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ABSTRACT

In this paper, we report on ab initio simulations results focused on completing a thorough energetic,
structural, charge and mobility analysis of the synergistic behaviour of diverse defects, namely self-
interstitial atoms (SIA) and light impurity atoms (LIA), i.e., He and H, that would appear in W when
simultaneously irradiated with the latter. In particular, the influence of a W(110)/W(112) grain boundary
(GB) in the behaviour of coexisting defects is studied and compared with the results obtained in the bulk.
Four possible scenarios are analysed concerning the occupation of the GBs with: (i) a single SIA (ii) the
simultaneous presence of two different defects, that is, He-H or SIA-LIA pairs, and (iii) the three types
of defects together. The most stable configuration in each of these scenarios is detailed. Results show
that GBs act as trapping sites for SIAs and LIAs and that the interaction between He and H is weak in
all the analysed arrangements. They also indicate that the introduction of a SIA in a GB preloaded with
He and H affects each of the atoms differently, as the former tends to stay close to the extra W atom,
while the latter finds more comfortable accommodations away from the other two defects. In bulk W,
the qualitative behaviour of He and H is quite similar and the presence of a LIA strongly affects the pre-
ferred orientation of the SIA dumbbell. Additionally, defect mobilities along the GB have been assessed
concluding that the SIAs tend to move along the interfacial grooves, so to recombine with the vacancies
present there.

© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

to the unirradiated structure, thereby improving resistence to ra-
diation effects. However, self-healing of nanostructured materials

The ability to reduce light species (helium, hydrogen and its
isotopes) accumulation in nuclear materials is crucial to improve
their radiation tolerance by reducing the undesirable detrimental
effects (blistering, exfoliation and/or cracking) which take place
when these light species accumulate in the radiation-induced va-
cancies. One strategy to enhance radiation resistance consists in
developing nanostructured materials [1-3]. The large grain bound-
ary (GB) density favours the annihilation of interstitials and vacan-
cies [4], promoting self-healing, which is the spontaneous return
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takes place only under certain conditions, which are mainly re-
lated to the material properties (grain size and GB configuration
and density) as well as to the irradiation conditions (e.g., fluence
and temperature). Moreover, nanostructuring can also contribute to
increase the radiation resistance of the material by creating effec-
tive diffusion channels through which light species can escape or
by increasing the effective area for light species accumulation, so
that blistering is delayed.

In this work the behaviour of diverse defect configurations in
the W(110)/W(112) GB created in agreement with the experimen-
tal evidence [5,6] is examined. This topic is very relevant since
nanostructured W (NW) has been proposed as a potential alterna-
tive to coarse-grained W (CGW) as a plasma facing material (PFM)
in nuclear fusion reactors [6-11] (and references therein). In those
reactors, in both magnetic (MC) and inertial confinement (IC) ap-
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proaches, the PFM will be exposed simultaneously to large thermal
loads and atomistic damage. Despite the differences in ion energies
which depend on the confinement approach (below and above the
displacement damage threshold for MC and IC, respectively) the ar-
rival of light species (He and H) to the PFM leads to surface deteri-
oration (blistering and fuzz formation in MC and blistering, crack-
ing and exfoliation in IC), which seriously limit the lifetime of the
material. Therefore, knowledge of the influence of GBs on the be-
haviour of He and H is crucial, in order to assess the capabilities
and limitations of NW as a PFM.

Because of its importance, the influence of GBs on He and H re-
tention has been extensively discussed. However, most of the stud-
ies performed to date have exclusively assessed the influence of
the GBs on the behaviour of individual He and H. Furthermore,
the majority of these works [12-15] have been performed at ir-
radiation energies below the displacement damage threshold and
just but a few have been devoted to examine the behaviour of He
and H in W irradiated at energies above that threshold, whereby
radiation-induced vacancies are created. Within the latter scenario,
Object Kinetic MonteCarlo (OKMC) simulations devoted to anal-
yse the influence of GBs on the density and distribution of vacan-
cies at temperatures below (T = 473 K) and above (T = 573 K),
the activation temperature for them to migrate [6,16] in samples
predamaged with C at an energy of 665 keV, show that the va-
cancy concentration for the NW samples is notably higher than
that for monocrystalline W. These results evidence that the GBs act
as sinks for the (highly mobile) self-interstitial atoms (SIAs) gener-
ated during irradiation. Some complementary works have analysed
the origin of the light species trapping inside the vacancies, as well
as the maximum number of LIAs that the vacancies can accept [17-
20].

