3.1. He and H aggregates in the presence of the most stable vacancy

First, we describe the coexistence of He, H and the most stable va-
cancy to find out which LIA tends to preferentially occupy the latter,
depending on the number of defects of each type. Our results, depicted
in Fig. 2, show that for all the studied configurations, He atoms occupy
the pre-existing vacancy, while H atoms remain inside the groove. These
results agree with previously reported data for W bulk [70,71], which
show that the binding energy to a vacancy is larger for He (~4 eV) than
for H (~1.4 eV). Moreover, they also evidence that the migration bar-
rier to reach a vacancy is lower for He (0.06 eV) than for H (0.14 eV).
This may be due to the fact that, as a noble gas, He does not interact
(or at least not strongly) with other atoms in the lattice, although it is
more comfortable in regions of lower charge density, dark blue areas
in Fig. 1 d)-e), where repulsive interactions between He and the metal
atoms are minimal [40,72]. As may be envisaged from Fig. 1 d), He
atoms are expected to migrate from the bulk in the plane perpendicu-
lar to the interface grooves and subsequently aggregate inside the low
charge density regions. In addition, Fig. 1 d) shows that the charge den-
sity along the grooves is not uniform. This lack of uniformity is mainly
related to the irregularities of the interface geometry. Moreover, as ex-
pected, the lowest charge density values are found to be around the
most stable vacancy. These values are lower than those of the interface
and much lower than those of the inner layers. Specifically, for config-
urations with 3 He atoms (Fig. 2 g)-i)), one of those He atoms tends
to occupy the vacancy, while the other two draw up and end sitting at
an intermediate position between the vacancy and the groove. It is im-
portant to clarify that our results do not imply that a vacancy can only
accommodate one He atom. In the presence of the GB, He atoms ini-
tially located within the GB feel a slight attraction to the vacancy, even
if it is already occupied by another He atom. However, instead of ag-
gregating inside the vacancy, they tend to settle around it, finding the
occupation of the surrounding low-charge regions more energetically fa-
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Fig. 1. (color on-line) a) Frontal view of the W(110)/W(112) GB, where the light
(dark) blue spheres represent the W atoms in the (112)[(110)] surface, while the
green sphere corresponds to the most stable vacancy position [33]. The dashed
red line denotes the edges of the simulation box, while red arrows illustrate the
grooves where defects are stored. b) and c¢) GB as viewed from the Y-axis and
X-axis, respectively, that is, from the sides parallel to the interface (indicated
with an orange dashed line). The atoms inside blue dashed boxes were fixed
to simulate bulk-like conditions. d) and e) Charge density distribution of the
interface viewed from the Y-axis and X-axis, respectively, in the presence of the
most stable vacancy.

vorable. This arrangement allows them to minimize their energy while
still being influenced by the presence of the vacancy.

Conversely, the H atoms seem to ignore the deformation of the elec-
tronic environment due to the vacancy and try to bind to one of the
nearest metal atoms in order to minimize the deformation of the sys-
tem. The distance between each H atom and its nearest W neighbor
falls within the range between 1.87 and 1.98 A for all cases. Since this
distance is larger than the bonding H-W in a W hydride, these results
seem to indicate that the presence of H atoms does not lead to the for-
mation of a W hydride. This is probably due to a combination of factors,
including the positive formation energy of a W-H compound, the pres-
ence of other defects that compete for binding sites, and the differences
in electronegativity and proton repulsion between W and H. For cases
involving two and three H atoms, the situation is very similar to the
previous one, namely, H atoms remain at the interface but do not align
along the groove. Notably, in completing relaxation, all defects exhibit
a slight approach toward the upper surface, i.e., the W(112) surface.

To further investigate whether H atoms did not occupy the vacancy
because the He atoms had already occupied that position, or whether
H atoms inherently have no preference for the vacancy, we performed

Table 1
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Formation (E,) and interaction energies
(E;) in eV for different LIA combinations at

the GB.

Cluster (+ vac) E; (eV) E; He/H (eV)
He+H 3.47 1.47/-0.07
He+2H 3.13 1.56/-0.44
He+3H 3.21 1.57/0.02
2He+H 5.47 1.92/-0.32
2He+2H 5.46 1.55/-0.45
2He+3H 5.52 1.56/0.00
3He+H 7.86 1.95/-0.42
3He+2H 7.76 1.96/-0.45
3He+3H 7.93 2.17/0.01

additional calculations in which only H atoms were introduced. The
results confirmed that even in the absence of He, H atoms did not occupy
the vacancy even though they do exhibit a preference for vacancies [33].
When H is initially located at the GB, it does not easily migrate to the
vacancy due to the favorable local environment provided by the GB,
which leads to a significant energy barrier to move into the vacancy
(0.14 eV). This observation reinforces the idea that He, rather than H,
is the primary competitor with SIAs for the vacancy site.

