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Abstract

®

CrossMark

We have performed systematic first-principles calculations to predict the interaction between
transition metal (TM) solutes and hydrogen in the interstitial site as well as the vacancy in
tungsten. We showed that the site preference of the hydrogen atom is significantly influenced
by the solute atoms, which can be traced to the charge density perturbation in the vicinity of
the solute atom. The solute-H interactions are mostly attractive except for Re, which can be
well understood in terms of the competition between the chemical and elastic interactions.
The chemical interaction dominates the solute-H interaction for the TM solutes with a large
atomic volume and small electronegativity compared to tungsten, while the elastic interaction
is primarily responsible for the solute-H interaction for the TM solutes with a small atomic
volume and large electronegativity relative to tungsten. The presence of a hydrogen atom

near the solute atom has a negative effect on the binding of other hydrogen atoms. The large
positive binding energies among the solute, vacancy and hydrogen suggest that they would
easily form a defect cluster in tungsten, where the solute-vacancy and vacancy-H interaction
contribute greatly while the solute-H interaction contributes a little. Our result provides a
sound theoretical explanation for recent experimental phenomena of hydrogen retention in the
tungsten alloy and further recommends a suitable W—Re-Ta ternary alloy for possible plasma-
facing materials (PFMs) including the consideration of the hydrogen retention.

Keywords: tungsten, hydrogen retention, solute-H interaction, first-principles calculations

(Some figures may appear in colour only in the online journal)

1. Introduction

Hydrogen in metals has been the subject of intensive research
activities over the last few decades, motivated by the interest
in basic scientific and technological applications, and by the
problems posed by the material failure processes. Recently,
the tungsten-hydrogen system has received particular atten-
tion because tungsten is considered the primary candidate for
the plasma-facing material (PFM) of fusion reactors [1-3].

0029-5515/16/026004+14$33.00

Fusion energy production relies on the reaction of the hydrogen
isotopes deuterium (D) and tritium (T) forming helium and
releasing 14 MeV neutrons. In the magnetic confinement
approach for thermonuclear fusion, D-T plasmas at a tem-
perature of around 15 keV (about 150 million K) are trapped
in a toroidal magnetic field inside a vacuum vessel. Due to the
imperfect confinement, the hydrogen isotopes escape from the
plasma and interact with the vacuum vessel wall. This causes
the hydrogen isotopes to become trapped in the wall material,

© 2016 IAEA, Vienna Printed in the UK
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making it unavailable for fusion, and degrading the fuelling
efficiency of the burning plasma. On the other hand, tritium
is expensive and in short supply. Furthermore, a high reten-
tion of hydrogen isotopes in the PFM leads to the modification
of the material’s physical and mechanical properties, causing
such effects as bubble formation, swelling, embrittlement,
and surface roughening and blistering, and finally inducing
the failure of the PFM. Thus, one of the key requirements of
potential PFMs is low hydrogen retention.

As a potential candidate material, tungsten features a very
low solubility for hydrogen among other favourable proper-
ties such as a low physical sputtering yield and a high melting
temperature. However, a certain amount of hydrogen may still
be permanently retained in tungsten due to the existence of the
lattice crystal defects in the material [4]. The hydrogen atoms
tend to concentrate at the lattice defect (e.g. dislocations, grain
boundaries and voids) such that a high hydrogen concentra-
tion region forms. This region, acting as a start point, enables
bubble and blister formation, which significantly degrades the
mechanical properties of the materials. The hydrogen-induced
failures correlate closely to the hydrogen diffusion and aggre-
gation in the materials. Generally, hydrogen has high mobility
in tungsten. The diffusion of hydrogen may be blocked by the
lattice imperfections, such as point-defects and solute atoms.
Due to their interaction with hydrogen, the lattice imperfec-
tions effectively increase the time to desorb a hydrogen atom
from its lattice site and increase the apparent activation energy
for diffusion. Therefore, the interactions of hydrogen with lat-
tice imperfections dominate largely the hydrogen effective
diffusivity and thereby the hydrogen retention.

The configurations and energetics of the interaction
between the lattice imperfections and the hydrogen in metals,
needed for the understanding of the hydrogen behaviour at an
atomic scale, may be not easily accessible by experimental
measurements. However, theoretical calculations or model-
ling methods can provide an indispensable way to explore
the underlying physical mechanisms and compare them with
experiments. Until now, a great amount of work has been done
to investigate the interaction of hydrogen with point defects,
including the vacancy and self-interstitial, in tungsten.
Recently, Lu et al gave an effective review of this subject [5].
Besides vacancy and self-interstitial atoms, solute atoms are
another source that affect the hydrogen solution and diffusion.
The influence of solute atoms on the hydrogen solution and
diffusion has been systematically investigated in metals such
as Ti, Pd, etc [6—12]. However, similar investigation in tung-
sten is very limited. Up to now, the published binding energies
in tungsten were only reported for a few solute elements (see
[13] for a review of the subject), such as C [14-18], N [19],
O [18], Re [20], and Os [20]. But in fact, the solute atoms in
tungsten are diverse, which can be either voluntarily added to
tailor the properties of a metal, or left out from the elaboration
process. Furthermore, during its service in fusion reactors,
tungsten and its solute atom will be transmuted to their near
neighbours in the periodic table by the 14 MeV fusion neu-
trons, which makes the situation even more complicated [21].
Recently, a few experimental works have been performed
to investigate the influence of solute atoms on the hydrogen

retention in tungsten. These experiments clearly showed
that the solute atoms can significantly change the hydrogen
retention in tungsten [22-28]. Therefore, the study of solute-
hydrogen (solute-H) interaction has an important role in the
reliable predication of hydrogen recycling and retention in
tungsten, particularly in its alloy.

Beyond the technological implications, the mechanism of
the solute-H interaction in metals is also of scientific interest.
The interaction of hydrogen with solutes in metals is mainly
ascribed to two effects, i.e. the elastic interaction and the chem-
ical interaction [29]. For the elastic interaction, the hydrogen
atom is attractive to the undersized solute atom (i.e. the solute
atom with a smaller atomic radius than the host atom) and
repulsive to the oversized solute atoms since the lattice expan-
sion induced by hydrogen is released by the tensile strain field
near the undersized solute atom and further increased by the
compressive strain field near the oversized solute atom [30].
On the other hand, a conflicting model has been suggested by
Westlake and Miller, i.e. the oversized solute atom distends
the nearby interstitial sites in such a way so as to accommo-
date the hydrogen atom more favourably [31, 32]. For the
chemical interaction, the hydrogen tends to be trapped by the
solute atoms with a higher chemical affinity for hydrogen than
the host element. More specifically, the solute-H binding is
dominated by the elastic interaction in the case of interstitial
solutes [29]. For the transition metal (TM) solutes, there is a
comparable contribution from both the elastic and chemical
interactions, with the degree of attraction increasing with the
size of the solute and its number of d electrons [29]. These
models have successfully explained the solute-H interaction
in metals, such as Fe [8, 9] and Ti [6], and have also been
applied to the interaction between other interstitial atoms and
substitutional solutes, such as O in Nb and V [33], and C in
Fe [34]. However, there are still a lot of problems in the prac-
tical usage of these models. For example, these models fail
to explain the interaction of the TM solutes with hydrogen in
Nb [7]. The mechanism of the solute-H interactions is still an
open question. Here, the question naturally arises as to what
will happen in tungsten.