Concerning the studies about the influence of GBs on the in-
dividual He and H atoms, all simulation and experimental data
available show that both species have a great avidity to reach the
GBs [21-31]. However, reported data about the influence of GBs
on the behaviour of light species are not conclusive. Regarding H,
some authors [29,32] report that its migration energy along the GB
is larger than in the bulk whereas some others claim [6,16,33] that
GBs behave as effective diffusion channels for H. The same holds
for He migration along the GB [24,34,35]. In any case, either be-
cause the GBs favor the outdiffusion of light species or because
they increase the surface area in which they can accumulate, GBs
favour the formation of scarcely populated (H/V and He/V) clusters,
a fact that may shift the threshold for detrimental effects to occur
to larger fluences. Thus, in principle NW may exhibit a higher ra-
diation resistance than CGW.

In order to evaluate the radiation response of NW as a PFM in
nuclear fusion reactors, it is necessary to study its behaviour un-
der mixed irradiation (He + H) [36]. Despite its importance, little
work has been devoted to this topic, probably because of the re-
duced number of experimental facilities which can hardly mimic
the harsh conditions (thermal loads and radiation damage) pre-
dicted to affect PFM in future nuclear fusion reactors [36,37]. In
this context, computational simulations appear as a good tool to
predict the behaviour of NW as a PFM. A reasonable number of
potential materials can be selected by computational modelling,
which thus positively contributes to accelerate the choice of the
most effectively resilient and durable PFM [38,39]. To the best of
our knowledge, so far all experimental and computational studies
devoted to analyse the behaviour of W under mixed (He+H) irradi-
ation have been performed in CGW but not in NW. In the follow-
ing, the most relevant results carried out in CGW are summarised:
Density Functional Theory (DFT) calculations show a strong at-
traction between He and H [29,40], indicating preferential trap-
ping of H around HeV clusters. Molecular Dynamics (MD) simu-
lations show that a large amount of hydrogen atoms can be ac-
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commodated around He bubbles [41], so that their mobility is con-
sequently reduced [42], while increased retention was found ex-
perimentally [43]. Contrary to these findings, some other experi-
ments studying the interaction of He and H with tungsten using
He seeded deuterium (D) plasmas showed that He addition leads
to reduced/supressed blistering [44-46], but promotes nanobubble
formation in the near surface layer [47] which in turn fosters re-
duced D retention. While there have been several attempts to ex-
plain the reduced blistering and reduced D retention [48], the ac-
tual cause of these observations remains unclear, so that accurate
DFT simulations can satisfactorily improve the knowledge on this
very relevant topic.

From the above paragraphs, it appeared therefore obvious to
us that the natural continuation of the above studies is to anal-
yse the influence of GBs on the combined behaviour of He, H and
SIAs. In this paper, DFT techniques have been used to investigate
the behaviour of He and H impurity atoms simultaneously present
at W GBs, combined or not with a preexisting SIA. The potential
differences between both sides of the W({110)/W(112) semicoher-
ent interface have been specifically assessed. In parallel, we have
also analysed the behaviour of coexistent He, H and SIAs in coarse
grained (bulk) W, to fill in the existing gaps in the literature and be
able to draw our own conclusions from setups we could always re-
sort to via in-house simulations, and that were comparable to our
own interfacial inputs. The similarities and differences between GB
and bulk behaviour have been examined as well in what follows.
Formation, binding, interaction and migration energies, as well as
charge transfer and atomic volumes, have been computed in a va-
riety of arrangements specially designed to shed light on the pos-
sible synergies arising from the coexistence of multiple kinds of
point defects in the GB.

2. Methodology

DFT calculations were performed by means of the Vienna Ab
initio Simulation Package (VASP) [49-51]. We have used the ap-
proximation developed by Perdew, Burke, and Ernzerhof (PBE) for
the exchange and correlation functional [52], as well as the Pro-
jector Augmented Wave (PAW) pseudopotentials (PPs) provided by
VASP [53]. The W PP included 6 electrons in the valence band (cor-
responding to the most usual configuration 5d%6s2). The H and He
PPs were also characterised by their conventional 1s! and 1s2 elec-
tronic configurations, respectively. Following the above prescrip-
tions, we have estimated the lattice parameter of W to be 3.172 A,
close to the experimental value, namely 3.165 A. The cutoff energy
for the plane waves was fixed at 400 eV, except for the particularly
demanding and precise calculations needed to find interaction en-
ergies (see below), where it was set to 479 eV. Relaxation was con-
sidered to be attained when the Hellmann-Feynman forces on the
ions were no greater than 0.025 eV Angstrom~!.

