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We report a hydrogen induced vacancy formation mechanism in tungsten based on
classical molecular dynamics simulations. We demonstrate the vacancy formation in
tungsten due to the presence of hydrogen associated directly with a stable hexag-
onal self-interstitial cluster as well as a linear crowdion. The stability of different
self-interstitial structures has been further studied and it is particularly shown that
hydrogen plays a crucial role in determining the configuration of SIAs, in which the
hexagonal cluster structure is preferred. Energetic analysis has been carried out to
prove that the formation of SIA clusters facilitates the formation of vacancies. Such
a mechanism contributes to the understanding of the early stage of the hydrogen
blistering in tungsten under a fusion reactor environment. © 2013 Author(s). All ar-
ticle content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4849775]

. INTRODUCTION

Defects such as vacancies, grain boundaries and dislocations have significant impact on both
the structural and mechanical properties of metals. Among these the vacancy has always drawn
intense interest owing to its effects on properties such as diffusion,' electrical resistivity? and alloy
hardening.> As one of the intrinsic point defects in metals, the vacancy usually has a quite low
concentration of the order of 10~* below the melting point under thermal equilibrium conditions.*>
External conditions like rapid quenching or high energy particle irradiation can induce vacancy
formation in metals, which are usually applied as important ways to investigate the effects of
vacancies. In particular, supersaturated vacancies above the equilibrium concentration can be created
by irradiation only when the energy transferred to the lattice atom exceeds the displacement threshold.

Along with the establishment of the International Thermonuclear Experimental Reactor (ITER)
project, tungsten is considered as one of the most promising candidates for plasma facing materials
(PFMs) in ITER and future fusion power plants due to its high melting point and low erosion yield.
However, the hydrogen blistering problem in tungsten under plasma irradiation remains a challenging
issue, which can reduce the lifetime of the PFMs and the stability of the fusion plasma. Furthermore,
the high pressure induced by the hydrogen blistering is responsible for the crack propagation, famous
as hydrogen embrittlement which has been examined extensively early in the last century.” A large
body of research is aimed at revealing the mechanism underneath the blistering phenomena. In recent
years, hydrogen retention experiments have been carried out to examine the blistering problem.®!
The hydrogen retention reaches a maximum around an exposure temperature of 500 K at which
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temperature the most severe blistering phenomena is also observed, and the blistering disappears at
1000 K.!” The problem of hydrogen bubble formation in metals has been summarized by Condon
and Schober,'® who attributed the formation mechanism in tungsten to the vacancy clustering.

Several theoretical studies have been carried out, and it is believed that the bubble formation
is closely related to the vacancy defect. First-principles calculations suggest that the vacancy in
tungsten provides trap sites for hydrogen atoms and one vacancy could at O K hold at most 10
hydrogen atoms with one H, in the center, driven by optimal charge density.!” This is known as the
vacancy trapping mechanism'”'® which elucidates the bubble formation at the vacancy-type defects
such as vacancy and grain boundary'® where the hydrogen bubbles are observed experimentally.”’
The effect of temperature on the hydrogen accommodation has been studied by the molecular
dynamics (MD) simulations which give the decrease of trapped hydrogen number in vacancy as
temperature increases.'® At 300 K, about 6.5 hydrogen atoms are trapped by a monovacancy, while
the number decreases to 5 at 900 K. This is basically coincident with the thermodynamic estimation
which concludes that the monovacancy can hold up to 5 hydrogen atoms at room temperature.>!
On the other hand, the anisotropic strain is shown to enhance hydrogen solubility which helps the
hydrogen bubble growth.??

It is known that the equilibrium vacancy concentration in tungsten is as low as 10~* even
at the melting point.”> However, the phenomena of hydrogen blistering is indeed observed at the
surface of single crystal tungsten under high flux irradiation with quite low energy (not larger than
100 eV).""=13 Such an energy is certainly insufficient to create new vacancies in tungsten. Since the
influence of other defects like grain boundaries is excluded, it still remains an open question how the
abundant vacancies essentially required by the vacancy trapping mechanism'®~!° for the hydrogen
bubble formation are generated under such a condition and then how hydrogen bubbles are formed.