In our previous works [18, 19], we have performed a series
of first-principles calculations to investigate the interaction
between hydrogen atoms and the interstitial solute atoms.
Here, we extend our research to the study of the interaction
between hydrogen and substitute solute atoms. All the TM
metal elements in the third, forth, and fifth periods (denoted
by 3d, 4d, and 5d, respectively) of the periodic table are
involved in the present study. Among which, some of the TM
elements are alloyed in W to tailor the mechanical properties,
such as Re, Ta, Ti, and V [35, 36]. Re and Os are also the pri-
mary neutron-induced transmutation products of W, and Hf is
a transmutation product of W isotopes [21]. Some of the TM
elements, such as Mo, Fe, Cu, Mn, Cr, and Ni, are impurities
in W [37]. Other TM elements are also considered in order to
gain insight into the fundamentals and general trends of the
solute-H binding. Since there are two typical dissolution sites,
i.e. the interstitial site and the vacancy, for hydrogen reten-
tion in tungsten, we systematically investigate the interaction
structures and energetics between the solute and hydrogen
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in the interstitial site and the vacancy, respectively, using
first-principles calculations. And then, using these energetics
parameters, we estimate the influence of some solute atoms on
hydrogen dissolution and diffusion in tungsten. These results
will not only be quite helpful to understand the solute-H inter-
action but can also provide a sound explanation for recent
experimental phenomenon, and furthermore propose guid-
ance for the design of the alloy composition in tungsten.

2. Computational method

The present calculations are performed within density func-
tional theory as implemented in the Vienna ab initio simulation
package [38, 39]. The interaction between ions and electrons
is described by the projector-augmented wave method for dif-
ferent metals [40]. Exchange and correlation functions were
taken in a form proposed by Perdew and Wang (PW91) within
the generalised gradient approximation [41]. The supercell
composed of 128 lattice sites (4 X 4 x 4 of the conventional
body centered cubic cell) is used. The plane wave cutoff and
k-point density are both checked for each system to achieve
an energy convergence of 0.001 eV per atom for the electronic
minimisation. Following a series of test calculations a plane
wave cutoff of 500eV is used and a k-point grid density of
3 x3x 3 is employed. The relaxations of atomic position
and optimisations of the shape and size of the supercell are
performed. The structural optimisation is truncated when the
forces converge to less than 0.001 eV Al

The hydrogen solution energy (Sy) is defined as the energy
needed for a hydrogen atom to move from the vacuum to the
site ¢ in the bulk. In pure tungsten, it is expressed as

= ER — (EM* - 12Ey), (D)

where Egl is the total energy of the supercell containing a
single interstitial hydrogen, E?(ftlk is the total energy of per-
fect tungsten, and Ep, is the energy of the H, molecule in
the vacuum. Similarly, the hydrogen solution energy in the
vicinity of the solute atom in tungsten can be calculated as

follows
Siy(Sol) = EXH _ (ES% L 12ER,), )

where Eﬁffﬁﬂ is the total energy of the supercell containing
a solute-H pair (Sol — H), and Etso"tl is the total energy of the
supercell with a substitutional solute atom.

The binding energies are used to evaluate the interactions
between the defects (substitutional solute atom (Sol), vacancy
(Vac), and interstitial hydrogen (H)). For the defect cluster
containing two point defects (A}, A,), the binding energy is
calculated as follows: [8]

Ey"® = Eg+ Eg — Eq ™ — Bt 3)
where Eé)‘t and Eéft are the total energies of the supercell
with A; and A,, respectively, and Eff)‘fAz is the total energy
of the supercell containing both A; and A,. Here, the negative
binding energy indicates repulsion between two point defects,
while the positive binding energy means attraction.

For the defect cluster containing three point defects, two
different binding energies are defined: [8] (i) the total binding
energy, representing the stability of the cluster with respect to
the isolated defects, defined as:

E?l,AZ,AS — E[A]t + EtAzl + EA; EA] 7Az 7A3 _ 2Ebulk (4)
() 0l

tot — ot tot >

where EQ‘[AZ*A} is the energy of the supercell with the defect
cluster Aj — Ay — As, (ii) the incremental binding energy,
defined as the energy difference between the supercell with
a single point defect A; and a defect cluster A; — A and the
supercell with a defect cluster A; — Ay — A3,

A3,A1 7Az _ Al 7A2 A3 Al 7A2 7A3 bulk
Eb - Etot + Elot - Etol - Etol > Q)

which is used to evaluate the synergistic effect between these
effects.

3. Results

3.1. Site-occupation of the hydrogen atom

In body centered cubic tungsten, the TM solute atoms usually
prefer to substitute tungsten atoms on the crystalline lattice site
due to their large atom size. This has been confirmed by our
previous works [42], where we found that the solution energies
of the TM solutes in substitutional sites, ranging from —0.5 to
2.5eV, are much lower than their corresponding solution ener-
gies in interstitial sites, ranging from 6 to 13 eV. For hydrogen,
there are two possible interstitial sites in bce tungsten, i.e. the
tetrahedral interstitial site (TIS) and the octahedral interstitial
site (OIS). The favourable interstitial position for the hydrogen
atom is the TIS, where the solution energy is 0.93 eV, less than
the value for the OIS, 1.31¢eV. Our calculated results are in
good agreement with the previously reported results [43—47].
It is interesting to consider whether the site preference of
hydrogen changes or not when there is a substitutional solute
atom nearby. To answer this question, the solution energies
of hydrogen initially placed in the first nearest neighbour TIS
or OIS of the solute atom are calculated. We note that, after
geometric optimisation, the position of the hydrogen initially
placed in the OIS does not change very much for all the solute
atoms, whereas the hydrogen atom initially placed in the TIS
may move significantly away from the perfect TIS for some
of the solutes (we will come back to this point later in sec-
tion 4). As shown in figure 1, the hydrogen solution energies
in the TIS are mostly still less than those in the OIS with four
exceptions (Mn, Fe, Co, and Ni), suggesting that the hydrogen
still prefers the TIS over the OIS in the vicinity of the solute
atom. For the solute atoms of Mn, Fe, Co, and Ni, the solution
energies are very close for both interstitial sites, indicating that
the site preference tendency disappears. We further calculated
the hydrogen solution energies with the hydrogen atom in the
second and third nearest neighbouring TIS and OIS of these
four solutes. We found that the TIS is still more energetically
favourable than the corresponding OIS. This is understandable
since the influence of the solute diminishes with the increasing
distance between H and the solute atom. Therefore, in the fol-
lowing, we only discuss the situation of the TIS hydrogen in
the vicinity of a substitutional solute atom.
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Figure 1. The solute energy of hydrogen in the first nearest
neighbour TIS and OIS of the substitutional solute atom. The mark
‘W’ means the case in a pure tungsten material; it has the same
meaning in the following figures unless otherwise specified.