We have built a sufficiently large cubic bcc 5 x 5 x 5 supercell
(250 atoms) to represent the bulk system, as described elsewhere
[18]. On the other hand, we formed a GB by adjoining two slabs
each of 6 layers along the Z-axis, built in the W(110) and W(112)
directions (the latter stretched by ~ 1 % in the X-direction due to
the incoherent character of the interface), separated by a 12 A vac-
uum, and extended on the XY plane as to be composed of 288
and 168 atoms, respectively, while the lateral size amounts up to
19.51 A. The creation of this interface has been explained in detail
in a previous work [19]. The atoms in the two last layers of the
W(110) slab and in the last one of the W(112) have been fixed
during relaxation in order to simulate the recovery of bulk-like
conditions. In both bulk and GB structures, a single SIA, a single
H atom and a single He atom have been implanted with the aim
to understand the interactions and possible synergistic effects of
having different combinations of defects in two distinct realistic
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environments, namely, the ideal bulk and a semi-coherent W/W
interface. The first Brillouin zone in the first case was sampled
with a 4 x 4 x 4 mesh, according to the Monkhorst-Pack grid sam-
pling [54]. For the second structure we have used only the gamma
point, as in previous works [19,35] we have shown that it suffices
to capture the essential distinctive features of the interfacial sys-
tem.

Moving on to the energetic calculations, the formation energy
of a system E¢(Ny, Nsja. Ny, Nye) containing Ny W atoms, Ngj4 SIAs
(in this work, Ngj4 can be 0 or 1) and Njj4 = Ny + Ny, LIA atoms,
where obviously Ny (Ny.) stands for the number of H (He) atoms,
can be easily estimated using the corresponding energies taken
from the DFT simulations. Following the same recipe for the bulk
case as in a previous work [55] and reforming in that spirit the
prescriptions provided for other previous systems involving inter-
faces [19,35,56,57], we can define it as:

Ef(Num, Nsja, N, Nye)
= E(Nu. Nsia, Ny, Nye) — NsiaE™ (M) (1)
—NHE™ (H) — NyE™ (He) — E(Ny, 0,0, 0),

where the final energy obtained for the relaxed bulk or interfa-
cial system is denoted by E(Ny, Ngja, Ny, Nye) and E(Ny, 0,0, 0) is
the initial case without defects. Finally, E'ef (M), E"ef (H), E™f (He)
are the reference energies of the different elements present in the
system, i.e., the metallic atoms (energy per atom) and the two
possible species of LIAs. The reference energy of a metallic atom
is obtained from a perfect crystal, considered to be the 5 x5 x 5
bce supercell; the energy for the H atom is taken as half the en-
ergy of a H, molecule; and the energy of a He atom is obtained
as the total energy of an isolated He inside an empty 5 x5 x5
supercell, for coherency. With this general equation, the forma-
tion energy of a bulk SIA, i.e., 251 metallic atoms is given by
Ef(250,1,0,0) = E(250,1,0,0) — E™ef (M) — E(250,0,0,0) and for
a single interstitial LIA, e.g. H, Ef(250, 0,1,0) =E(250,0,1,0) —
E(Ny, 0,0,0) — E™f (H). The expressions for the SIA+H, SIA+He or
SIA+H+He configurations are easily found likewise. A similar pro-
cedure may be followed for the 456 W atoms GB.

Analogously, the binding energy of the system is defined in
terms of the formation energies of the system with the diverse ob-
jects close together and the system in which all those objects are
far apart:

Ey(Num, Nsia. Nu. Nie)
= NsiuE;(Nm. 1,0, 0) + NyE;(Ny. 0,1, 0) (2)
+NheEr(Nu, 0,0, 1) — Ep(Num, Nsia, N, Nie),

where the prescriptions given with regards to Eq. (1) are followed
and a positive value means that the configuration is energetically
favoured.

The interaction energy [55], E;, can be defined for two arrange-
ments. Firstly, when no SIA is present, by subtracting from the en-
ergy of the system with the H and He atom E(M, H, He), the con-
tributions of the impurity that is removed, say H (and analogously
for He), E(H), calculated inside the large empty supercell used for
the total energy simulations and the contribution of the metallic
atoms and the single He left E(M, 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. Thus, the equation that gives
the H-metal interaction in this case is written as

E;(M,H,He) = E(M,H, He) — E(H) — E(M, He). (3)

Secondly, when a SIA is present as well, and if it is again the
H atom that is removed, from the energy of the system, now
E(M, SIA, H, He), the E(H) of the above paragraph and the contri-
bution of the metallic atoms plus SIA and the He left E(M, SIA, He)
are subtracted. Analogous operations would be performed if only
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Table 1

Formation energies in eV for the dif-
ferent defects studied in this work
(and other previous articles) at the
W(110)/W(112) GB and in the W bulk.

Es (eV) Interface Bulk
H [19] -0.09 0.96
He [35] 3.07 6.25
SIA 2.49 10.00
He + H 2.96 6.99
SIA + He 5.11 15.30
SIA + H 1.97 10.49
SIA+ He+H 849 29.05

a He or both LIA are removed. Thus, the equation that gives the
H-metal interaction in this case is written as

E;(M,SIA,H,He) = E(M, SIA, H,He) — E(H) — E(M, SIA, He). (4)

With this definition a positive value implies that the removal of
the LIA is energetically favoured while a negative value means the
opposite.