Different explanations have been provided to explain the experimentally observed hydrogen
blistering phenomena in tungsten. Alimov et. al'* believe that the structure change of tungsten plays
a crucial role in both the increase of hydrogen retention and blistering, and consider that vacancies
are produced by deuterium induced plastic deformation. Shu et. al'>'3 explain the experimental
results with Fukai’s theory of the superabundant vacancies and introduce the deuterium induced
local superplasticity during which the vacancies are generated by lowering of vacancy formation
energy due to trapping of deuterium. Unfortunately, so far there are no direct experimental or
computational results to confirm these explanations. Generally, it is well known that gas bubbles
can punch out interstitials and small interstitial dislocation loops if they have started to form in
a solid.>»> Moreover, the previous MD simulations have found the spontaneous formation of
vacancies and interstitials in a pure metal system.”¢

Experimental observations of blistering in single-crystalline tungsten and the vacancy trapping
mechanism drive us to consider that the vacancy forms due to the existence of hydrogen atoms
retained in tungsten. In this work, we perform classic MD simulations to investigate the probability
of the hydrogen induced vacancy formation in tungsten and explore the underlying mechanism,
and provide the dynamic process of hydrogen induced vacancy formation with certain hydrogen
concentrations. The results help to understand the hydrogen blistering in tungsten as well as in other
metals, and thus contribute to the materials design of tungsten based PFMs in future fusion reactors.

Il. COMPUTATIONAL METHODS

The MD simulations using the PARCAS code?’ are used to describe how the vacancies are
formed with certain concentrations of hydrogen atoms in tungsten system. We use the self-developed
bond-order potential?® which is suitable to describe the interactions of tungsten-hydrogen system
especially in the presence of defects.

The box for tungsten-hydrogen simulation in the bulk consists of 10 unit cells of tungsten atoms
in the body-centered cubic (bcc) crystal structure, and periodic boundary conditions are used in all
the three dimensions. Hydrogen atoms are randomly distributed in the tetrahedral sites which are
the favorable sites for hydrogen in bulk tungsten? with the concentrations 20 at.% and 30 at.%.
The simulation temperatures range from 600 K to 1500 K. The system is firstly relaxed for 10 ps at
0 K, and then the temperature is slowly increased with the rate of 0.1 K/fs to the desired values and
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FIG. 1. Average potential energy of tungsten atoms as a function of the surrounding hydrogen number.

kept constant afterwards. The pressure in the system is always kept at zero using Berendsen pressure
control.*® Simulations are performed for at least 7 ns according to different temperatures to make
sure the systems reach equilibrium and yield relatively stable vacancy numbers, except in the case
of 600 K and 700 K, when the time required to get equilibrium in the system is out of the MD time
scale. For the vacancy formation simulations in the surface system, a larger box of 15 x 15 x 151is
used while periodic boundary conditions are applied in the x and y directions with the z direction
left as the open surface. The surface systems with hydrogen concentration of 10 at.% and 20 at.%
are investigated. The Wigner-Seitz analysis>!3? is used after each run to get the defect information.
This analysis works by counting the number of tungsten atoms in each cell, with the empty cell as a
vacancy and the ones with two or more tungsten atoms considered self-interstitial cells. The vacancy
cluster analysis is also carried out with the second nearest neighbor (2NN) distance as the cutoff
radius. To further investigate the self-interstitial atom (SIA) structures observed during the evolution
of tungsten-hydrogen system composed of both the original lattice atoms and the SIAs, initially
perfect tungsten systems to which a few SIAs are added are also studied, and energetic analysis on
these is carried out.

lll. RESULTS AND DISCUSSION
A. Vacancy formation induced by hydrogen

We first calculate the average potential energy of tungsten as a function of the surrounding
hydrogen number in the tungsten-hydrogen system after reaching equilibrium. The system after
molecular static relaxation at 0 K undergoes an annealing procedure with the system first heated
to the desired temperatures to get equilibrium and then cooled down to 0 K again. As shown in
Figure 1, the average potential energy of tungsten increases with the number of surrounding hydro-
gens, independent of the elevated temperature. This implies the possibility of vacancy production.
Moreover, the average potential energies of tungsten after quenching from different temperatures
are almost the same and lower than that from the static relaxation, which indicates that the system
becomes more stable after the annealing process.