3.2. Binding energies of the solute — H pair and sol — 2H
clusters

For the solute-H interaction, the binding energy and the
interaction radius are two important parameters, which can
quantitatively characterise the strength and range of the inter-
action, respectively. Here, a model has been constructed to
calculate these two parameters, where the solute atom substi-
tutes a tungsten atom and the hydrogen is inserted in different
neighbouring TISs of the solute atom. Figure 2 displays the
binding energies of the solute with the hydrogen atom at its
first to fourth nearest neighbour TISs (1nn to 4nn). The solute-
H interaction decreases sharply with the increasing distance.
The interaction is strong at the first and second nearest neigh-
bour shells, and then becomes very weak at the third nearest
neighbour distance, and finally vanishes for a larger separa-
tion distance. These results suggest that the solute-H interac-
tion is very local; limited within the second nearest neighbour
shell. Most of the solute-H binding energies are positive, sug-
gesting an attractive interaction between the solute atom and
hydrogen. The exceptions are Re—H and Os—H with negative
binding energies, implying a repulsive interaction. However,
the absolute values of the binding energies are so small (less
than 0.03) that the repulsive interaction is negligible for the
Os—H pairs. This is consistent with previous results [20]. In
addition, it can be clearly seen from figure 2 that the solute-
H interaction exhibits a similar wave-like trend with an
increasing atomic number in each series of 3d, 4d, and 5d. For
the 4d and 5d series, the solute-H interaction energy reaches
the minimum and maximum at group 7 and 10 of the periodic

-0.6 Ti
0.9} E
0.6 i

R o W N X

-0.3
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0.9
0.6
0.3 ) -
0.0
0.3
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:
¢
%
:
g

LML

Hf Ta W Re Qs Ir Pt

Figure 2. (a) The schematic diagram of solute — H pairs and (b)
their corresponding binding energies. The tungsten and solute atoms
are represented by the large blue and red balls, respectively. The
solute atom is marked with ‘M’. The interstitial sites at the first to
fourth nearest neighbour shells of the solute atom are denoted by
the small red balls, named by 1 ~ 4 in turn, which are presented as
the arrows in the right bottom region in (b). Take the case of Fe for
example: the binding energies of Fe with a single hydrogen at its
first to fourth nearest neighbour shells are read from left to right,
marked by the ‘1 ~4’, in turn. The dash lines are presented as
guides for the eye for the solute-H binding energy at the first nearest
neighbour shell. Note that, the sites 1-4 are just initial positions in
the calculations of the structure relaxation. (For an interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article).

table, respectively. There is a little difference for the 3d ele-
ments, where the solute-H interaction energy reaches the min-
imum at group 6 and the maximum at group 9. Note that the
solute-H interactions are much stronger for the 3d elements
than the corresponding 4d and 5d elements. Similar results
have also been found in the interaction between TM solutes
and helium [13, 48, 49].

It is well known that the interaction between interstitial
hydrogen atoms is basically repulsive; self-trapping cannot
make seeds for hydrogen bubbles [50-52]. This is also con-
firmed by our results. As shown in figures 3(a) and (b), the
binding energy of the H—H pair decreases (in absolute value)
rapidly with the increasing H—H distance, which almost
vanishes for the configuration beyond 3. For the configu-
rations 1 and 2, the binding energy is negative, implying a
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Figure 3. (a) The schematic diagram of two TIS hydrogen atoms in tungsten with and without a solute atom. In pure tungsten, the first
hydrogen atom is placed on the site denoted by the small red ball, the second hydrogen occupies the site labelled with 7, denoted by the
small white ball. In the system with a solute atom, the TM solute atom substitutes the tungsten atom, denoted by the red balls and marked

with ‘M’. (b) The binding energy of the H—H pair in pure tungsten, EZ’ #(¢) The incremental binding energies of the second hydrogen

with the solute — H pair, EZ' Sol=H The insert axis represents the Ej)

around an solute atom. Take Fe for example, the E,';’ Sol=H

H,Sol—H

values of the seven plausible geometries for hydrogen pairs

values are read from left to right, marked by the red ‘1 ~7’, in turn. Here, the

binding energies of the solute atom with a single hydrogen are also shown for comparison, which are denoted by the blue ‘ x * with the
solid blue line. Note that the sites 1-7 in (@) are just initial positions in the calculations of the structure relaxation. Some of them are
unstable and would spontaneously relax to other configurations after the structure relaxations, whose incremental binding energies are set
to —0.6eV (the wide cyan line) in (c), such as, sites 1-3 of Fe and site 1 of Ru and Os. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article).

repulsive interaction between the H—H pair. However, the
non-damaging irradiation experiments have demonstrated
that hydrogen clusters form in tungsten [53, 54]. Since there
is strong attractive interaction between the solute atom and
hydrogen, a crucial question arises of whether the solute atom
could act as the nucleation point of a hydrogen bubble, i.e.
the solute atom can trap multiple hydrogen atoms to form
hydrogen clusters. Therefore, we further investigate the situ-
ation of two TIS hydrogen atoms around a substitutional
solute atom, i.e. the solute — 2H clusters. We construct seven
possible geometries for the solute — 2H clusters, where two
hydrogen atoms are placed in different TISs in the first nearest
neighbour shell of the solute atom (see figure 3(a)). The
seven geometries are denoted by configuration Nos. 1-7 with
increasing H—H distance.

In figure 3(c), we present the incremental binding energy of
the second hydrogen atom with the solute — H pair (Ef,] Sol=H
against the H—H distance for all solute atoms. The incremental
energy increases drastically with the H—H distance, reaches a
maximum for configuration 4 or 5, and then drops slightly with

the further increasing H—H distance. This trend of the E5’ Sol—H

with H—H distance is similar to that of E* in pure tungsten,
indicating that there is a large synergistic effect between the
hydrogen atoms surrounding the solute atom. Particularly, for
most solutes except for Ag and Au, the incremental energy

for the shortest H—H distance is negative, which is due to the
strong repulsive interaction between the nearest neighbouring
hydrogen atoms. The incremental binding energy increases
since the interaction between the hydrogen atoms weakens
with the increasing H—H distance. The maximum incremental
binding energy is close to the solute — H pair binding energy
for the fourth and fifth configuration because, in such a case, the
H—H interaction vanishes. The maximum incremental binding
energy is positive for all the solutes except for Re, indicating
that the solute atom (except for the Re—H one) could attract
more than one hydrogen atom to form clusters, and, therefore,
impede the hydrogen diffusion. While the size of the solute-H
cluster may be small due to the synergistic effect between the
hydrogen atoms near the solute atom and the local scope of
solute-H interaction. Since the incremental energy for Re is
negative for all H—H distance, Re is not expected to influence
the hydrogen transport in tungsten. It should be noted that, the
nearest neighbouring hydrogen atoms are repulsive to each
other, and the H—H distance (about 1.54 10\) in the most stable
Sol — 2H configuration is much larger than the bond length of
the H, molecule (0.75 A according to the present calculation).
Therefore, the H, molecule may not form in W without large
free volume. In addition, the first configuration would sponta-
neously relax to other configurations for solutes from group
6-10 of the periodic table except for Re, Ag, and Au, which
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Figure 4. (a) The schematic diagram of the Sol — Vac pair at the Inn configuration (i.e. <1 1 1> configuration) and six possible sites
for hydrogen in the Sol — Vac pair. The tungsten and the solute atoms are represented by the large blue and red balls, respectively. The
six possible sites are denoted by the small balls. Among them, the red balls are for TIS1, TIS2, TIS3 and TIS4, and the green balls are
for OIS1 and OIS2. (b) The energy difference when the hydrogen is located in OIS1 and OIS2, AE. (¢) The total binding energies of the

Sol — Vac — H complexes, E3°-YaeH

, the sum of the binding energies of the Vac — H pair and the binding energy of the Sol — Vac pair,

Eyeet 1 g3elVac denoted by the hollow and solid icons, respectively. (d) The incremental binding energies between the solute atom and the

Vac — H pair, E5*' V%" and the binding energies of the Sol — Vac pair, E3
incremental binding energies between the hydrogen and the Sol — Vac pair, E),

ol-Vacdenoted by the hollow and solid icons, respectively. (¢) The

H=SolVac ‘and the binding energy of E}*“* marked by the blue

dash line. The black block, red triangle, and green circle represent the 3d, 4d, and 5d, respectively. (For an interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

means that these solutes strengthen the repulsion between the
nearest neighbouring hydrogen atoms.