Subsequently, in order to further describe the electronic inter-
actions taking place between the defects and the metallic matrices,
the charge transfer and available atomic volumes for the former in
the diverse configurations have been found by applying a Bader
analysis [58], following the tools and prescriptions provided in Ref.
[59] and references therein.

In a final step, we have analysed defect mobility in some se-
lected cases, focused on assessing the mutual influence of the si-
multaneous presence of the various defects. The aim is to obtain
the energy barriers required to displace the system from the most
stable configurations found in the previous steps, following Tran-
sition State Theory (TST), as implemented in the Nudged Elastic
Band (NEB) method [60,61] (and references therein) that can be
applied within VASP. This methodology finds the path that min-
imises the energetic cost for a displacement from one initial to
a final equilibrium configuration by following the most favourable
trajectory (the one with the lowest migration barrier) to move be-
tween both states. The energy of the barrier is found by substract-
ing the total energies at the saddle-point and at the initial config-
uration.

3. Results and discussion
3.1. One single defect: the self-interstitial case

Fig. 1 a shows the most stable SIA position (light-blue sphere)
obtained from our simulations. For the sake of comparison, the
most stable positions of the LIAs are shown in Fig. 1a and Fig. 1b
for the interface and bulk, respectively. It is important to note
that the SIA can find its preferential accommodation in a differ-
ent groove far away from the most stable He and H sites. As He
and H [19,35], the SIA presents a lower formation energy (see
Table 1) at the interface, 2.49 eV, than in the bulk 10.00 eV, which
means that it will tend to move from the bulk to the interface,
most favourably as the migration energies are low. This value was
calculated within a 5 x5 x 5 cubic unit cell (see the Methodol-
ogy section for details) and it is in good agreement with the data
presented in previous works [55,62,63]. In all of them, the most
stable SIA structure was obtained for the dumbbell (111), denoted
from now on as d111, meaning that the W atom at the centre of
the cube is doubled following a crystallographic (111) direction as
shown in Fig. 1b. The great difference between the two values of
the formation energy suggests that the W atoms, out of their bulk
positions, will tend to move until they can find a certain GB, in-
terface or surface. This behaviour is similar to that of both LIAs
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Fig. 1. (a) Frontal view of the W (110)«/W(112)e GB including H e, Hee and SIAe in their corresponding most stable sites for each defect alone. (b) bcc cell containig a
tetrahedral LIAe and a dumbbell along the (111) direction, as shown by the red arrow. (c) and (d) Diverse possible migration pathways of a SIAe towards a hypothetical

vacancye.

as mentioned above. We would like to stress as an additional co-
incident feature that the extra W atom is positioned closer to the
(112) surface than to the (110) one. On the contrary, it is important
to note that this position is far away from the most stable sites of
both the He and H atoms.

We have studied the behaviour of a SIA when it is close to a va-
cancy. For that purpose, we have created a vacancy far away from
the extra W atom but in the same groove (Fig. 1c) and in the most
stable site at the interface (Fig. 1d). In both cases, the vacancy is la-
belled by a brown circle. At this distant position, the structure with
a SIA and a vacancy is stable after relaxation, but the system has
an energy 3.23 eV larger than that of the interface without defects,
certainly more stable than any other arrangement presenting both
vacancies and SIA. It is expected and highly desirable that the extra
W atom can move easily to occupy the empty space provided by
the vacancy, since this is required for the material to self-heal. We
have tried to rationalise this process by doing different migration
calculations where the W atom jumps from quasi-equivalent SIA
positions until it finally reaches the vacancy site (see the sketch
depicted in Fig. 1c). In a first step, the energy barrier is estimated
to be 1.6 eV by using the NEB method (see the section devoted to
Methodology for more details). Such a high value suggests that this
particular motion will be hampered in this direction. Only when
the SIA atom is close to the vacancy, the W atom will move very
easily to fill in the vacancy. The energy barrier in this second case
has been found to be 0.04 eV. Given such a small value, we claim
that the SIA atoms will tend to occupy only the vacancies present
in their close neighbourhood at the interface.

We have tried an alternative mechanism depicted in Fig. 1d). It
should be noted that the selected vacancy is not placed in the most
favourable site, since the energy of the system is 0.13 eV larger if
the vacancy was sitting at this position [35]. For that reason, we
have performed the calculation with the SIA and the vacancy in
their corresponding more favourable sites, trying to displace the
extra atom along a direction perpendicular to the grooves formed
by the W(112) surface (see the sketch depicted in Fig. 1d). Even
though this suggested migration mechanism could be thought as a

process with a high energy cost, we have found a completely dif-
ferent result. When the initial SIA atom starts to move along the
X-direction, it pushes the atoms in the W(112) rows leading to an
atomic rearrangement that finally fills in the vacancy with a nearby
atom. This process is reminiscent of the motion of a SIA in the
bulk where a true individual atomic displacement does not occur.
Instead, a concatenation of short movements along the (111) direc-
tion takes place, leading to a collective defect usually called “crow-
dion”. Similarly to the case in the bulk, we obtained a very small
barrier for such a process at the interface, namely, only 0.03 eV.
This value is larger than the one obtained at the bulk, i.e., around
0.01 eV [63], but it is still much smaller than the motion proceed-
ing along the groove, suggesting that this mechanism will be pref-
erentially followed by the system to fill in the vacancies at the in-
terface, reducing their number there. Even though the migration
barrier is very small, in principle allowing its migration back to the
bulk, it is expected that the defect could return to the GB, since the
formation energy of the SIA is much lower at the interface than in
the bulk.

