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ABSTRACT

The diffusion, permeation and solubility of hydrogen isotopes in
metal is of great technological significance as it helps in
controlling the hydrogen induced embrittlement and also in the
selection of structural materials for reactors with minimum
permeability of tritium. Atomistic understanding of the behavior
of D/T with metal is highly desirable to design an efficient barrier
material. DFT calculations were performed to investigate the
interaction and dynamical behaviors of hydrogen isotopes in pure
bce Fe, Grand W. The adsorption and dissociation pathways for
hydrogen isotopes were predicted on (100) surface of Fe, Cr and
W. The activation barrier energy for H atom to diffuse from one
interstitial void to nearest interstitial void has been computed
using nudge elastic band method. The calculated diffusion
coefficients, permeability constants and solubility are found to be
higher for Hcompared to its heavier isotopes D and T. Further, the
permeability constants predicted to be lowest for W and thus
considered as most suitable plasma facing materials.

Keywords: Fe, W, Cr, DFT, Hydrogen isotopes, diffusion,
permeation.

Introduction

been proposed as the fuels for the first generation of fusion

reactors [4]. Tritium like protium easily permeates metallic
substance, particularly, under high temperature and reacts
vigorously with oxygen. Further, tritium will readily exchange with
hydrogen . This is of particular apprehension since tritium poses a
severe hazard to living creatures if it exchanges hydrogen in our
biological systems due to its radioactive nature. Therefore, it is very
imperative to confine tritium within suitable materials and
conditions. Polymeric materials are not considered as a choice
because of hydrogen-tritium exchange would considerably modify
the properties of the polymers. Therefore, a rule of thumb is not to
use polymeric substances and instead, attention must be given to
either inorganic or metal substances. However, the challenge in the
use of metallic containment is that tritium readily permeates them.
Therefore, it is of prime necessary to understand the interaction
between hydrogen isotopes and metals from atomistic level. In
addition, the hydrogen absorption into the bulk of metals is not only
important to phenomena such as metal embrittlement but also for
hydrogen purification and hydrogen storage. Commonly, steel is

The heavier deuterium and tritium isotopes of hydrogen have

used as containment materials [5,6]. But at high temperatures,
hydrogen will diffuse into the steel and may combine with carbon to
form cluster of methane at internal voids which at high pressure
initiates cracks in the steel and leads to decarburization resulting in
to loss of strength and ductility. Steels with 9-12 wt% Cr have
received renewed interest in the last years in view of their potential
application as structural materials in nuclear reactors and
prospective fusion reactors having diffusion coefficients one order
of magnitude lower than those of pure Fe metal [7]. The choice of
materials for plasma facing components (PFC) in fusion based
nuclear power reactor using deuterium-tritium fuel under the highly
ambitious project of International Thermo nuclear Experimental
Reactor (ITER) is one of the most fascinating and challenging
ongoing research activities. The major scientific challenge to
achieve the goal is to identify materials which can withstand the
extreme heat and particle fluxes from the plasma under incessant
neutron bombardment. Large scale computation and experiments
are being carried out worldwide on various materials to find out their
performance under stringent experimental conditions pertinent to
ITER. Further, some metals (mainly steel varieties) are being used
as structural material [5,6] or plasma coating substance [8-10] in
fusion reactors. Due to its special mechanical and thermal
properties, tungsten, W is used in a large number of industrial
applications. In view of these properties, W is considered to be the
most favored for the highest particle flux dueto least erosion
and therefore, is anticipated to be used as a diverter plate material in
the fusion device of ITER. Additionally, the long time accumulation
of high concentration of H can lead to alteration of the material's
mechanical and physical properties. Therefore, the knowledge of
diffusion behaviour of interstitial H atoms in bulk metals, especially
Fe, Crand W is of utmost necessary which has been studied by a
number of authors using density functional theory (DFT) [11-33].
All the calculations infer that the tetrahedral sites in Fe, Crand W is
the most preferable for occupation by interstitial H atoms compared
to octahedral sites (o-sites) which is in line with the reported
experimental observations [34]. Several computational studies are
performed for H diffusion behaviour in Fe and activation energy and
pre-factor [11-16] were reported. From computational studies, the
reported activation energy was found to be varied from 0.04- 0.09
eV and the values of pre-factor were varied from O 1070 10
m’/s. The calculated activation energies for the diffusion of H
between two adjacent tetrahedral sites in W were seen to vary
widely: 0.20 - 0.38 eV [20, 29-31, 35]. Among these results,
activation energy reported by Johnson et al. [20] is seen to be
agreed well with the experimentally obtained results of Frauenfelder
[36, 371, which is the most consistent experimental result to date
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Fig.1: Schematic of Hydrogen isotope permeation through material.

[38]. Although, experimental data on diffusion, permeation and
solubility of hydrogen isotopes through tungsten is available for a
range of temperature [30, 36, 37, 39-501, no systematic theoretical
efforts were put forward to evaluate the permeation and solubility of
H isotopes through W. Also, there is a wide variation in the reported
experimental data of H isotopes due to challenges associated with
permeability measurements [48], particularly for radioactive
tritium. Further, the presence of vacancies also play a pivotal role in
diffusion behaviour [1, 20, 29, 35]. Hence, the scope of the present
article is to fill the existing lacuna by studying the diffusion,
permeation and solubility of H isotopes in Fe, Cr and W by DFT
calculations.