3.3. Binding energy of the solute-vacancy-hydrogen
(Sol —Vac — H) complex

Besides interstitial sites, the vacancy is also an important
retention site for hydrogen in tungsten, especially in the
case of irradiation, due to the large binding energy between
the vacancy and hydrogen. For the case of a single hydrogen
trapped in the vacancy, the most stable site for the H atom is a
position ~1.28 A off the vacancy but close to the OIS, with a
binding energy of ~1.2eV [5]. Here, this stable configuration
is named by the vacancy-H (Vac — H) pair, E}*“" = 1.2 eV.
The vacancy may also attract TM solute atoms and form a
stable solute-vacancy (Sol — Vac) pair, i.e. the TM solute atom
occupies a substitutional site and a vacancy is in the nearest
neighbouring sites of the TM solute. Our previous works
[42] showed that the interaction of the Sol — Vac pair at the
first nearest neighbour shell is attractive and has the largest
binding energy relative to other nearest neighbour shells for
most TM solutes except for Ti and V (details can be found in
[42]). Therefore, the solute atoms are expected to affect the

hydrogen’s behaviour in the vacancy. In this regard, the ener-
getic of the Sol — Vac — H is investigated. Based on the most
stable configuration of the Sol — Vac pair, we further incor-
porated a single hydrogen atom into the Sol — Vac pair. Six
different configurations are considered by taking into account
the symmetry. Figure 4(a) shows the six possible sites for
hydrogen in the Sol — Vac pair, including four TISs (named
TIS1, TIS2, TIS3, and TIS4, in turn) and two OISs (named
OIS1 and OIS2, respectively). Note that although the Ti and V
solute atoms do not thermodynamically bind with the vacancy
in tungsten, the 7i — Vac and V — Vac at the Inn configura-
tion are also studied for data integrity. After full relaxation,
the stablest configurations of Sol — Vac — H are obtained.
Similar to the pure tungsten system, the hydrogen atom finally
relaxes to the position off the vacancy center but close to the
OIS, i.e. the hydrogen atom initially in TIS1/TIS2 is relaxed to
OIS1 and the one in TIS3/TIS4 is relaxed to OIS2 as shown in
figure 4(a). The energy differences between the configurations
with the hydrogen located in OIS1 and OIS2 are presented in
figure 4(b). The site (OIS1) near the solute atom is more stable
than the site (OIS2) away from the solute atom for all 3d and
some early 4d and 5d elements, including Zr, Nb, Mo, Hf, and
Ta, while the situation is opposite for the other solute elements.
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Based on the stablest configuration of the Sol — Vac — H
complex, the total binding energies of the Sol — Vac — H
complexes (E3”""“#) are calculated and summarised in
figure 4(c). The total binding energies of the Sol — Vac — H
complexes are in the range of 1.20-2.20eV. These large posi-
tive values indicate that the Sol — Vac — H complexes are
energetically favourable with respect to the isolated defects.
It can thus be inferred that the solute, vacancy, and hydrogen
would easily form a defect cluster in tungsten.

To explore the synergistic effect, the incremental binding
energies between the solute atom and the Vac — H pair

(E5°tYac=H) and that between hydrogen and the Sol — Vac pair

(EZ’ Sol=Vacy are calculated based on the stable configuration
of the Sol — Vac — H complex (see figures 4(c) and (d)). For
comparison, the binding energies of the Sol — Vac (E3*""*)
and Vac — H pairs (EZ”“‘H) are also shown in figures 4(c) and
(d), respectively. It can be clearly seen that (i) the incremental
binding energies of the solute atom with the Vac — H pair,

—H .. . T
E;°Vac=H " are similar to that with an individual vacancy,

ES°Vee. (i) the incremental binding energies of hydrogen with

the Sol — Vac pair, E*S”'=V% are comparable to that with an
individual vacancy, EZ‘”’H, in all cases, despite the fact that
the Sol — H binding energies are very different for different
solutes. These results suggest that the presence of the solute
near the vacancy has little effect on the binding between the
vacancy and the hydrogen in the vacancy also has little effect
on the solute-vacancy interaction. Therefore, it can be con-
cluded that the solute—H interaction plays a minor role in the
Sol — Vac — H complex, where the Sol — Vac and Vac — H
interactions dominate. This is further confirmed by the results
that the vast majority of the values of the total binding energies
E°MVeeH are equal to the sum of the binding energies of the
Vac — H pair, E}**_ and the binding energy of the Sol — Vac
pair, E5°2V5 i, E3oRYaeH o gyt 4 gRelVac Similar results
have been found in Fe and have been suggested to support the
hydrogen-enhanced stress-induced vacancy mechanism, in
which Vac-H interactions play a significant role in hydrogen
embrittlement [8]. In addition, it should be noted that the
incremental binding energies of hydrogen with the Sol — Vac
pair are slightly larger than that with the vacancy in the case
of all 3d and some early 4d and 5d elements, including Zr, Nb,
Mo, Hf, and Ta. This suggests that the presence of these solute
atoms marginally enhances the ability of a vacancy binding
the hydrogen atom.

4. Discussion

4.1. Physics underlying the site occupation of hydrogen in
tungsten alloys

According to the results of section 3.1, we know that the
behaviour of the hydrogen site preference changes when
there is a substitutional solute atom nearby. Here, we dis-
cuss its underline physics. For the sake of conciseness, the
site preference of the TIS over the OIS are characterised by

A
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Figure 5. (a) The interstitial sites near the solute atom. The lattice
site in bee tungsten is denoted by the large blue and red balls. In the
system with the solute, the solute atom is located in the site ‘M’ (the
large red ball). The solute atom and three tungsten atoms, located in
sites 1, 2, and 3, make up a tetrahedron. The TIS and OIS are denoted
by the small red and green balls, respectively. (b) The solution

energy difference between hydrogen in the TIS and OIS, AS(Sol).