In summary, from the two mechanisms discussed in the above
paragraphs, the one shown in Fig. 1d) is energetically much more
favourable and, even if it appears to be more complicated, would
definitely be the one followed by the SIA to fill in the vacancy
present at the GB.

3.2. Simultaneous presence of He and H at the GB

In a second step, we have combined both types of LIAs, i.e., the
H and He atoms at the selected W(110)/W(112) interface. As men-
tioned before, a single He or H atom prefers to sit at the most con-
venient sites provided by their immediate surroundings. More pre-
cisely, He tries to find as wide as possible hollow geometries, while
H attempts to form bonds to one of the nearest metallic atoms
in order to minimise the deformation of the system (see Fig. 1a).
When we put both atoms together, they find a better accommo-
dation by occupying, approximately, their corresponding most sta-
ble position but at different unit cells along the Y-direction. More-
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Fig. 2. (a) Frontal view of the most stable structures for a He atom @ and a H

atom, o in the W (110)« /W(112)« GB (the @ corresponds to a H atom in a different
groove) and (b) the corresponding case in the bulk.

Table 2
Distances between pairs of defects in different
configurations at the interface and in the bulk.

distance (A) Interface Bulk
He + H 3.23 1.68
SIA + He 2.89 2.09
SIA+H 14.03 2.03
SIA SIA, He  2.89 2.39
+ SIA, H 14.04 1.92
He He, H 13.17 1.77
H

over, as happened with the single defects, both He and H stay
close to the W(112) surface in the groove formed by the parallel
W rows [19,35]. Fig. 2a depicts this structure, where the red (grey)
sphere represents the He (H) atom. The distance between both
atoms is 3.23 A (see Table 2), slightly larger than the distance be-
tween two consecutive W atoms in the Y-direction, namely 2.75 A.
Several plausible arrangements have been assessed in an effort to
find the most stable configuration. We have attempted to force the
H and He atoms to stay closer within the very same unit cell in
the Y-direction, but the resulting structure leads to a 0.29 eV less
stable configuration than the one shown in Fig. 2a. Subsequently,
the H atom has been displaced two unit cells along the Y-direction,
leading to a structure less stable by 0.10 eV. Interestingly, this en-
ergy difference is similar to the one obtained when the H atom
was displaced to its second most stable position at a different
groove in the GB (0.13 eV [19]), as shown in Fig. 2a (green sphere).
This result suggests that He and H prefer to remain close to each
other at a distance of about one unit cell in the Y-direction, but
their mutual influence decreases very fast with increasing distance
between them. This effect is reflected in the migration energy ob-
tained for the H approaching process to the most stable site. Its
value was estimated to be 0.11 eV, very close to the 0.12 eV ob-
tained for the energy barrier of one single atom moving along the
same groove [19].

The formation energies obtained for the most stable cases for a
single LIA are 3.07 eV for He and -0.09 eV for H, see Table 1. In
turn, the calculated formation energy associated to the most stable
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geometry when both LIAs are simultaneously present takes a value
of 2.96 eV. It should be noted that the latter number is almost the
addition of the former two, which indicates the hardly appreciable
interaction between both LIAs.

We have also analysed the cases with either one of the atoms
in the second layer. Both types of LIAs present a similar behaviour
to the single atom case, i.e., when we studied individually the be-
haviour of either He or H in the vicinity of the interface [19,35].
In these previous works, we obtained that the He atom tends to
move directly to the interface from the second layer on both sur-
faces, W(110) and W(112), while the H atom finds a metastable
position on the W(110) side with a formation energy of 0.87 eV,
higher (i.e., less stable) than the configuration with the H atom at
the interface.

Considering now the situation with both LIAs simultaneously
present at the GB, the inclusion of one H atom at the interface
also allows the He atom to find a metastable accommodation on
the second layer of the W(110) surface as well, but in this case it
has an energy of 2.71 eV, higher than the configuration with both
atoms at the interface. As in the cases with a single LIA, the H
atom finds metastable sites in the second layer of the W(110) sur-
face revealing a dependence on the distance between both LIAs.
When the H is placed at a unit cell distance along the Y-direction
in the second layer of the W(110), the energy found is 0.86 eV
higher than the most stable arrangement, i.e.,, with both LIAs at
the interface. It should be noted that this value is very close to the
one obtained for a single H atom [19]. These results evidence the
low influence that the simultaneous presence of both LIAs has on
the final reconstruction of the GB when their mutual distance is
large enough.