Regarding the energetic analysis, Fig. 3 shows a histogram plot of
the formation energies as a function of the number of He and H atoms.
In addition, the numerical values of the formation energies are given
in the second column of Table 1. Here we observe how E, depends on
the number of He, while the presence of H atoms does not seem to have
any discernible effect. Examining the values in Table 1, it can be ob-
served that for a given number of He atoms, the E ; is lower when 2 H
atoms are introduced instead of 1 H. Specifically, the difference in E
between 1 H and 2 H is 0.34 eV for 1 He, 0.01 eV for 2 He, and 0.10 eV
for 3 He. This indicates that adding a second H atom reduces the for-
mation energy, which may be surprising. One possible explanation for
this behavior would be the formation of H molecules. The distances be-
tween H atoms in the different configurations have been consequently
determined. When considering cases with two H, we observed that they
are 2.17 i\, 2.10 10\, and 2.09 A for, again, the configurations with 1, 2,
and 3 He, respectively. These distances notably exceed the H-H bond
length estimated from experimental data, which is approximately 0.74
A, meaning that the H atoms are not forming H, molecules or strong
chemical bonds with each other. This is further reinforced when consid-
ering configurations containing three H atoms. In this case, the distances
between these H atoms vary within the range between 2.11 A and 2.67
A, again too large to form bonds. This is not surprising, as previous
works report that H, molecules dissociate in different W environments
such as bulk or surface [73-75].

The last column of Table 1 displays the interaction energies, pro-
viding a more in-depth analysis of our energetic findings. These data
strengthen our earlier observations. The removal of a He atom leads to
a more energetically favorable configuration due to its repulsive inter-
action with the surrounding metallic matrix. This change in energy is
significantly larger compared to the removal of a H atom, which typi-
cally results in a much smaller energy change, given that the interaction
between H and the matrix is generally only weakly attractive or neutral.
Moreover, the incorporation of a third H atom consistently results in a
nearly negligible interaction energy.

In order to perform a more comprehensive and complete assessment,
we will proceed to examine the SIA+H case to analyze the extent to
which H atoms can influence the recombination process.

3.2. SIA and H aggregates in the presence of the most stable vacancy
Now we turn our attention to the behavior of the SIA in the presence

of H atoms, following a similar analysis as in the preceding subsection.
Fig. 4 contains the 9 atomic models of the relaxed configurations. Again,
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Fig. 3. Formation energies in eV as a function of the number of He and H.

in none of the cases do the H recombine with the vacancy; quite the
contrary, they prefer to stay at the interface. On the other hand, the
behavior of the SIAs depends on their number. When only one SIA is
present, it seems to be more energetically stable for it to remain at the
interface, regardless of the number of H atoms. From a purely geomet-
rical viewpoint, the Voronoi volume occupied by the SIA, namely, 17.5
A3, may be compared to the available volume for the atoms of the in-
ner layers close to the interface, which is about 15.5 A3. These numbers
may be contrasted with the available volume provided by the vacancy,
namely, 16.3 A3, i.e., an 8% smaller and a 5% larger, respectively, than
the aforementioned values. Therefore, it seems quite reasonable for the
SIA to remain in the GB. A similar phenomenon is observed when two
SIAs are simultaneously present, i.e., they prefer to lie in a row at a con-
sistent distance of 2.70 A along the groove, rather than occupying the
vacancy. In this case, the available volume for each of the SIAs is 15.2
A3 and 15.8 A3, respectively. These volumes are very similar to those
in the bulk, meaning that the accommodation of the SIAs in these posi-
tions hardly deforms the system. However, when the 3 SIAs are present,
the relaxation process leads to the recombination of the central one with
the vacancy, while the remaining two interstitials end up placed along
the groove in the same way as for the previous case with just two SIAs.
The following subsection will provide a tentative explanation for this
particular arrangement.