(c) The angle formed by the hydrogen atom, the solute atom, and the
neighbouring tungsten atom, fy,_s,/—g. (d) The distance between
the hydrogen atom and the OIS for the optimised supercells with the
hydrogen atom initially in the TIS, dy—ors. The red solid and black
dash lines represent the values when the hydrogen atom occupies

the TIS and OIS in pure tungsten, respectively. The black block, red
triangle, and green circle represent the 3d, 4d, and 5d, respectively.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

the solution energy difference of hydrogen in the TIS and the
OIS (AS = Si° — 895 and AS(Sol) = SF3(Sol) — S25(Sol)
for the system without and with the solute atom, respec-
tively, named by the site preference energy.). As shown in
figure 5(a), for the solutes in the same group of the periodic
table, AS(Sol) is almost the same for the solutes in the 4d and
5d periods whereas the 3d one is smaller. For the solutes in the
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same period of the periodic table, with an increasing number
of d electrons, the site preference energy AS(Sol) decreases
for the early TM solutes in the periodic table (from Ti to Mn,
Zr to Tc, and Hf to Re for the 3d, 4d, 5d periods, respectively),
reaches the minimum (about zero) for the TM metal solutes
(Fe/Ru/Os and Co/Rh/Ir), and then increases for the later
ones. Comparing AS and AS(Sol), we see that the solute with
d electrons less than tungsten enhances whereas those with
d electrons more than tungsten weakens the site preference of
the hydrogen atom in the TIS over the OIS. The site prefer-
ence diminishes for the middle TM solute.

To understand the trend of the site preference energy
against the solute atoms, we turn to analyse the geometric
configuration of the solute-H pair. Figures 5(c) and (d) pre-
sent the angle Oy, _s,— gy formed by the hydrogen atom, the
solute atom, and the neighbouring tungsten atom, and the dis-
tance dy_ors between the hydrogen atom and the OIS for the
optimised supercells with the hydrogen atom initially in the
TIS, respectively. For the hydrogen atom in the perfect TIS,
Owa—soi—n and dy_ops are about 26.7 degrees and 0.794 A
(1/4 lattice constant), respectively. For the hydrogen in the
perfect OIS, both Oy,_s,—y and dy_ors are zero. It is seen
that, for the early TM solutes before tungsten, both Oyo_so— g
and dy_ors are close to the values (26.7 degrees and 0.794 A)
for the perfect TIS indicating the hydrogen atom is still in
the TIS near these solutes. With an increasing number of d
electrons of solute, Oy, _s,— g and dy _ors decrease, indicating
that hydrogen is pulled gradually from the TIS to the OIS.
However, both 8y_s,— g and dy_ors may not reach 0, such
that the hydrogen atom may not enter the ‘perfect” OIS but
stop in-between the TIS and the OIS. For the later TM solute,
hydrogen goes back to the TIS gradually with an increasing
number of d electrons. The site preference energy AS(Sol)
correlates closely to Owy_s—p and dyg_ors, i.e. AS(Sol)
decreases with the hydrogen approaching the OIS.

To understand the physics of the site preference of
hydrogen in tungsten alloys, we plot the charge density of the
tungsten alloys in figure 6. For perfect tungsten, the charge
density shows a perfectly regular waveform along the line of
OIS-TIS-OIS-TIS-OIS with a trough at the OIS and a peak at
the TIS. Such a regular trend is disturbed by the solute atoms.
Let us take 5d solutes as an example: the peak at TIS; moves
away from the OIS, for Hf and Ta, locating in-between TIS;
and OIS,, but shifts toward to OIS; and stops in-between TIS
and OIS for Re and Os. For Ir and Pt, the peak at TIS; almost
disappears and becomes a platform, whereas for Au, a very
small peak re-appears in-between TIS; and OIS;. It is more
interesting that, with the increasing number of d electrons, the
distance between the peak position and OIS decreases for the
early TM solutes and reaches the minimum (i.e. disappears)
for the middle TM solutes, and then increases for the later
ones. Similar results can also be found in 4d. For the 3d, the
peak at TIS; moves away from the OIS; for Ti, V, Cr, and
Mn, and disappears for Fe, Co, Ni, and Cu. The correlation
between the charge density and the site preference suggests
that the charge density perturbation give rise to the changes of
the site preference in the vicinity of the solute atom.

Charge density (e/4")

0.22 |-

——Au

[ A 1 . 1 A 1 . I
OIS TIS OIS: TIS: OIS1 TIS: OISz TIS OIS

Figure 6. (a) The schematic diagram of the line of OIS-TIS-OIS-
TIS-OIS of the tungsten system with and without solute atoms.
The lattice site is denoted by the large ball. The solute atom is
located in the site denoted by the large red ball and marked with
‘M’. The TIS and OIS sites are denoted by the red and blue small
balls, respectively. (b)—(d) Present the electron density distribution
along the line of OIS-TIS-OIS-TIS-OIS of the tungsten system
with and without 3d, 4d, and 5d TM solute atoms, respectively. The
magenta solid line represents the result in pure tungsten. (For an
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

4.2. Physics controlling the solute-H interaction

The solute-H interaction was attributable mainly to both the
elastic and chemical interactions. For the elastic interaction,
the solute size is a salient physical factor. Figure 7(a) gives
the solute atomic volume (2, extracted from [55]. Only Ti,
Zr, Hf, Nb, Ta, Ag, and Au have the larger atomic volume
than tungsten, namely, they are oversized solute atoms. The
other elements have a smaller atomic volume than tung-
sten, i.e. they are undersized solute atoms. Furthermore, the
3d elements have much larger atomic volume differences to
tungsten than most of 4d and 5d, suggesting that the elastic
interaction would play a much bigger role in the interaction
of 3d-H than 4d and 5d-H. Also plotted in figure 7(a) is the
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Figure 7. (a) The solute atomic volume €2, extracted from [55], and the volume change of the supercell caused by the solutes, AVs,;, and
the solute-H pair, AVs,;_g. (b) The electronegativity of the solute elements and hydrogen,  p, and the Bader charge of the solute, Qs,;, and
the hydrogen, Qs,. (¢) The relation of the binding energy with the atomic volume and the electronegativity. The red dot line denotes the
values of these physical quantities in pure tungsten. The blue line indicates the electronegativity of the hydrogen. In the case of the Qs,;, the
hollow and solid icons correspond to the situation of the solute atom with and without hydrogen nearby, respectively. (For an interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

volume change of the supercell caused by the solutes, AVs,;,
which is given by subtracting the equilibrium system volume
of pure solvent metal (Viy) from the equilibrium volume of
the system with one solute (Vs,;) and then dividing by Wy, i.e.
AVsy = (Vsor — Viw)/Vay. As seen from figure 7(a), the volume
change follows remarkably the atomic volume trend, exhib-
iting a parabolic behaviour with the atomic number increasing
in each serial of 3d, 4d, and 5d metals. Similar behaviours
of the volume change caused by substitutional solutes have
been observed in some other metals, such as Ti [6] and Fe
[56]. Generally, the undersized solute atom reduces the equi-
librium volume of the solvent metal, whereas the oversized
atom increases it. Namely, the undersized and oversized
solute atom shrinks and dilates the host lattice, respectively.
In the case of interstitial hydrogen, the TIS hydrogen expands
the equilibrium volume of the supercell about 0.16%. Note
that this value applies only for the supercell used in this work,

which would be lower with larger supercells. Therefore,
one may expect that an undersized (oversized) solute atom
releases (increases) the strain field induced by the hydrogen
atom. This is true when we examine the volume change of the
supercell induced by the Sol — H pair, which is calculated as
AVsor— = Vsoi— — Vw)/Vay, where Vs,;_py is the volume of
the supercell containing a solute-H pair. Here, the data of the
Sol — H pair at the first nearest neighbour shell are used since
they have the largest binding energy and are primarily respon-
sible for the solute-H interaction. As seen from figure 7(a), the
lattice expansion induced by the hydrogen is reduced in
the presence of the undersized solute atom and increased by the
oversized solute atom. Thus, according to the previous elastic
interaction mechanism, it can be expected that there is an
attractive interaction between the hydrogen and the undersized
solute atom and a repulsive interaction between the hydrogen
and the oversized solute atom. These results correspond well
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Table 1. The distance between the solute atom and its nearby
tungsten atoms relative to that in pure tungsten, Ad.