We then investigate whether vacancies can be generated by the retained hydrogen atoms in
tungsten. Via investigating the evolution of the system with different hydrogen concentrations at
different temperatures, we indeed found the vacancy formed based on the Wigner-Seitz analysis,
confirming our assumption that vacancy can be generated by retained hydrogen.



122111-4  Liuetal. AIP Advances 3, 122111 (2013)

Vacancy Concentration(at.%)

2 1 . 1 . 1 . 1 .
800 1000 1200 1400 1600

Temperature(K)

FIG. 2. Equilibrium vacancy concentration with hydrogen of 30 at.% under different temperatures in the bulk.

The simulations indicate that it is easier for vacancies to form with higher concentration of
hydrogen in tungsten. At the concentration of 20 at.%, vacancies can be detected from temperature
of 1100 K, while at 30 at.%, vacancies can be detected at the temperature as low as 600 K, within the
MD simulation time scale. Meanwhile, with the same hydrogen concentration, vacancies are easier
to form at higher temperature. Figure 2 gives the equilibrium vacancy concentration with 30 at.%
hydrogen under different temperatures. The vacancy concentrations at the lower temperature region
of 800 K and 900 K are lower than those at higher temperatures. However, beyond the temperature
of 1000 K, the equilibrium concentration of vacancies remains almost unchanged with temperatures.
Under temperatures of 600 K and 700 K, the vacancies can also be detected after running dozens of
nanoseconds. The surface simulations show that it is much easier to form vacancies at the surface
layers than in the bulk. Vacancies are detected by the Wigner-Seitz analysis at a lower temperature
of 500 K with a lower hydrogen concentration of 20 at.% in the surface system. The vacancy
cluster analyses of the bulk and surface simulations both yield the existence of vacancy clusters. The
divacancies and trivacancies are both detected within the cutoff of the 2NN distance.

Experimentally, the concentration of deuterium in the near surface of single crystal could reach
5 at.%'* when the fluence increases to 5¥10? D/m? after the ion bombardment with flux of 10'8
D/m?s and irradiation energy of 200 eV. It is proved that the actual concentration during the irradiation
should be even higher.?* Thus in this work we choose the hydrogen concentrations of 20 at.% and
30 at.% and mainly deal with the case of 30 at.% hydrogen at 800 K, which is within the blistering
regime of temperature in experiment.'” At a higher temperature, due to the high formation energy
and migration barrier of vacancy in tungsten, which are 3.52 eV and 1.81 eV, respectively,?® its effect
on the formation dynamic would be further diminished.

B. Hydrogen induced vacancy formation mechanism

Now it is clear that vacancy can form in tungsten with certain hydrogen concentrations. Next
we investigate how the vacancy forms due to the presence of hydrogen. It is very interesting that,
instead of Frenkel pairs in a perfect lattice, vacancies tend to be formed by the collective movement
of several host lattice atoms towards a relatively stable structure of SIAs. Since the vacancy and
SIA are generated simultaneously, we should be able to reveal the vacancy formation mechanism by
analyzing the related SIA structure.
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FIG. 3. (a) Hexagonal self-interstitial structure observed after 2 ns at 800 K with 30 at.% hydrogen atoms in tungsten
observed from the [111] direction. (b) A clearer picture of this hexagonal cluster demonstrated by the cutting of two (111)
hyperplanes.

1. Hexagonal structure of self-interstitials

With the formation of vacancies, the SIA clusters characterized by the hexagonal symmetry
have been found in tungsten according to the present simulation. For example, such a structure is
observed in the tungsten system with 30 at.% hydrogen after running 2 ns at 800 K, as shown in
Figure 3(a) with a view from the [111] direction. Figure 3(b) gives a clearer picture of this hexagonal
structure consisting of the lattice tungsten atoms and newly induced SIAs. The perfect hexagonal
structure exhibited in Figure 3(b) is cut by two parallel (111) hyperplanes with a slice width of 2.8
Angstroms. Since the repeating distance in the [111] direction of bcc tungsten is 2.74 Angstroms,
these interstitial atoms are considered to be within one constitutional repeating unit.