Fig. 5 illustrates the E, as a function of the number of SIAs and H
atoms. Similarly to the preceding subsection, it is observed that, when
introducing a second H, the E, decreases. If we calculate the distances
between the H atoms, as previously done, we find that for cases with 2 H,
these distances are approximately 2.25 A, 2.17 A, and 2.21 A, depending
on the number of SIAs. These values are slightly larger than the distances
observed in the He+H configurations, indicating that the SIA-H interac-
tion is even lower than the He-H one. When examining the distances
for 3 H atoms, we observe that they are separated by values ranging

Table 2
Formation (E ) and interaction energies (E,)
in eV for different SIA-H combinations at the

GB.
Cluster (+vac) E, (eV) E; H/SIA (eV)
SIA+H 3.73 -0.03/-0.51
SIA+2H 3.42 -0.36/-0.41
SIA+3H 3.50 -0.34/-0.41
2SIA+H 4.97 0.14/-1.09
2SIA+2H 4.40 -0.39/-1.10
2SIA+3H 4.49 0.01/-0.66
3SIA+H 4.32 0.03/-2.05
3SIA+2H 4.27 -0.01/-0.43
3SIA+3H 4.33 0.01/-0.33

from 2.17 A to 2.80 A. Interestingly, the dependence of E + on the num-
ber of SIAs follows a logical pattern. When a second SIA is added, E,
increases by about 1 eV in all three cases (see Table 2), most possibly
due to the intrinsic difficulty in accommodating an extra large-sized in-
terstitial. However, these energies seem to decrease slightly when we
introduce the third SIA. Although at a first glimpse this could even be
regarded as surprising, after following the relaxation process that leads
to SIA-vacancy recombination of the central SIA, whereby this “extra”
SIA finds a stable accommodation in a low charge density site, the out-
come obviously enhances the stability of the system. If we compare the
highest formation energy of the previous subsection, Table 1, i.e., 7.93
eV for the 3 He+3 H case, with that in Table 2, namely, 4.97 eV for
the 2 SIA+1 H combination, we see that the latter is significantly lower,
proving that it is the He that distorts the system the most.

The interaction energies shown in the Table 2 provide further insight
into this behavior. As explained in the Methodology section, a negative
interaction energy indicates that removal of a LIA (or SIA) would desta-
bilize the system. Most of the studied cases have negative interaction
energies, confirming that removing either SIAs or H atoms would re-
duce the stability of the system. This suggests that, at least for the small
number of defects considered, GB can accommodate both SIAs and H
more effectively than He. This will be explored in more detail in the
following subsection.

In order to evaluate the influence of H atoms on the behavior of
SIAs, we have also computed the E ; for the studied configurations of 1,
2, and 3 SIAs without the presence of H atoms. These calculations reveal
that, qualitatively, the absence of H does not affect the interaction of the
SIAs with the vacancy, i.e., recombination with the vacancy only occurs
when 3 SIAs are present, as observed in the configurations with H.
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Fig. 4. (color on-line) YZ-plane (left column) and XZ-plane (right column) view of the 9 different relaxed SIA-H configurations. The three upper layers belong to the
W(112) surface, while the lower one belongs to the W(110) surface. Purple and light blue spheres correspond, respectively, to H and SIA. The red dashed circles

indicate the position of the vacancy.
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Fig. 5. Formation energies in eV as a function of the number of SIA and H.

From the analysis of these values, it can be seen that the E; are
slightly different in the absence of H atoms. For example, in the case of
a single SIA, the energy is about 0.1 eV higher than when H is present.
This difference could be due to the fact that the presence of H atoms in
the regions close to the GB could stabilize the system by slightly reducing
the energy, although, so far, we have no conclusive evidence for this. In
the case of two and three SIAs, the E ; are both lower in the absence of H
atoms, with differences of 0.74 eV and 1.09 eV, respectively. The largest
difference, observed in the case of three SIAs, could be attributed to the
fact that in the presence of H atoms, the SIA-vacancy recombination is
influenced by the proximity of H atoms in adjacent layers, leading to
a higher overall energy in the system. These results suggest that, while
H atoms slightly modify the E; of the SIA configurations, they do not
qualitatively alter the recombination behavior of SIAs with vacancies at
the GB, at least under the conditions explored in this study.

3.3. SIA and He aggregates in the presence of the most stable vacancy

In the following we examine the configurations with SIAs and He
atoms. Our results show that in all configurations except those with 3
SIAs (as previously addressed in subsections 3.1 and 3.2), He tends to
occupy the vacancy after relaxation, potentially hindering the desired
self-healing process (see Fig. 6). As discussed in subsection 3.1, there
are two reasons for this. First, as is well known [40], He tends to oc-
cupy regions of lower charge density, and second, it is less demanding
for the SIA to accommodate the neighboring atoms, since there is al-
ready enough space available in the interface, than to migrate toward
the vacancy.