Adgor-w1 Adwi-wa Adse-wa  Adwi-ws AVris
Ti 0.15 -0.15 —0.28 0.19 —14.05
Zr 1.67 0.91 0.57 1.70 —17.52
Hf 1.53 0.69 0.31 1.57 —18.20
v —0.76 —0.55 —0.41 —0.76 2.35
Nb 0.69 0.40 0.28 0.72 —5.34
Ta 0.65 0.29 0.16 0.66 —6.83
Cu 0.33 —0.76 —1.32 0.35 18.09
Ag 1.82 0.04 —0.85 1.83 1.56
Au 2.11 0.15 —0.88 2.11 3.94

Note: For example, Ads,— w1 = (dsor—w1 — Aw, AW, Adsor—wo =
(dsor—w2 — Awyy, ) Ay, Here, Wiy, and Wy, are the distance between

a tungsten atom and its first and second nearest neighbour tungsten atom

in pure tungsten, respectively. AVqys is the volume changes of the first
nearest neighbouring TIS induced by the solute atom relative to that in pure
tungsten. The corresponding configuration of the TIS is shown in figure 5
and nearest neighbouring tungsten atoms are indicated by 1-3. (in unit %).

with the positive binding energies of hydrogen with the under-
sized solute atom presented in figure 3 but contrary to that of
the oversized solute atom.

Westlake and Miller have suggested that the oversized
solute atom distends nearby interstitial sites in such a way that
certain sites may become more favourable for hydrogen occu-
pancy [31, 32]. It is indeed true that the distance between the
oversized solute atom and its nearby tungsten atoms increases
(see table 1). However, this does not mean that the volume of
the nearby interstitial site is dilated. Due to its larger atomic
volume, the solute atom would counteract the volume expan-
sion resulting from the increase of the distance and even reduce
the nearby interstitial sites. Therefore, the volume changes of
the TIS induced by the solute atom (A Vryg), including all over-
sized solute atoms and two undersized solute atoms V and Cu
for comparison, have been calculated based on the hard-sphere
model. The calculation procedure is as follows: the four atoms
making up the tetrahedron are considered as the hard sphere
with fixed radii, which are four tungsten atoms in the pure
system and one solute atom and three tungsten atoms in the
system with solute (see figure 5(a)). Then a new hard sphere
is located into the tetrahedron and made to tangent to the four
hard spheres by changing its center and radius. The center of
this new hard sphere is defined as the tetrahedron interstitial
site, and its volume is defined as the volume of the tetrahedron
interstitial. In the pure tungsten lattice, the volume of the TIS,
Vs, can be simply calculated by the analytic geometry, while
in the system with the solute atom, the TIS volume, Vyis(Sol),
can be numerically solved by the simulated annealing algo-
rithm. Thus, AVrs = (Vrs(Sol) — Viis)/ Vais. As presented
in table 1, Ag and Au dilate the nearby TIS, supporting the
Westlake and Miller model, whereas Ti, Zr, Hf, Nb, Ta com-
press the nearby TIS, apparently, whose interaction with
hydrogen cannot be explained by the Westlake and Miller
model. Furthermore, comparing figures 2 and 7(a), the trend
of the solute-H binding energy across the 3d, 4d, and 5d row
elements is different from that of the atomic volume and the
volume changes, respectively, induced by the solute and the

10

solute-H pair. Therefore, the solute-H interaction cannot be
explained satisfactorily by the elastic interaction mechanism.

Apart from the elastic interaction, the chemical interaction
is another important factor that influences the solute-H interac-
tion. As far as the chemical interaction is concerned, it is easy
to understand that the solute elements with higher affinity for
hydrogen than the host tungsten will be attractive to hydrogen,
and vice versa. However, it is difficult to find a quantitative
measure for the solute-H affinity. According to the previous
studies on the solute-H interaction [7, 8], the electronega-
tivity may provide good approximations. Figure 7(b) shows
the electronegativity of the solute elements and hydrogen.
Compared to tungsten, the early elements, such as Ti, Zr, Hf,
V, Nb, Ta, Cr, Mn, have a large difference in electronegativity
with hydrogen, whereas other elements have a small differ-
ence. Therefore, the chemical affinity of the early elements
with hydrogen is stronger than tungsten, suggesting an attrac-
tive interaction with hydrogen, and that of the others is weaker
than tungsten, implying a repulsive interaction. Particularly,
for 3d elements, the electronegative are very similar to tung-
sten, meaning a very weaker role for the chemical interaction
in the solute-H interaction. These deductions can be further
verified by the charge transfer since the difference in electron-
egativity drives the electron transfer. We further calculate the
charge transfer induced by the solute and the solute-H pair,
according to Bader charge analysis. Here, the Bader charges
are calculated using a grid based on the algorithm developed
by Henkelman et al [57, 58]. Figure 7(b) presents the Bader
charge of the solute and the hydrogen. For the solute atom, the
correlation between the electronegativity and the Bader charge
is always straightforward. The early elements with small elec-
tronegativity lose electrons and become positively charged,
while the later elements with large electronegativity gain the
electron and become negatively charged. The Bader charge of
hydrogen is 0.8 e, indicating the negatively charged hydrogen
in tungsten. Thus, the early elements and the hydrogen with
different charges attract each other, while the other elements
and the hydrogen with the same charges repel each other.
These results are in agreement with the binding energies
of the early elements with the hydrogen but contrary to that of
the latter elements. In addition, it should be pointed out that
the presence of hydrogen has little effect on the Bader charge
of the solute atom while the solute significantly influences the
Bader charge of the nearby hydrogen.

As we discussed above, both the elastic and chemical
interactions cannot independently explain satisfactorily the
solute-H interaction obtained in the current work. There is
an obvious competitive relationship between these two fac-
tors. For the early elements, the larger atomic volume sug-
gests a repulsive interaction with hydrogen, disagreeing with
the binding energy results, and the smaller electronegativity
indicates an attractive interaction with hydrogen, as consistent
with the binding energy results, whereas it is the contrary for
the latter elements. Thus, it can be concluded that the elastic
interaction is primarily responsible for the solute-H inter-
action in the case of the early elements (with small atomic
volume and big electronegativity) and the chemical interac-
tion dominates the solute-H interaction for the later elements
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Figure 8. Hydrogen fraction in TISs around the solute atom for the first four shells (labelled with 1 ~ 4 nn) around the solute atom and
beyond (labelled with co) for a given concentration of the solute and hydrogen (1072 and 1073, respectively) as a function of temperature.
The blue line represents the fraction of hydrogen in the TIS in the pure tungsten. (For an interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

(with big atomic volume and small electronegativity). These
results can be clearly presented when we plot the relation of
the binding energy with the atomic volume and the electron-
egativity. As can be seen in figure 7(c), the Sol — H binding
energies clearly show a negative correlation to the atomic
volume for the latter elements and exhibit a negative correla-
tion to electronegativity for the early elements.