More details of the hexagonal cluster are given in Figure 4, pictorially showing the minimal
region containing this cluster comprised of thirteen atoms which are amplified according to the
atomic hard sphere model. Seen from the [111] view, components of the cluster are separately lying
on three layers with only one atom in the center and two hexagons aside, which can also be observed
clearly from the lateral view in the lower part of Figure 4(b). Both hexagons referring as A" and C’,
are demonstrated in the insets from the top view and the bond lengths from the atoms of these two
hexagons to the very center atom B’ of the cluster are listed in Table 1. The original configuration
in the same space of the cluster is also given in Figure 4(a), which exhibits the sequential A, B and
C layers along the [111] direction of bcc tungsten. Such an original configuration transforms to the
hexagonal cluster by each atom of the triangles on layers A and C becoming a (110) dumbbell to
form two hexagons on the layers A" and C'. The hexagon on the lower layer C’ is with the same
shape as the superposition of the original A and C layers while the atoms on the the hexagon of layer
A are rotated to be more closely packed.

To test the stability of such hexagonal SIA clusters, the system shown in Figure 3 is slowly
cooled down to 0 K after extracting out the hydrogen atoms. The result shows that both the hexagonal
cluster and the detected vacancies still exist in the system, as shown in Figure 5 viewing from the
[111] and [100] directions. The two rectangles in Figure 5(b) as a side view seen from the [100]
direction are demonstrated to be two hexagonal clusters next to each other but lying on the (-1-11)
and (111) planes, respectively. However, these hexagonal clusters vanish if the system in Figure 3
with hydrogen atoms extracted out is first heated to 2000 K and then quenched to 0 K. These results
imply that the hexagonal cluster for tungsten is a metastable structure.

To check that the obtained configuration is not an artifact of a single interatomic potential, we
also simulated it with two other widely used W potentials, namely the Ackland-Thetford-Nordlund**
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TABLE L. Bond lengths of the six atoms in layers A" and C’ to atom B’ in the center of the hexagonal cluster (Angstrom).

1 2 3 4 5 6
Layer A’ 2.96 2.79 3.08 2.90 3.01 3.09
Layer C/ 3.08 2.92 3.12 3.12 3.06 3.29

(a) (b)

FIG. 4. The top and side views of the hexagonal cluster structure demonstrated in (b) and the original structure in this region
shown in (a), composed with one tungsten atom in the center and two pieces of hexagons and triangles, respectively.

(a) (b)

FIG. 5. Configurations of the hexagonal clusters after quenching to 0 K viewed from the [111] and [100] directions, shown
as (a ) and (b), respectively.
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FIG. 6. Linear structure of crowdion formation coming along with the formation of a vacancy from the view of [001] and
[-1-11], (a) and (b), respectively.

and the Dudarev-Bjorkas potentials,® for the configuration where hydrogen atoms are extracted.
We found that the hexagonal cluster (Figure 5) remains in the same configuration after relaxation
with these two potentials, which further supports the stability of the cluster.

Such clusters are commonly observed in the tungsten-hydrogen system after reaching equi-
librium, and the double-hexagon structure described above is basically the same. Moreover, two
clusters next to each other sharing one edge or a vertex also appear occasionally, demonstrating the
possible aggregation of the hexagonal clusters.

As to reveal the dynamic process of the vacancy formation, we follow the evolvement of the
tungsten-hydrogen system at 800 K and it is shown that the vacancy formation is directly related
to the formation of the hexagonal cluster describe above. Half of the hexagonal cluster is observed
where three original lattice atoms have been driven by surrounding hydrogen atoms to move and
become constituents of the rotated hexagon A’ after running 0.501 ps. At the same time, a vacancy
is detected at the original site of the atom which is the first one to rotate. At 0.524 ps, a complete
structure of the hexagonal cluster lying on the (111) plane is observed and two vacancies cells are
defined where the original atoms have moved to form the cluster. Moreover, one lattice constant away
from one of the two detected vacancies, a lattice atom moves to yield another vacancy which is quite
stable and persists throughout the simulation after running 0.542 ps. This lattice atom evolves into
part of the hexagon C’ of another hexagonal cluster lying on the (-1-11) plane afterwards. Overall,
tungsten atoms have been displaced from the original lattice positions and they move collectively to
form the hexagonal clusters instead of a single Frenkel pair. Thus the vacancy formation is facilitated
by the SIA cluster formation. Most vacancies induced by hydrogen come along with these hexagonal
SIA clusters in the bulk simulations.