The energetic analysis of the system indeed reveals interesting in-
sights into its behavior. Fig. 7 and Table 3 summarize the formation
and interaction energies in eV for all the different configurations. Fig. 7
shows a 3D histogram plot of the E  as a function of the number of SIAs
and He atoms. As expected, E increases substantially with the number
of He atoms. Furthermore, whether it is the He or the SIA that occu-
pies the vacancy does not seem to have any effect on E,. All of this is

Table 3
Formation (E ) and interaction (E,) energies
in eV for different SIA-He combinations at the

GB.
Cluster (+vac) E; (eV) E; He/SIA (eV)
SIA+He 5.72 1.84/-0.23
SIA+2He 8.12 1.81/0.06
SIA+3He 10.66 1.53/-0.03
2SIA+He 6.47 1.85/-0.84
2SIA+2He 9.06 1.81/-0.83
2SIA+3He 9.73 1.79/-0.65
3SIA+He 6.56 2.96/-0.89
3SIA+2He 11.22 2.83/-0.83
3SIA+3He 12.75 2.54/-0.94

reflected in the E;, as seen in Table 3. These values are consistent with
those obtained in the previous two subsections, where removing a He
involves positive interaction energies between 1.53 and 2.96 eV, while
removing a SIA results in negative energies, or a single very low positive
value for the SIA+2 He case. In addition, there seems to be a trend in
the interaction energy when removing a He atom, whereby for a given
number of SIAs, the interaction energy value decreases as the number
of He atoms increases. Moreover, in the cases where the He atoms re-
combine with the vacancy, there appears to be little difference in the
corresponding energy values, with the possible exception of the SIA+3
He case. However, for the cases involving 3 SIAs, the interaction energy
values increase significantly, by about 1 eV, as compared to the other
cases, as can be seen in the values corresponding to He in the third col-
umn of Table 3. This seems reasonable since, again, it is one of the 3
SIAs that recombines with the vacancy and not any of the He atoms,
so the He is forced to sit at the charge density minima of the interface,
which are less hollow (see Fig. 1 d) and e)). On the other hand, the neg-
ative interaction energy values as a result of a SIA removal (again with
the exception of the very low positive 0.06 eV in the SIA+2 He case)
suggest that the insertion of SIAs rather than He interstitials at the GB
is energetically favored.

To complement the previous assessment, Table 4 shows the charge
and atomic volume results of a Bader analysis performed for all calcu-
lated configurations by following the procedure reported in Ref. [76]. It
seems that, depending on the specific case, a smaller atomic volume may
correspond to a higher charge value for a given configuration, which
makes sense since a larger available volume implies weaker atomic
bonds and consequently fewer shared electrons with the correspond-
ing implication on the charge density. If we compare the SIA volumes
with the average volume of the W atoms on the top surface, which is
about 16.85 A3 (charge =~ 6 e, that is, the 6 valence band electrons of
pure W), we can observe that the interstitial free volumes are slightly
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Fig. 6. (color on-line) YZ-plane (left column) and XZ-plane (right column) view of the 9 different relaxed SIA-He configurations. The three upper layers belong to
the W(112) surface, while the lower one belongs to the W(110) surface. Light blue and red spheres correspond, respectively, to SIA and He. The red dashed circle

indicates the position of the vacancy.
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Fig. 7. Formation energies in eV as a function of the number of SIA and He.

smaller, except in the cases of single SIAs and an odd number of He
atoms, where they are close nonetheless. This difference becomes even
more pronounced if we consider the volume of the W atoms in the first
layer (closest to the GB) of the top surface, with an atomic volume of
about 17.5 A3. Therefore, it seems reasonable that the charge values
are higher than 6 e. However, there are three cases where these val-
ues are basically 6 e, corresponding to the configurations with 3 SIAs
and, in particular, for the SIA that recombines with the vacancy. This
could somehow confirm that the SIA-vacancy recombination restores
the electronic environment of a lattice atom. However, there is no clear
general trend in the charges. The charge of the SIA does not seem to be
affected by the presence of 1 or more He atoms. Regarding He, we see
that for the cases with 1-2 SIA, i.e., the cases where He preferentially
occupies the vacancy after relaxation, the atomic volumes are very sim-
ilar. However, when SIA-vacancy recombination occurs, the volume of
He is slightly smaller than in the previous arrangements. Comparing the
charge density plots, it makes sense that the atomic volumes of the He
atoms are larger when they are in the vacancy, as seen in Fig. 1 d) and
e), since both the regions of lower charge density and the physical space
available are larger.