4.3. Alloying elements in tungsten under a fusion
environment

As mentioned in the section 1, tungsten is suggested to be
used as the divertor plate in ITER. One problem associated
with the technological applications of tungsten is its high duc-
tile-to-brittle transition temperature [59, 60]. To improve the
material’s ductility, the alloying of tungsten with some ductile
components has been proposed and thus stimulated extensive
investigations. Besides the ductility, the influence of alloying
additions on the retention of hydrogen isotopes in tungsten is
also an important issue needing to be evaluated with the selec-
tion of alloying elements because the low hydrogen reten-
tion is one of the key advantages of tungsten as a potential
plasma-facing candidate material. In the following discussion,
we focus on the effects of some potential alloying elements,
including Re, Ta, Ti and V, on hydrogen retention in material.
Os and Hf, as the primary transmutation products of Re and W
isotopes, respectively, are also discussed.

It is well accepted that hydrogen will redistribute in the
material when some alloying elements are added. Recently,
Simonovic et al [61] have proposed a model to quantitatively
evaluate the effects of substitutional solutes on the distribu-
tion of interstitial solute atoms, when the interaction between
substitutional solute atoms (SSA-SSA interaction) and the
interaction between interstitial solute atoms (ISA-ISA inter-
action) can be neglected, and the ISA atoms diffuse much
faster than the SSA atoms and arrange themselves around
the SSA. The probability f = that an ISA is present at the

mnn

1

ith nearest neighbouring cell of the SSA can be expressed
as fin =[x exp[EiSA_ISA(inn)/(kBT)]. fo 1s assumed to be
a constant, representing the fraction of the interstitial sites
filled with ISA where the SSA has no influence on the ISA.
EiSAflsA(inn) is the binding energy of the SSA with ISA at
its ith nearest neighbouring shells. kg and T represent the
Boltzmann constant and the absolute temperature, respectively.
Thus, assuming the SSA concentration relative to the lattice
positions is Cssa, the ISA concentration Ciga can be written as
Cisa = Cssa 212 1 fign + (Ning — Cssa 2 1), where the n
is the number of the interstitial sites on the ith nearest neigh-
bouring shell of the SSA, and the Ny is the number of the
interstitial sites per atom in the lattice. Combining the above
two equations, it is easy to calculate the f, and f_ when the
material composition is fixed. Particularly, without the solute
atom, the f_is given as f,, = Gsa/Nini. The detailed calcula-
tion procedure can be found in [61].

Our previous work shows that the repulsive interactions
between the alloying atoms cause them to move far apart
from each other and form a random solid solution in tungsten
[42]. The active energy of the hydrogen migration (~0.2eV)
is much smaller than that of the alloying atoms (~5.0eV)
indicating that the hydrogen diffuses much faster than the
alloying atom [42, 62]. The former results on the solute-H
interaction suggest that hydrogen can be arranged around the
solute atoms to form interstitial hydrogen clusters. Therefore,
it is reasonable to use Simonovic’s model to investigate the
effects of alloying elements on the distribution of hydrogen.
Utilising the obtained Sol — H binding energies, f,,, and f.
are calculated at a given concentration of the alloying element
and hydrogen, i.e. Cs,; = 1072 and Gy = 1073, respectively.
In the case of the hydrogen dissolution in the TIS, the Ny is
equal to 6, and the #n; is equal to 24, 24, 48, and 72 for i = 1,
2, 3, and 4, respectively. Thus, without the alloying addition,
the fraction of hydrogen in tungsten is 1.67 x 107*. It can be
clearly seen from figure 8 that the hydrogen fraction is slightly
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repelled from the neighbour shells around Re and Os and is
strongly drawn to the neighbour shells around Ta, Ti, V, and
Hf, indicating that the hydrogen atoms can hardly be found in
the neighbour shells nearby Re and Os but easily accumulate
in the neighbour shells around Ta, Ti, V, and Hf, particularly in
the Inn shells. According to Simonovic’s model, the chemical
potential of the ISA is positively correlated with the fraction
far away from the SSA. The SSA decrease the f._, and thus
lower the ISA chemical potential, meaning the SSA increase
the solubility of ISA in material. As can be seen in figure 8§,
the hydrogen fractions f_ for the Re and Os addition is similar
to that for pure tungsten, whereas it is larger for the Ta, Ti,
V, and Hf addition. Therefore, it can be expected that Re and
Os have little effect on the hydrogen distribution while the
segregation of hydrogen around Ta, Ti, V, and Hf increases
the solubility of hydrogen in tungsten. It can also be seen that,
with the temperature increase, the hydrogen fractions f. for
Ta, Ti, V, and Hf increases and gradually reaches the f_ value
in pure tungsten. This indicates that the influence of Ta, Ti,
V, and Hf on the hydrogen solubility in tungsten is a step-
down with increasing temperature. Particularly, the effects of
Ta may vanish above 700 K since the hydrogen f_ is similar to
that in the pure tungsten at this temperature range.

Besides the distribution, the alloying elements also have
consequences on the hydrogen diffusivity. Commonly,
according to the classic Mac-Nabb and Forester formula, [63]
the effective diffusivity of hydrogen in the solid solution can

Nsot

be simply described by
N_w exp( )

where Dper is the diffusivity at the perfect system without
traps. Here, the diffusivity data, predicted in our previous
work [62], is used as the diffusivity at the perfect system,
which shows good agreement with the experimental data.
Cs,; 1s the concentration of the solute, which is still set to be
1072, As shown in figure 9, Re and Os exert little effect on
the hydrogen effective diffusivity, and Ta slightly decreases
the hydrogen effective diffusivity, while Ti, V, Hf significantly
reduce the hydrogen effective diffusivity. In addition, simi-
larly to the case of distribution, the influence of Ta, Ti, V, and
Hf on the hydrogen solubility in tungsten is a step-down with
temperature increasing.

On the whole, Re and Os exert little effect on the hydrogen
distribution and effective diffusivity. Ta, Ti, V, and Hf can trap
multiple hydrogen atoms in their neighbour shells to form many
small hydrogen clusters and decrease the hydrogen effective
diffusivity, which could, to some extent, prevent the occur-
rence of large bubbles, but unfortunately would significantly
increase the hydrogen retention in tungsten. The sequence of
the solute effectis Os < Re < Ta<<V < Hf < Ti. It should be
pointed out that the above conclusions about the influence of
these solutes on the hydrogen retention are drawn only for the
case without taking into account the effects of solute atoms on
vacancies, which are considered as the predominant trapping
sites for hydrogen under irradiation conditions. According to
the former results in section 3.3, the presence of these solute
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Figure 9. The effective diffusivity of hydrogen in the solid solution
of tungsten with a solute concentration 102, The diffusivity

of hydrogen in perfect tungsten is extracted from [62]. (For an
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

atoms has little effect on the hydrogen dissolution in the
vacancy. Furthermore, the results on the interaction of the sub-
stitutional TM solute atoms with point defects (i.e. the vacancy
and self-interstitial) suggests that Re, Os, Ta, Ti, V, and Hf can
narrow the gap in the mobility bias between the vacancy and
self-interstitial in tungsten, thereby increasing the recombina-
tion rate of the vacancy with the self-interstitial. As a result,
these solutes should be expected to exert a restraining effect
on the growth of the radiation-induced defects and decrease
the concentration of defects, particularly the vacancies and
vacancy clusters [42]. In this regard, the introduction of these
solute atoms should decrease the retention of hydrogen in
tungsten. The combination of these findings could provide a
good explanation for recent experimental results.