In the experiments, the observation of small blisters appearing only on grains with nearly (111)
surface orientation'® might be related to the appearance and possible aggregation of these hexagonal
clusters lying on the {111} planes observed in the simulations.

2. Linear structure of self-interstitials

Besides the hexagonal cluster, a linear crowdion structure is also observed in the tungsten-
hydrogen system after running 187.4 ps at 1000 K with the hydrogen concentration of 30 at.% as
shown in Figure 6. A vacancy is formed and the corresponding two SIAs detected by the Wigner-
Seitz analysis are both in the linear crowdion row as shown in Figure 6(a). Figure 6(b) gives a
view from the [-1-11] direction and illustrates the extrusion of the vacancy by two adjacent tungsten
atoms moving close along the [1-11] and [-111] orientations. The tungsten atom at the initial lattice
position has to move forward along the [111] direction, and becomes a self-interstitial atom. The
moving directions of the three tungsten atoms, one originally at the vacancy site and the other two
squeezing out the SIAs, are the (111) directions, the easiest ones in tungsten to form a crowdion
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FIG. 7. The binding energy of the Nth self-interstitial atom to the /y_; structure, and the average binding energy of the Iy
structures relative to the single SIA dispersion into the bulk as the increasing number of SIAs.

row?® as demonstrated with arrows in Figure 6. In this mechanism of vacancy formation, SIAs are
not extruded directly by hydrogen atoms, but by the other tungsten atoms nearby instead. However,
hydrogen atoms are still the primary cause of vacancy formation. The moves of those two tungsten
atoms squeezing out SIAs are driven by the nearby hydrogen atoms, thus this mechanism is an
indirect hydrogen-induced vacancy formation mechanism.

C. Stability of SIA structures in tungsten
1. Concentration dependence of the SIA structures

To further investigate the SIA structures closely related to the vacancy formation process, extra
N SIAs (with N varying from 1 to 10) are added to the perfect tungsten lattice with the initial positions
of SIAs randomly selected. The annealing procedure is applied to the systems, i.e., it is first heated
to and kept at various temperatures from 300 K to 2000 K and then cooled down to 0 K to obtain
a stable configuration. The structure of Iy containing N extra SIAs with the lowest energy out of
several initial distributions is studied and the energetic analysis is carried out as shown in Figure 7.
The binding energy of the Nth SIA to the Iy_; structure is calculated according to the following
equation

Ey'" =(E(Iy-)+ E) —(EUN)+ E), (N=2,3,...,10) 1)

where E (Iy) stands for the total energy of the system with N extra SIAs. The average binding energy
of the SIAs in the I structures relative to the single SIA dispersion in the bulk defined as

1
E = S (E(Iy) = E(Io) = (E(I) = E(Ip) - (N =2,3,...,10) )

is also demonstrated.

It is clear from the positive binding energy that the SIAs tend to cluster rather than be isolated
crowdions, which is the most stable structure of /;. It is shown that the crowdions bundled together
along the same (111) direction are the most stable structures for I; and I3, However, when N > 4,
the hexagonal structures are observed and energetically preferred over the crowdion ensembles. The
binding energy of the Nth SIA to the Iy_; structure shows a significant increase while N equals
4,5, 8 and 9, each case corresponding to a change of the SIA structure. As N equals 4, compared
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with the former linear structures, detailed structure analysis gives an SIA cluster containing two
hexagons sharing one edge and lying on the (111) and (-11-1) planes, respectively. It is also shown
that when N equals 5, 6 and 7, the same structure of three hexagonal clusters all as shown in
Figure 4 is observed and the average binding energies are almost the same. Taking N = 5 as an
example, two clusters lie on the (1-1-1) plane and the third one is on the (11-1) plane connecting
those two by sharing edges. It is also worth noticing that the shared edges are both from the rotated
hexagons A’ as shown in Figure 4(b). When N equals 8 and 9, much more complicated structures
with more than three clusters are formed, thus leading to the increase of the average binding energy.