Since SIAs recombine with the vacancy only when 3 SIAs are present,
the next step is to estimate the energy cost for a single SIA to recombine
with the vacancy. For this purpose, we have performed migration cal-
culations using the NEB method [65] to find the energetic barrier of the
motion of a SIA from the interstitial to the vacancy position in the pres-
ence of He atoms. Results are illustrated in Fig. 8. To prevent He atoms
from recombining with the vacancy during the relaxation of the initial
state, their positions were kept fixed. It is important to note that while
SIA-V recombination is the most energetically favorable configuration,
it is kinetically inaccessible at low temperatures due to the high migra-
tion barrier and the rapidity with which He atoms tend to occupy the
vacancy, leading to a metastable configuration. Results in Fig. 8 show
in the first place that, when only a single He atom is present, the final
arrangement with the recombined SIA-V and the He fixed in the groove

Table 4

Charge and atomic volume (At Vol) results
of a Bader analysis in the presence of SIA
and He at the GB. The ordering of the values
is consistent with the notation used for each
aggregate, i.e., the SIAs appear first and then

the He.
Cluster (+vac) Charge (¢) At Vol (A%)
SIA+He 6.15 16.96
2.11 4.77
SIA+2He 6.11 16.58
2.10 4.54
2.12 5.01
SIA+3He 6.14 16.86
2.09 4.40
2.11 5.19
2.09 4.27
2SIA+He 6.20 15.98
6.05 16.02
2.12 4.88
2SIA+2He 6.17 15.88
5.99 15.52
2.10 4.58
2.11 4.93
2SIA+3He 6.17 15.89
6.01 15.77
2.08 4.38
2.11 5.04
2.08 4.44
3SIA+He 6.18 15.29
6.01 16.59
6.10 15.02
2.12 3.97
3SIA+2He 6.16 15.24
5.99 16.65
6.12 15.07
2.11 3.94
2.13 3.98
3SIA+3He 6.15 15.25
5.98 16.54
6.14 15.11
2.11 3.92
2.09 3.81
2.11 4.04

is 3.87 eV more stable than the configuration where both SIA and He
remain in their interstitial positions. The energy barrier was found to
be 0.54 eV, which is about 1 eV more favorable than the correspond-
ing SIA migration along the direction parallel to the grooves formed by
the W(112) surface, namely, 1.6 €V, as obtained in Ref. [37]. When a
first and a second additional He atom are introduced sequentially, the
barrier takes values of 0.66 eV and 0.69 eV, respectively, i.e. the pres-
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Fig. 8. (Left) Migration barrier of a SIA forced to recombine with the most stable vacancy in the presence of fixed He atoms. (Right) Sketch of the migration process
of a SIA (light blue) with a single He atom (solid red) present. The dashed red circle corresponds to the vacancy position.

ence of additional He atoms, as described later, changes the migration
energy of the SIA (see Fig. 8). This clearly indicates that, as the number
of pre-existing He atoms at the interface increases, the eventual SIA-
vacancy recombination becomes more difficult. However, this point still
needs to be clarified, since it might be the case that, with more than 3
He atoms, the barrier height tends to reach an approximately constant
value. Moreover, if the energy of the “forced” SIA-V recombination case
is compared with the configuration where the He atoms are not fixed,
the latter is still less favorable energetically by 2.33 eV. Therefore, at
temperatures high enough to overcome the mentioned barrier, the sys-
tem might eventually tend to recover its original structure in order to
minimize its energy. The migration process of a SIA in the presence of a
He atom is shown in the four snapshots on the right side of Fig. 8, where
each image corresponds to a specific energy barrier indicated in the ac-
companying plot on the left side. For clarity, the path that the atom will
follow is signaled by a red arrow and the position of the vacancy is in-
dicated by a dashed red circle, respectively. The first figure shows the
initial state, with the SIA in its interstitial position, and the second one
illustrates a snapshot at the maximum of the migration barrier, as can
be seen in the plot on the left.