Furthermore, we have estimated the energy cost for the move-
ment of one He or H atom to the interface in the aforementioned
structures. Firstly, in the case of a He at the second layer, the
energy barrier is found to be 0.05 eV, lower than the value ob-
tained in the bulk, namely, 0.08 eV [17]. Secondly, the H atom can
move to the interface from the second layer overcoming a barrier
of 0.15 eV, i.e., a value larger than that for the He atom but again
lower than in the bulk (0.21 eV) [19]. Interestingly, this value is the
same than that for a single H atom [19], confirming the low He-H
interaction when both atoms are at a sufficient distance from each
other.

In order to compare to the bulk case, we have performed the
same calculation within a 5 x5 x 5 unit cell. As both He and H
atoms find the most stable configuration at a tetrahedral site, we
have started the calculation with both atoms in close positions on
the same XY plane. We can obtain a slightly more stable structure
by displacing the atoms along the opposite direction along the Z-
axis. This effect can be observed in Fig. 2b where the He atom is
displaced upwards 0.37 A while the H atom is only shifted asym-
metrically 0.06 A downwards, leading to a He-H distance of 1.68 A,
a much lower value than the one obtained at the interface, namely,
3.23 A (see Table 2). As shown in Table 1, the formation energy of
such a structure is 6.99 eV, much larger than the value at the in-
terface (2.96 eV). This value is even larger than that for the case
with a single LIA at the second layer of the W(110) surface, thus
showing the great attraction exerted by the interface on both LIAs.
Similarly to the interface, the formation energy when the two LIAs
are close to each other in their most stable positions in the bulk
decreases as well. However, such a reduction is much higher in
the bulk than at the interface, being only 0.02 eV for the latter
(2.96 eV vs the addition of 3.07 eV and -0.09 eV for the single He
and H, respectively) while for the former it is 6.99 eV vs the addi-
tion of 6.25 eV and 0.96 eV for the single He and H, respectively.
This difference may be explained by the larger mutual distance be-
tween the He and the H at the interface. In fact, as we separate the
H to another unit cell in the bulk, the energy increases, becoming
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Table 3

Interaction energy in eV for the different de-
fects studied in the present work at the in-
terface (GB) and in the bulk.

E; (eV) GB bulk

M+He+H - H -0.40 0.74

M+He+H - He 2.51 4.83

M+SIA+He+H - He - H 2.54 4.76

M+SIA+He+H - H -0.12 0.54

M+SIA+He+H - He 2.66 4.36
Table 4

Charge and atomic volume (At Vol) results of the
Bader analysis in the presence of LIA and SIA in
the interface (GB) and bulk.

Case Charge (e) At Vol (A3)

GB bulk GB bulk
H 135 150 4.00 3.20
He 212 219 394 3.29
He+H 212 217 405 3.27

135 146 410 3.32
SIA 620 627 1569 1541
SIA+H 620 620 1568  14.92

134 140 4.02 3.21
SIA+He 621 626 1572 15.25

212 216 4.07 3.36
SIA+He+H 6.21 6.13 15.72 14.80

212 215 4.06 3.36

134 143 4.02 3.26

0.09 eV (0.19 eV) for the nearest (next-nearest) unit cells. Thus, the
preferential accommodation of both LIAs lies within the same unit
cell. This seems to be in contradiction with the case at the inter-
face, where they rather stay separated in different unit cells, adja-
cent along the Y-direction. In order to justify this apparent discrep-
ancy, we propose again that the H atom can easily find a more en-
ergetically favourable bulk environment among the W atoms that
surround a previously present He atom, while at the interface a
similar advantageous site may be found by the H atom somewhat
farther away from the He atom, in a neighbouring unit cell.

The binding energy between H and He found in the bulk by
using Eq. (2) is 0.22 eV, in agreement with Ref. [63] (0.2 eV), i.
e., there is a slight attraction between H and He in that case. At
the interface, the binding energy is even smaller, namely, 0.02 eV,
which is not surprising, given that H and He tend to be far from
each other.

At the two top rows of Table 3, the interaction energies found
from Eq. (3) are presented. Recalling the discussion thereby given,
for both GB and bulk the removal of the He atom is energetically
more costly than the removal of the H or, in other words, the in-
teraction of He within the metallic matrix in the presence of a H
atom is highly repulsive, while the interaction of H in the presence
of a He is only slightly repulsive (attractive) in the bulk (GB). This
is in agreement with the findings of Ref. [55] for a single LIA in
the metallic matrix, where the authors used a different plane-wave
code.