Considering about the vacancy-SIA pair formation under the condition of inserted hydrogen,
our results also show that the energy of the system after extracting out hydrogen and being cooled
down to 0 K is much lower than the one with the same amount of separated Frenkel pairs. This
result is consistent with the tendency of SIAs to form certain structures instead of isolated crowdions
shown in Figure 7. The positive binding energies explain the role of the existing SIAs structures.
They behave like a surface here, providing a spot easier to go for the newly created SIAs.

2. Temperature dependence of the SIA structures

To test the influence of temperature on the SIA structures, various structures obtained with extra
tungsten atoms in pure tungsten are studied after raising the system to different target temperatures.
The SIAs with very low concentrations of 1 at.% and 2.5 at.%, corresponding to the cases with
N equals 4 and 10 in the system of the last section, respectively, are randomly distributed or put
in randomly chosen tetrahedral or octahedral positions simultaneously to study the structures at
temperatures of 100 K, 300 K, 600 K, 1000 K and 1500 K. The hexagonal cluster described in
Figure 4 is always observed from the (111) views indicating that it is a relatively stable structure
for SIAs. Linear structures of SIAs, namely (111) crowdions, appear at the lower SIA concentration
of 1 at.% decorated by the hexagonal clusters. However, the fact that the systems with a mixture of
crowdions and hexagonal clusters at lower temperatures would yield only the hexagonal clusters at
higher temperatures indicating that at higher temperatures, the hexagonal cluster structures are more
favorable.

One special case of linear crowdions, namely the interstitial loop structure,? transformed from
the hexagonal clusters is also observed. During the relaxation at 100 K with 1 at.% extra SIAs
in the system, the crowdions along different (111) lattice directions start to orient to the same
one and gather together to form an interstitial loop but the sliding of this ensemble gets blocked
by a hexagonal cluster. However, when the target temperatures of system are increased to 300 K,
600 K and 1000 K, the interstitial loop breaks through the block of the hexagonal cluster and starts
to glide very fast along the aligned [111] direction. Figure 8 illustrates the whole process of the
self-interstitial loop overcoming the block from one hexagonal cluster at 300 K from the views of
the gliding [111] direction and the [-111] direction in Figure 8(a) and 8(b), respectively.

3. Effect of hydrogen on the SIA structures

Based on the above analysis, the temperature and SIA concentration would affect the SIA
structures. The simulations with hydrogen in the system also show that the linear structures are
barely observed, but the hexagonal ones instead, which implies that the existence of hydrogen
atoms also plays a crucial role in determining the configuration of SIAs. It is revealed from the
simulations that the SIAs in the linear crowdion region shown in Figure 6 evolve into parts of one
hexagonal cluster afterwards, which in a way demonstrates that the cluster structure is more stable
with hydrogen in the system. To investigate the effect of hydrogen, 30 at.% hydrogen atoms are
added to the interstitial loop structure obtained at 600 K. The results show that the interstitial loop
structure is destroyed and hexagonal clusters turn up in the system, which is consistent with the
preference of hexagonal structure over linear structure when hydrogen atoms exist in the system.

Since the number of atoms is conserved in a bulk simulation, the vacancy formation is a
simultaneous process with the SIA formation. Thus the ways that a vacancy is formed are related to
SIA structures such as a hexagonal or linear structure mentioned above, which the tungsten atoms
move collectively to form. The preference of hexagonal cluster to linear crowdion in most cases
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(a) (b)

FIG. 8. Formation of self-interstitial loop overcoming the block of hexagonal cluster viewing from the [111] and [-111]
directions are shown in (a) and (b), respectively.

is probably due to the existence of hydrogen atoms. Hydrogen atoms block the SIAs continuously
moving along one direction and make it easier for the lattice atoms to rotate in a circle, thus forming
the hexagonal cluster structure. The fact that the interstitial loop structure as an assembly of linear
crowdions grows into the hexagonal clusters after inserting hydrogen atoms, also demonstrates the
effect of hydrogen to interstitial cluster formation, i.e. vacancy formation.