Furthermore, for the configuration with 3 SIAs, we have calculated
the migration of a He atom along the groove for the cases with 1, 2, and
3 He atoms to examine if, once the SIA is recombined with the vacancy,
they prefer to aggregate near the other SIAs or, at a certain temperature,
they tend to disperse along the groove in this type of interface. For the
case of a single He atom, the migration barrier is 0.34 eV, the final
state being 0.08 eV more stable than the state where the He atom is
nearer to the other defects. This could be due to the fact that the closer
presence of SIAs in the initial configuration modifies the charge density
environment, pushing the He to minima in the GB with lower charge
density. If we have 2 He atoms and move one of them along the groove,
this migration barrier increases to 0.46 eV, i.e., 0.12 eV larger than for
the single He atom case, but still 1.14 eV smaller than the migration of
a single SIA along the groove. However, it is interesting to note that in
this case the final state is 0.02 eV less stable, somehow evidencing the
willingness of the He atoms to join together. This can be understood as
being caused by mechanical effects. The first He produces a deformation
on its surrounding atomic environment at the expense of an energetic
cost. If the second He atom is placed far away, a similar energy cost
can be expected, while for a position close to the first atom this value
is reduced. Finally, if the migration process of one of the 3 He atoms is
simulated, the migration barrier obtained remains at 0.46 eV. Moreover,
the energy of the final state increases to a value 0.17 eV higher than
that of the initial state, revealing, as expected, the great tendency for
He atoms to cluster as their initial number increases.

Hence, looking at the results obtained from the migrations, both the
barriers and the initial and final state energies, as well as at the forma-

tion and interaction energy values, it seems that, at low temperatures
and when the density of SIA in the GB is not very high, the SIA will tend
to align in rows along the GB instead of migrating to nearby vacancies.
This behavior is well illustrated in Fig. 9, where we represent the un-
relaxed (left) and relaxed (right) state for 2SIA+2He and for 3SIA+2He
from two different perspectives. Again, the vacancy is indicated by a
dashed red circle.

When the system with 2 SIAs and 2 He atoms is relaxed, as shown
on the top right, the He atoms occupy the vacancy position, since, as
mentioned before, the charge density in this region is lower. It is worth
noting that, from the perspective of the XZ plane, the positions of the
SIAs appear to be at the center of the pentagon formed by the lattice
W atoms located in the nearby row, 3 rows belonging to the top sur-
face and 2 rows to the bottom surface. From the perspective of the YZ
plane, they appear to be aligned in a straight line with respect to the W
atoms on the previous surface, as indicated by the yellow line, thereby
seemingly attempting to create a new layer with the same structure as
the upper W(112) interface layer. In fact, referring back to Fig. 1 d) and
e), these positions also seem to correspond to the regions of minimum
charge density through the Y-axis. It seems that the top surface has a
greater influence on the behavior of defects in the GB. Now, if we look
at the lower part of Fig. 1, where 3 SIAs and 2 He atoms are present,
the opposite behavior is observed since the SIA in the GB tend to occupy
the specific positions mentioned above. Then, in this configuration there
are 3 SIAs in between two successive stable positions, one of the SIA de-
fects (the middle one) prefers to migrate to the vacancy position, with
a migration barrier of about 0.6 eV (as seen in Fig. 8) depending on the
number of He atoms, approximately 1 eV less than the migration barrier
of a SIA to occupy the next stable position in the GB. On the other hand,
the He atoms seem to occupy slightly different positions compared to
the regions of minimum charge density shown in Fig. 1 d) and e), sug-
gesting that the SIA slightly affects the charge density of the adjacent
grooves.

3.4. SIA, He and H aggregates in the presence of the most stable vacancy

Finally, we analyze the coexistence of the 3 types of defects, in ad-
dition to the always present most stable vacancy. Although we expect
a He to occupy the vacancy when we have 1-2 SIAs, and a SIA when
we have 3 of them, we would like to assess, mainly from the energetic
point of view, if H plays a transcendental role or not in this recom-
bination process. In other words, our goal is to check if H influences
(promoting or hindering) the recombination of the other defects with
the vacancy, as well as discerning whether the other two types of de-
fects contribute to stabilise the H in their vicinity or not. To do that,
we start by describing the environment of the H atoms. First, we calcu-
late the distance between H atoms and the minimum distance between
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Fig. 9. (Top) Zoom image of the 2 SIA+2 He configuration before (left) and after (right) relaxation, viewed from the XZ and the YZ planes, respectively. Light blue
and red spheres correspond, respectively, to SIA and He. (Bottom) Idem for the 3SIA+2He case. The outlined energy values give the migration barriers corresponding
to the process sketched by the yellow dashed lines. The red dashed circles indicate the position of the vacancy.
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Fig. 10. (color on-line) YZ-plane (left column) and XZ-plane (right column) view of the 9 different relaxed SIA-He-H configurations. The three upper layers belong
to the W(112) surface, while the lower one belongs to the W(110) surface. Light blue, red and purple spheres correspond, respectively, to SIA, He and H. The red

dashed circles indicate the position of the vacancy.