Table 4 shows the results of the Bader analysis performed when
H and He are simultaneously present in the bulk and at the inter-
face, together with the charges and atomic volumes of the indi-
vidual LIA for comparison. It is obvious that more charge is trans-
ferred to both LIA when they are sitting at bulk positions, i.e.,
bonding should be stronger. However, the simultaneous presence
of both H and He in the bulk (at the GB) slightly reduces (in-
creases) the charge of each LIA. Concerning the atomic volumes,
they are increased when both LIA are present, and as could be ex-

Journal of Nuclear Materials 560 (2022) 153481

pected, they are much greater at the interface than in the bulk,
thereby facilitating their accommodation at the GB.

3.3. Two types of defects: SIA and LIA

In this subsection, the simultaneous presence of a single SIA
and a single LIA is analysed. The starting arrangement combines
the most stable sites for both types of atoms. After relaxation, two
different behaviours dependent on the type of LIA are evidenced:

(a) H finds the best accommodation in the position shown in
Fig. 3a. Thus, hydrogen seems to ignore the electronic environ-
ment created by the extra W atom to stay close to its most sta-
ble place at the interface. As shown in Table 1, the formation
energy of this configuration is 1.97 eV. When we tried to bring
the H atom closer to the SIA, the formation energy increased up
to 2.43 eV, notably higher than for the two separated defects.

(b) On the contrary, as shown in Fig. 3b, the He atom prefers to
sit close to the SIA. The He atom takes advantage of the defor-
mation created by the SIA and, despite it remains in the same
groove, it is displaced one unit cell in the Y-direction. In this
situation, the SIA creates new open space that leads to a reduc-
tion in the repulsion exerted by the areas with high electronic
density on the He atom [18,31,35]. This in turn favours a lower
energy cost due to the deformation of the structure. The config-
uration shown in Fig. 3b presents a formation energy of 5.11 eV.
From Table 1, the latter value is 0.45 eV more stable than the
situation with the individual SIA and He atoms placed in their
corresponding most stable sites shown in Fig. 1a.

Fig. 3 c and 3 d shows the same combination of defects in the
bulk for a SIA with a H/He atom, respectively. The LIA is placed
in the same cubic unit cell as the SIA. In both cases, the dumb-
bell that prior to relaxation lies along the (111) direction is appar-
ently displaced to the (110) direction, showing the strong effect of
the LIAs on the SIA orientation. The formation energies for both
structures are much larger than for the corresponding cases at the
interface, namely, 10.49 eV and 15.30 eV for the H and the He,
respectively. The very large difference obtained confirms the great
tendency of the defects to move and accumulate at the GB. Inter-
estingly, as we move the LIA atom one unit cell away from the
SIA, the formation energy of the system increases up to 10.78 eV
(16.25 eV) for a H (He) atom, implying that in the bulk the closer
the LIAs are to the SIA, the more stable is the configuration, while
at the interface, at least, the H atoms can remain at distant posi-
tions.

The binding energy between SIA and H in the bulk from
Eq. (2) is 0.47 eV, much higher than in previous DFT calculations
(0.33 eV in Ref. [63,64] and 0.27 eV in [65]), which were performed
under less demanding conditions than ours. At the interface, the
corresponding result is 0.43 eV, which means a little change, but
is somewhat reduced due again to the substantial separation be-
tween SIA and H. In turn, the binding energy between SIA and He
in the bulk, again from Eq. (2) is 0.95 eV, that compares extremely
favourably to the value in Ref. [63], namely, 0.94 eV, while at the
interface it takes on a value of 0.45 eV. This is another indication
of the attractive behaviour of the SIA and He, in opposition to what
happens for H.

Regarding the Bader analysis of the defect configurations pre-
sented in this section, the general trends are the same as in the
preceding section, as shown in Table 4, since both SIA and LIA ac-
quire more charge in the bulk than at the GB and the available
atomic volumes are always higher at the interface. The most no-
ticeable difference is that the charge of the SIA is essentially the
same in the presence of both LIA and also the same as when the
SIA is alone. Moreover, the charge of the SIA in the SIA+H configu-
ration is identical for bulk and GB.
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SIAe in (a) a W (110)« /W(112)= GB and (b) in the bulk.

3.4. All three defects together: SIA, He and H

In the following, we analyse the coexistence of the three types
of defects, i.e., we insert together in the same unit cell one SIA,
one He atom and one H atom. From our previous calculations, the
H atom prefers to be far away from the SIA (see Fig. 3a), while the
He atom finds a better accommodation closer to the extra W atom
(see Fig. 3b). Consequently, a combination of the more stable struc-
tures corresponding to the SIA and H case, on the one hand, and
the SIA and He case, on the other, can be a good choice to define
the initial arrangement. This structure, depicted in Fig. 4a resulted
to be the most stable one. For the sake of comparison, when we
tried to adjoin the H atom to the SIA-He group, an alternative less
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direction for the three groups of bulk defects studied: SIA + H (»), SIA+He (e),
SIA+He+H (m).

stable structure was found by an energy difference of more than
0.10 eV.