While dealing with the vacancy formation induced by hydrogen, as shown in Figure 1, the
presence of hydrogen atoms lowers the potential energy of tungsten atoms in the system. Thus,
it is concluded that the energy needed to form a vacancy and SIA pair would also be decreased.
However, while considering about the required energy for the formation of a vacancy and SIA pair
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TABLEII. Energy required to form a vacancy and to increase the SIA cluster size with the increasing number of surrounding
hydrogen atoms (eV).

nH
(m — 1) SIA to m SIAs OH 1H 2H 3H
1 SIA to 2 SIAs 10.2 8.2 6.2 4.3
2 SIAs to 3 SIAs 9.7 7.6 5.6 3.7
3 SIAs to 4 SIAs 7.1 5.1 3.1 1.2
4 SIAs to 5 SIAs 5.6 35 1.5 —-0.4

in the system, it is worth noticing that the number of SIAs obtained simultaneously with vacancies
keeps increasing. The energy required to form a vacancy and meanwhile increase the SIA cluster
size by one is demonstrated in Table II calculated as

E\)/c = (Evinno + Ensia) — (Eunr + Em—1)si4) » 3

where the Ey ,,yo and E, yr give the total energies of the systems with n hydrogen atoms occupying
the “close to OIS sites in the vacancy and TIS sites, respectively.!” The E,,s; 4 and Egn—1)s14 stand
for the total energies of the system with m and (m-1) sized self-interstitial clusters, respectively. The
energy required to form a vacancy and add an SIA decreases with the increasing number of both
the surrounding hydrogen atoms and SIAs, and it turns negative when the lattice tungsten atom is
surrounded by 3 hydrogen atoms and 4 SIAs. This would explain the weak influence of temperature
on the equilibrium vacancy concentration in Figure 1 since it is characterized by

—H/ —Ef PAV
C = Co €Xp T = Co eXp T exXp T )’ C))

where E/ is the formation energy calculated in Table II. The formation energy approaches zero at
high hydrogen and SIA concentration, thus there could be no dependence on temperature for the
equilibrium vacancy concentration at high temperatures. It is well known that the loop punching
mechanism works for helium in tungsten to create vacancies.’’” However, unlike the tendency of
helium atoms to cluster spontaneously and get pressure accumulation, hydrogen atoms will not
form clusters without vacancies. Our work shows that hydrogen atoms tend to modify the tungsten
lattice instead and produce hexagonal clusters simultaneously with vacancy formation. We note that
the observation of this new defect configuration in bee tungsten is qualitatively similar to recent
observations of several complex low-energy defect structures in bec Fe.?®3? In those publications,
the hexagonal cluster is one of the tested structures relatively low in energy, while in our work,
the hexagonal cluster is directly obtained from the simulation with hydrogen atoms of certain
concentration.

IV. CONCLUSIONS

The hydrogen induced vacancy formation in tungsten, which is considered as the initial step
of the hydrogen blistering, has been investigated via classical molecular dynamics simulations. It
is shown that vacancies are created due to the presence of hydrogen in tungsten and the vacancy
formation mechanism is closely related to the formation of certain self-interstitial structures. In
particular, a hexagonal cluster structure with a (111) central axis is observed in tungsten, and it is the
primary structure coming along with vacancy formation. Such a hexagonal cluster structure is proved
to be stable after being quenched to 0 K, and has also been confirmed with two other interatomic
potentials. Besides the hexagonal cluster, a linear crowdion structure is also observed to be associated
with vacancy formation, which can evolve into a part of the hexagonal cluster afterwards. Our results
demonstrate that hydrogen plays a crucial role in determining the configuration of SIAs, in which
the hexagonal cluster structure is preferred. The stability of different self-interstitial structures has
been further studied including the hexagonal cluster, linear crowdion, as well as a special case of
the linear structure (the interstitial loop) by adding extra self-interstitial atoms into pure tungsten
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with different concentration and temperature condition. Energetic analysis has been carried out to
prove that the formation of SIA clusters facilitates the formation of vacancies. Such a mechanism
of hydrogen induced vacancy formation contributes to the understanding of the early stage of the
hydrogen blistering in tungsten under the fusion environment.
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