a H and the nearest W atom, again to find out if they form H, or if
they form WH, respectively. The calculated distances between H atoms
ranges from 1.90 to 3.12 A for the configurations with 2 He atoms and
2 H atoms, corresponding the minimum distance to the 2 SIA+2 He+2
H configuration and from 2.61 to 3.72 A for the cases with 3He and
3H. Although the minimum distance between the H atoms is slightly
smaller than those observed in the previous sections, it is still much
larger than the distance at which the H, molecule could be considered
to be formed (the aforementioned 0.74 10\). If we now look at the min-
imum distances between H and the W nearest atom, their values range
from 1.69 to 1.99 A, numbers slightly below the distance between H
atoms themselves.

On the other hand, as expected, Voronoi volumes for the SIAs de-
crease as they have LIAs around them. These values range from 15.1 A3,
for the SIA+He+H configuration, to 12.28 139, for the 3 SIA+3 He+3 H
configuration. However, this fact does not seem to play a relevant role

neither in the recombination process, nor in how comfortable the SIAs
are in the positions inside the GB.

This can be assessed by means of the formation energies, E ;, which
are quite similar to those for the SIA+He case, i.e., the number of SIAs
and He (H) atoms increases E 15 especially for the latter (see Fig. 11). The
third column of Table 5 shows E differences between SIA-He-H and
SIA-He cases. As it can be seen, there does not seem to be a clear trend.
However, care must be taken when comparing these values, since the
initial positions of the defects were not identical. Finally, we find that
the interaction energies, E;, are similar to the previous cases, namely,
with values close to 0 for H (from -0.37 to 0.16 eV), positive for He
(from 1.50 to 2.85 eV) and negative in most cases for SIA (from -1.81
to -0.16 eV), with only two small positive values when just a SIA and
more than one LIA of each type is present. This is again consistent with
our previous discussions. These near-zero, often negative, values of E;
for H suggest that H atoms are comfortable around He atoms [71,77],
where they seemingly get pinned, so that their mobility is reduced.
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Formation (E ) and interaction (E,) energies in eV for different SIA-He-H combi-

nations at the GB.

E/(SIA-He-H) - E/(SIA-He) (eV)

E; H/He/SIA (eV)

-0.22/1.80/-0.16
-0.37/1.74/0.05
-0.01/1.81/0.38
-0.03/1.62/-1.09
0.06/1.83/-0.76
0.08/1.50/-0.98
0.16/2.85/-1.81
0.08/2.49/-0.69
-0.03/2.44/-0.60

Cluster (+vac) E; (eV)
SIA+He+H 5.59 -0.13
SIA+2He+2H 7.56 -0.56
SIA+3He+3H 10.48 -0.18
2SIA+He+H 6.55 0.07
2SIA+2He+2H 8.90 -0.16
2SIA+3He+3H 11.43 1.70
3SIA+He+H 6.82 0.26
3SIA+2He+2He 9.87 -1.35
3SIA+3He+3H 13.15 0.40
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Fig. 11. Formation energies in eV as a function of the number of SIA and He/H.

4. Discussion

The above results reveal significant insights into the behavior of SIAs,
He, and H within the GB in the presence of the most stable vacancy.

The presence of H does not significantly influence the behavior of
the SIAs concerning their migration energies and chances of recombina-
tion with the vacancy. However, the presence of He notably influences
the behavior of the SIAs and is dependent on the number of He atoms
and SIAs. The first remarkable result is that He compete with the SIA
to occupy the vacancy located at the GB. From the presented data, we
deduce that the SIA occupy the vacancy, leading to self-healing behav-
ior, if the number of SIAs is larger than that of He atoms. If this is not
the case, the SIAs remain accommodated along a groove at the interface
rather than filling the vacancy. This is so, because there is enough space
available at the interface, so that it is energetically costlier for them
to migrate to the vacancy than to accommodate close to the neighbor-
ing W atoms. In principle, and according to SRIM calculations [78] in
nuclear fusion reactors operated in the direct drive laser approach, the
number of available interstitials produced by He and H impinging into
the reactor wall at an average energy of 3.81 MeV and 2.55 MeV [54],
respectively, will be two and four orders of magnitude lower than the
number of implanted He and H atoms. Thus, in a real scenario the num-
ber of SIAs is expected to be orders of magnitude lower than the number
of LIAs, meaning that the self-healing process could be hindered by the
presence of LIAs, a strongly relevant concern in developing alternative
PFMs for these reactors. It is also important to mention that, considering
the formation energies shown in Table 5, it is observed that H atoms are
pinned in regions close to He atoms, where they feel more comfortable.
This could negatively influence (delay/hamper) the H out-diffusion pro-
cess via GBs previously observed in NW samples with a large GB density
implanted only with H [79-82]. In light of this, gaining a deeper under-
standing of how He affects H out-diffusion, which in turn significantly
influences material swelling, remains an important area for future in-
vestigation.

