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                                      Abstract 

   Formation energies for vacancy-hydrogen (V-H) complexes in tungsten (W) are calculated in terms of 
first-principles calculations. The dependence of concentration of V-H complexes on temperature and local 
H concentration is estimated assuming thermal equilibrium. It has been reported that a maximum of 12 H 
atoms are accommodated in a W monovacancy at 0 K. However, major monovacancies trap six H atoms 
in finite temperature. 
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1. Introduction 

   Tungsten (W) is one of promising plasma-facing ma-
terials (PFMs) in future fuSiOn reactors due to low hy-
drogen (H) solubility, low eroSiOn rate, and high melt-

ing point. However, the PFMs are exposed to high en-
ergy and high flux H-isotopes (deuterium and tritium) 

plasma particles in actual fuSiOn reactors. In fact, it 
has been reported that a large amount of deuterium 

were retained in W specimen by irradiation experiment 
1)• In particular, tritium retention in PFMs installed in 
the International Thermonuclear Experimental Reactor 

(ITER) is an important problem for the safety opera-
tion. However, tritium retention mechanism in bulk W 
is not sufficiently identified. 

   Because W as well as molybdenum (Mo) has very 

low H solubility in the bulk crystal due to its high heat 
of solution. So, it has been supposed to be prime can-
didate PFMs. However, the attractive interactions of 

W and Mo rnonovacancies to H atoms are considerably 
strong. Such low H solubility causes multiple H pre-
cipitation in a monovacancy and reduction of formation 

• energy for V-H complexes 2' 3). In fact, it has been 
reported that a maximum of six H atoms are accommo-
dated in usual bcc transition metals at 0 K in terms of 
first-principles calculations, while a maximum of twelve

and ten H atoms are accommodated in a W and Mo 
monovacancy, respectively 4' 5) . 

   First-principles calculations are assumed to be T = 

OK. However, phenomena in finite temperature are very 
important to investigate H retention in PFMs in actual 
fuSiOn reactor and vacancy formation mechanism under 
irradiation condition. In the present paper, concentra-

tion of V-H complexes in W bulk crystal is calculated 
assuming a thermal equilibrium model and its depen-
dence on local H concentration 6' 7). For comparison, 
concentration of V-H complexes in Fe is calculated as 

well. 

2. Methodology 

   First-principles calculations based on the density 
functional theory 8) are performed using the Vienna 
Ab-initio Simulation Package (VASP) 9' 10) with the 

generalized gradient approximation 11) and projected 
augment wave potentials 12). All supercells used in the 

present simulations are composed of 54 lattice points 
(3 x 3 x 3 bcc lattice) containing a monovacancy. A cutoff 
energy is 350 eV for all metal-H systems. A Monkhorst-
Pack scheme of 5 x 5 x 5 k-point mesh is used within the 
Brillouin-zone. 13) Atomic positions and supercell size 

relaxations are iterated until the force acting on every 
atom is less than 3 x 10-3eV/Ã. However, the calcu-
lation accuracy for Fe-H system is lowered because of 

computer performance limits. In the case of Fe-H sys-
tem, 3 x 3 x 3 k-point mesh is used and convergence 
condition for lattice relaxation is 5 X 10 -3eV/A. Nev-

ertheless, the results of the present simulations for Fe-H
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system are in agreement with those calculated in more 

accurate conditions  14). 

  The binding energy for single and multiple H atoms 

to a monovacancy is defined in a total energy manner.

where the function E is the cohesive energy of the super-

cell. In the present simulations n = 54. M_1 Vac is a 
supercell composed of (n — 1) metal atoms and a mono-
vacancy; Mn_iH,Vac is that composed of (n — 1) metal 

atoms, m H, and a monovacancy; M,HT is that com-

posed of n metal atoms and an interstitial H embedded 
at a T-site because H prefers T-site in bcc bulk crystal; 
and Mn is perfect lattice composed of n metal atoms, 

respectively. Therefore, total binding energy Eb(m) in 
Eq. (1) gives the total energy gain of m H atoms mi-

grating from distant T-sites and becoming trapped in a 
monovacancy. 
  Vacancy formation energy E„ in metals is defined, 

as follows.

Formation energy for V-H complex trapping m H atoms 

is

  Figure 1 shows schematic view of the bulk crystal 

composed of No metal atoms, NH H atoms, and N 

monovacancies. rim is the number of monovacancies 

trapping m H atoms. M is total number of H atoms 

trapped in monovacancies. Wm, is multiplication of ener-

getically degenerate atomic configurations of V-H com-

plex trapping m H atoms. The H configurations in a 

W monovacancy are calculated by Ohsawa et al.5). As 

an example, V-H complex trapping two H atoms is sup-

posed to be triplet state, as shown in Fig. 2. Therefore, 

multiplication co2 = 3. The important parameters used 

in the present paper are listed, as follows.