As happened with all the cases analysed previously, the forma-
tion energy of the configuration of a SIA with one He atom and
one H atom has a much lower value as compared to the same
case in the bulk. In Table 1 a huge difference can be found, namely
8.49 eV at the interface versus 29.05 eV in the bulk. Fig. 4b shows
the structure with the He and H atoms placed in a position close
to the one shown in Fig. 2b. It is apparent that the final reconstruc-
tion affects basically the SIA, since the two W atoms that form the
dumbbell (111) end up being slightly rotated. This closely resem-
bles the situation for one single LIA close to the SIA as mentioned
before. Specifically, the angles of rotation with respect to the bulk
(111) direction for the three different defect arrangements contain-
ing a SIA are shown in Fig. 5. As expected, the deviation increases
from the configuration with a single H (17.76°) to that with a single
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He (18.70°) being the largest (22.67°) when both LIAs are simulta-
neously present.

It is important to mention that the calculations performed
when introducing a SIA in the bulk were done in order to compare
to the process taking place at the GBs. However, this may not re-
produce the real case in samples with a large density of GBs since,
if we consider the large differences between the migration ener-
gies of vacancies and interstitials in W, we expect interstitials to
quickly migrate toward GBs where they are trapped, whereas va-
cancies remain in the interior of the grain. In this frame, a much
more realistic situation would be to consider that only vacancies
remain in the bulk. DFT calculations performed by several authors
under the latter situation illustrate that both He and H are largely
attracted by the vacancies [66-68]. Moreover, if He, H and vacan-
cies coexist in the bulk, He and vacancy complexes can act as ad-
ditional trapping sites for H [40,69].

At the three bottom rows of Table 3, the interaction energies
found from Eq. (4) are shown. Again, for both GB and bulk the in-
teraction of He with a SIA and a H atom is highly repulsive, while
the interaction of H with a SIA and a He atom is only slightly re-
pulsive (attractive) in the bulk (GB). If the interaction of coexisting
He and H with the metallic matrix in the presence of a SIA is con-
sidered, the energies obtained may be approximated by the added
contribution of the interactions of the two individual defects. Let
us highlight again that the interaction energies for H change sign
from the bulk to the GB, thus confirming the affinity of hydrogen
for the latter.

The Bader analysis for this particular case shows a very signif-
icant change with regards to the two previously assessed configu-
rations, i.e., the charge transfer to the SIA from its environment is
smaller in the bulk than at the interface. This could be an indica-
tion of the combined synergistic effect of both LIA at the GB that
eventually may give rise to a reduced mobility in the SIA and hin-
der its affinity to fill in the vacancies present there. Further com-
putations would be needed to confirm or dismiss this point. It is
interesting to highlight that the charge transfer and available vol-
umes for the three coexisting defects at the interface are almost
identical to the dual arrangements discussed in the previous sec-
tion, while they show some differences in the bulk.

4. Conclusions

We have performed a deep systematic analysis of the behaviour
of different kinds of defects coexisting in a W (110)/(112) interface.
We have found that all of them present a clear tendency to move
to the interfaces due to the lower formation and attractive interac-
tion energies obtained as compared to their corresponding coun-
terpart in the W-bulk, in agreement with the larger charge trans-
fer and available atomic volumes in the former system. Our results
show an easy procedure for extra W atoms at the GB to occupy the
vacancies, suggesting that the number of vacancies at the interface
may be low. Interestingly, when a LIA and a SIA are simultane-
ously present, the behaviour of the two types of LIA is remarkably
different: H finds favourable environments to form bonds and in
so doing ignores the SIA whereas He prefers to stay close to the
SIA within the same unit cell. Furthermore, when the three defects
are present at the GB, the observed reconstruction basically affects
the SIA. In this situation, H prefers to stay in its isolated more sta-
ble site, far away from the SIA+He pair showing its little affinity
to interact with both the SIA and the He. On the contrary, in the
bulk, the three defects could appear at the same unit cell, leading
to a strong rearrangement in the (111) orientation of the original
dumbbell.

The simultaneous presence of the three point defects analysed
in a W GB points out to the fact that the avidity of the SIA to
occupy the nearest vacancy available may be obstructed by the
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simultaneous presence of helium, while that of hydrogen does
not imply any appreciable hindrance to that tendency. Such a be-
haviour of the He atoms is very relevant, at temperatures at which
the vacancy motion is already activated, because of two reasons.
On the one hand, it could hamper the vacancy-SIA recombination
process at the GB which would prevent the self-healing effect. On
the other hand, if the affinity of the He atom for the vacancy at the
interface is larger than that shown for the SIA, the He atom would
rather stay inside the vacancy and thus, when the number of He
atoms is large enough, would produce grain boundary decohesion.
Further research is needed in order to elucidate this point.
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