Nevertheless, we should bear in mind that all the results presented
here are calculated at a temperature of 0 K. However, from the activation
energies and migration barriers shown in subsection 3.3, one can spec-
ulate what would happen at higher temperatures (e.g., those expected
in nuclear fusion reactors). To do this, we have to consider that the acti-
vation energies required to overcome the migration barriers calculated
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by means of NEB techniques should be seen as statistically significant
values that provide a qualitative picture, implying that a lower barrier
requires lower temperatures to be overcome, and thus the corresponding
migration event is more likely on average, and the defects would choose
this pathway. Therefore, if vacancies are available near the interface, it
is likely that the SIAs will occupy them in order to minimize the energy
of the system, especially at high SIA densities, as we observed in the
energetic analysis. This phenomenon, where SIAs in the GB recombine
with surrounding vacancies, is known as dynamic reflection or emission
of interstitials [83]. However, for this to happen, it is crucial to deter-
mine which type of defect will populate the GBs first, since both SIAs
and He tend to migrate towards them at very low temperatures [84]. If
it is the He that fills them first, bubbles would form at the GB before the
SIAs are able to recombine with the vacancies and the material could
fail due to grain decohesion [85]. Further analysis of this issue is criti-
cal to understand, in this particular type of interface, to what extent the
GB would delay bubble over-pressurization and whether, under certain
conditions, He clusters could expand along the grooves without leading
to grain decohesion and swelling.

Another interesting aspect is that the presented data show the ab-
sence of formation of H, or W hydrides. This could occur because the
elastic binding effect is counterbalanced by the change in the effective
position of the H states within the electronic structure. When the H ions
are positioned close together, the bonding and anti-bonding states expe-
rience an upward asymmetric energy shift, leading to an increase in the
interaction energy, resulting in a weak repulsion rather than the weak
attraction predicted by a purely elastic analysis. This asymmetric split-
ting depends on the distances between the hydrogens in the same way
as the elastic interaction.

Further analysis of this issue is crucial to understand, in this par-
ticular type of interface, to what extent the GB would delay bubble
over-pressurization and whether, under certain conditions, He clusters
could expand along the grooves without leading to grain decohesion and
swelling.

5. Conclusions and outlook

In this study, we have used DFT calculations to investigate the pos-
sible influence of light impurity atoms (helium and hydrogen) on the
recombination of self-interstitial atoms with the most stable vacancy in
a W(110)/W(112) GB, introducing up to three defects of each type. The
coexistence of the three point defects studied suggests that the eager-
ness of the SIA to occupy the closest vacancy might be frustrated by the
simultaneous presence of He, whereas the presence of H does not seem
to have any influence on the SIA-vacancy recombination. Our results
indicate that, initially, when the number of SIAs in the GB is < 2, they
prefer to stay along a row at the interface, since the energy required for
them to accommodate within the GB is lower (about 0.6 eV) than that
needed to migrate to the interface, and consequently He atoms would
be the first to occupy the vacancy. However, when the number of SIAs
is higher than 2, it is easier for them to recombine with nearby vacan-
cies than to move along the grooves, since the latter migration is about
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1 eV higher. The presence of He also affects the migration energy of the
SIAs, that is decreased. An open question is still to elucidate if the He
atoms are already aggregated in the vacancies at the interface and begin
to populate the GB forming nanobubbles, before a high density of SIAs is
reached. The study of such a process would require multiscale methods
(DFT, MD and KMC - Kinetic Monte Carlo) to be fully understood.

In that regard, and in our opinion, the calculations and specific
methodologies presented in this paper could be used to parametrize
those multiscale modeling computational codes in complex grain bound-
ary geometries.
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