No total number of metal atoms 

NH total number of H atoms 

N total number of vacancies 

n,, number of vacancies trapping in H atoms 

M total number of H atoms trapped in vacancies 

Wm multiplication of degenerate H configuration 

 Now, we obtain trivial relation.

Thermodynamic properties of metal-hydrogen systems 

in finite temperature are investigated by partition func-

tion. In the present work, only configurational entropy

is taken into account. N monovacancies are assumed to 
be formed among N No lattice points. M H atoms are 
trapped in the N monovacancies. 6(No + N) T-sites ex-
ist but 24N T-sites next to the monovacancies are not 

available for interstitial sites of H atoms, as shown in 
Fig 3. Therefore, NH — M H atoms are distributed over 

6N0 — 18N interstitial sites. Partition function Z is 

N!   Z = No+NCN 6N0-18NCNII—M IwonOwni 1 
                                 no :ni ! • • •

One obtains the number of monovacancies trapping m 

H atoms by minimizing free energy, F = —kBT in Z.

Fig. 2 Triplet stable configurations of two H 

      atoms trapped in monovacancy.

Fig. 1 Schematic view of crystal containing 

      monovacancies and H atoms.



where Stirling's formula is used. Using Eq. (4), this 
multiple simultaneous equation with respect to  nm be-

comes simple non-linear simultaneous equation with re-
spect to N and M.

3. Results and DiscusSiOn

   Formation energies for V-H complexes in bcc tran-

sition metals are calculated as a function of the number 

of H atoms trapped in the monovacancy m, as shown in 

Fig. 4. In particular, the V-H complex formation ener-

gies are negative in the case of W and Mo for m > 3, i.e., 
exothermic reaction. If local H concentration are suf-
ficiently high, superabundant V-H complexes creation 
will be observed in thermal equilibrium 2, 3) . One ob-
tains dependence of vacancy (V-H complex) concentra-

tion on H concentration and temperature by solving Eq. 

(8). Table 1 shows parameter values to solve Eq. (8), 
i.e., formation energies for V-H complexes E f (m) de-

fined in Eq. (3) and multiplication of energetically de-

generate ground states cam, for W and Fe systems. Fig-
ures 5 and 6 show vacancy concentration in bulk W and 

Fe in a finite temperature, respectively. Vacancy forma-
tion energies are lowered by H trapping. So, the vacancy 
concentration increases as H concentration increases in 
thermal equilibrium. In particular, vacancy concentra-

tion in bulk W rapidly increases above some threshold 
values of H concentration, as shown in Fig. 5. While, 
vacancy concentration in bulk Fe moderately increases, 

as shown in Fig. 6. 
   In low H concentration limit, the vacancy concen-

Fig. 3 Closed circles and closed triangles are 0- 

      sites and T-sites next to monovacancy, re-

      spectively. Fig. 5 Vacancy (V-H complex) concentration in 
      W in local H concentration.

Fig. 6 Vacancy (V-H complex) concentration in 
      Fe in local H concentration.

Fig. 4 Formation energy for V-H complex in bcc 

      transition metals.



Fig. 7 Number ratio of V-H complexes in bulk 

 W.

tration is determined by bare vacancy formation energy 

N/No e-E„/kB1'(9) 

   At lower temperatures, H presence remarkably en-
hances V-H complex creation. Figures 5 and 6 some-

times show that vacancy concentration in lower tem-

perature is higher than that in higher temperature. At 
higher temperatures, large amount of H atoms are ac-
commodated in the interstitial sites (T-sites) because 
such H increases entropy and free energy is effectively 

lowered. However, vacancy concentration is kept at 
lower levels because less H atoms are trapped in va-
cancies. 
   As an example, distribution of number ratio of V-H 

complexes is shown in Fig. 7 in the case of T = 500K 
and H concentration 10-4. A maximum of 12 H atoms 

can be accommodated in a W monovacancy at 0 K 4, 5) 
However, it is interesting that almost all monovacancies 
trap only six H atoms assuming the thermal equilib-
rium model. This result can be explained, as follows. 
According to Table 1, V-H complex formation energies 

are estimated to be -2.742 eV and -4.245 eV for the 
number of H atoms of m = 6 and m = 12, respec-
tively. The absolute value of total formation energy for 

two V-H complexes trapping six H atoms is larger than 
that for one V-H complex trapping 12 H atoms, that is, 
2.742 x 2 eV > 4.245 eV. 
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Table 1 V-H complex formation energy Ef trap-

      ping m H atoms in W and Fe, and multi-

       plication of degenerate ground states Wm.