Two typical experimental studies on deuterium retention in
tungsten and Re-doped tungsten (W—Re alloy) have been done
by Golubeva et al and Tyburska-Piischel et al [22, 23]. Their
results seem to be inconsistent: the former found no difference
in deuterium retention in W and W-Re alloys [22]; whereas
the later observed a significant reduction of deuterium reten-
tion in W—Re alloy relative to pure tungsten [23]. The biggest
discrepancy between these two experiments is the difference
in the sample pretreatment. Tyburska-Piischel et al pre-irra-
diated their samples with 20 MeV tungsten ions before the
deuterium implantation (designated as ‘damaged’ samples),
while Golubeva et al did not have a similar treatment (named
as ‘undamaged’ samples). In addition, Golubeva et al used a
much lower incident deuterium ion flux (5 x 10" m=2 s71)
than Tyburska-Piischel et al (10> m~2 s~!). The incident
deuterium ion energies are both low (200eV for Golubeva,
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76¢eV for Tyburska-Piischel). Thus it is reasonable to assume
that the material modification of the ‘undamaged’ samples
was minor due to the use of low-energy and low-flux deu-
terium implantation. Thus, deuterium retention in this case
was most probably dominated by trapping on pre-existing
defects. As mentioned above, the solute Re has little effect on
the hydrogen distribution and diffusivity and cannot act as the
hydrogen trapping site. Therefore, the presence of Re in tung-
sten has little effect on the pre-existing defects concentration
of the materials, and then does not influence pronouncedly
the deuterium accumulation in the undamaged samples. In the
pre-damaged samples, the defects responsible for the trapping
of the deuterium are dominated by the high-energy tungsten
ion radiation-induced defects, whose concentration would be
reduced by the solute Re, as discussed above. Therefore, the
deuterium retention is lower in the damaged W-Re alloy than
in similarly treated pure tungsten.

A similar explanation can also be applied to the experi-
mental results of deuterium retention in the W-Ta alloy. It
has been found that deuterium retention in the W-Ta alloy is
significantly higher than in W when the samples are exposed
to the deuterium plasma with low energy and low ion flux,
while it is lower when the samples are exposed to low energy
and high flux deuterium plasma [25-28]. In the case of low
ion flux, the deuterium retention is dominated by trapping on
pre-existing defects in the material. Since the solute Ta can
act as the deuterium trapping site, the introduction of Ta in
tungsten would increase the pre-existing defects in materials.
Meanwhile, under the condition of high deuterium flux irra-
diation, the irradiation-induced point defects play a dominate
role in deuterium retention, whose concentration could be sig-
nificantly reduced by the solute Ta.

Based on the influence of these solutes on the radiation-
induced defects evolution and their transmutation behaviours,
we have suggested that Re might be chosen as a suitable
alloying element relative to Ta, Ti and V, and that Ta seems a
suitable addition to the W—Re alloy to adjust the concentration
of Re and Os [42]. This proposal has also been supported by
the interaction between He and these solutes [48, 49]. Here,
the influence of these alloying additions on the hydrogen
retention also supports this proposal: (i) under normal condi-
tions, Re does not affect the hydrogen distribution and diffu-
sion behaviours in the interstitial site and in the vacancy, while
Ta, Ti, and V can trap multiple hydrogen atoms and marginally
enhance the ability of the vacancy trapping hydrogen, leading
to a significant increase of the hydrogen retention in tungsten;
(ii) under irradiation conditions, Re would more effectively
promote the recombination of the radiation-induced defects
than Ta, V, and Ti. Since the radiation-induced defects are con-
sidered as the predominant trapping sites for hydrogen reten-
tion, it can be further speculated that Re has a better ability
to reduce hydrogen retention in material in a fusion environ-
ment. As compared to the Ti and V, Ta has a smaller effect on
the increase of hydrogen and helium retention in tungsten and
on the acceleration of the radiation-induced defect recombi-
nation. The advantage of Ta is that its primary transmutation
product is tungsten. The introduction of a certain amount of
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Ta in the W—Re alloy can serve to adjust the concentration of
Re and may suppress the phase precipitation of Re and the
irradiation hardening in the W-Re alloy [64].

5. Conclusions

We have performed systematic first-principles calculations to
predict the interaction between TM solutes and hydrogen in
the interstitial site and the vacancy in tungsten. The main cal-
culated results are as follows.

(i) The interstitial hydrogen site preference of the TIS over
the OIS is significantly influenced by the solute atoms. It
is enhanced by the substitutional solute with d electrons
less than tungsten whereas it is weakened by those with
d electrons more than tungsten. The further electron
analysis shows that the charge density perturbation give
rise to the site preference changes in the vicinity of the
solute atom.

(i1) The solute-H interactions are mostly attractive except for
Re; it can be expected that these solute atoms can trap
multiple hydrogen atoms to form interstitial hydrogen
clusters and impede the hydrogen diffusion. The solute-H
interaction is very local, limited within the second nearest
neighbour shell, and the presence of a hydrogen atom
near the solute atom has a negative effect on the binding
of other hydrogen atoms. Both of them would restrict the
maximum size of the hydrogen cluster around the solute.

(iii) The solute-H interaction can be well understood in terms
of the competition between the elastic and chemical inter-
actions. The elastic interaction is primarily responsible
for the solute-H interaction for the TM solutes with small
atomic volume and large electronegativity, while the
chemical interaction dominates the solute-H interaction
for the TM solutes with large atomic volume and small
electronegativity.

(iv) The large positive binding energies among the solute,
vacancy and hydrogen suggest that they would easily form
a defect cluster in tungsten. The results of incremental
binding energies show that the solute-H interaction
plays a minor role when hydrogen is in the presence of a
vacancy, whereas vacancy-H interactions dominate.

Based on our calculations, we estimate the influence of some
solute atoms on hydrogen dissolution and diffusion in tungsten.
We found that Re and Os exert little effect on the hydrogen dis-
tribution and effective diffusivity. Ta, Ti, V, and Hf can trap mul-
tiple hydrogen atoms in their neighbouring shells to form many
small hydrogen clusters and decrease the hydrogen effective
diffusivity, which could, to some extent, prevent the occurrence
of large bubbles, but significantly increase the hydrogen reten-
tion in tungsten. Together with the influence of these solutes
on the radiation-induced defects evolution, these results pro-
vide a good explanation for recent experimental results. These
results also lend support to our previous proposal that Re might
be chosen as a suitable alloying element relative to Ta, Ti and
V, and that Ta seems a suitable addition to the W—Re alloy to
adjust the concentration of Re and Os.
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