Computational methods

The generalized gradient approximation (GGA) based Perdew-
Burke-Ernzerhof (PBE) density functional [51, 53] using Vienna ab
initio Simulation Package [54, 55] was used for all the calculations.
The projectoraugmented wave (PAW) potentials [56, 57] were used
to represents the ionic cores. The spin polarization was included for
bce-Fe, Cr and W. The Monkhorst—Pack special k-points [58] was
used for integration in the Brillouin zone. During structural
relaxation of the supercells, the atomic positions as well as
supercell size were relaxed to equilibrium. The forces on all the
atoms are kept less than 0.01 eVA™. The phonon calculations are
performed using finite displacement method as implemented in the
VASP package. The zero point energy (=1/23 hv, v, is the
frequency), ZPE was determined from the H atom frequency by
performing phonon calculations by freezing the Fe, Cr and W
atoms., Energy cut off and k-point sampling details can be found in
the published literature for bce Fe [11, Cr [2] and W [3] The standard
nudged elastic band (NEB) method [59] is performed to find
minimum energy paths and transition states for H atom diffusion.

Results and discussion

In a metallic membrane, H permeation occurs in seven steps
(Fig.1): (1) adsorption of H, molecule at the high pressure side of
the membrane, (2) dissociation of H, on the membrane surface, (3)
penetration of H from surface to membrane bulk, (4) diffusion of H
through the membrane bulk, (5) diffusion of H from membrane
bulk to the surface on the collector side of the membrane,
(6) recombination of H, molecule on the membrane surface, and
(7) desorption of H, from the collector side surface of the
membrane.
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Validation of computational methodology

The calculated bond dissociation energy and vibrational
frequency of H,, D, and T, molecules are presented in Table 1. The
calculated values were found to be in good match with the
experimental values [60, 61].

Fig.2: Fe(100) surface: triangle: atop, oval: bridge, rectangle: hollow
position.

Table 1. Calculated values of D,(eV),v(cm™) and ZPE (kJ/mol) for
isotopes of H, molecule.

Molecule D¢ (v) ZPE
Exp Exp Exp
@ w9 e @ e
H, 425 448 4258 4161 27.78 26.1
Do 433 451 3011 2993 1949 185
T, 4.36 2458 16.40




Dissociative adsorption of H, isotopes on (100) surface of Fe, Cr
andW

A dissociative chemisorption of H, isotopes can readily take
place on metal surface and the corresponding pathway followed by
H, isotopes dissociation during this process is not fully understood.
Inthe present calculations, we have considered the bridge positions
as starting adsorption sites in which H, molecule is placed parallel to
the surface. In the calculations, H, molecule was sequentially
moved towards the surface and the positions of atoms were allowed
to relax parallel to the surface plane. It was observed that initially the
adsorption of H, molecule takes place. Further moving down

towards surface leads to dissociation of H, molecule in close
proximity of the surface. The zero point energy corrected adsorption
energies for H,, D, and T, with Fe, Crand W (100) surface are plotted
in Fig.3 and variation of H...H distances are presented in Fig. 4. The
dissociative adsorption energies of hydrogen isotopes on the (100)
surfaces were found to be in the order of E,, (Fe) <E,, (Cr) < E,, (W).

Penetration of H from surface to membrane bulk

After adsorption of H atoms on the surface (S), the next move of
H atom will be to migrate to subsurface (T1, T2.. etc), known as
absorption. This will continue till it reaches membrane bulk.
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Fig.3: Potential energy surface for dissociative adsorption of H, and its isotopic molecules from bridge site to hollow site on (100) surface of Fe, Cr

and W as function of the relative distance of H, from the surface.
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Fig.4: Variations of the H-H bond distances on (100) surface of Fe, Cr and W as function of the relative distance of H, molecule from the surface.
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Fig.5: Potential energy surfaces for H diffusion from surface (S) to different sub surface (T1-T4) in Fe, Cr and W(100) surfaces.
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NEB calculations were performed for H atom in hollow position(S)
on the surface to the tetrahedral site in the various layers of the sub
surface (T1, T2, T3 and T4) underneath the surface. Penetration of
H from surface to membrane bulk in the case of Fe, Cr and W(100)
surfaces were presented in Fig.5. From the calculations it is
observed that the penetration H isotopes follows the following
trend, Eypr (Wsr) > Eypr (Crsyy) > Eypr (Fesyy). Further the
absorption energies of Hisotopes in bulk Fe, Crand W are calculated
and presented in Table 2. From Table 2 it is observed that the H
absorptionin bulk W is more endothermic than Crand Fe.

Diffusion of H through the membrane bulk

The diffusion of H and its isotopes is determined using
transition-state theory with harmonic approximation[63] and the

random-walk model [64]. The calculated energy barriers for the
diffusion of H atom from one T, site to nearest T, site in bulk Fe, Cr
and W was presented in Fig.6. The activation energy barrier without
zero point energy correction was found to be 0.193eV for W [3]
which is quite higher compared to pure Fe (0.072 eV) [1] and Cr
(0.15eV) [2].

Further, to study the effect of temperature on diffusion, the
diffusion constants are evaluated at different temperatures using
simple Arrhenius equation. The results are presented in Fig.7. From
figure, it is observed that the diffusion coefficients of H, D and T are
found to be increased with increase in the temperature in case of Fe,
Crand W. The diffusion coefficients for H in W [3] are lower than for
H in Cr [2] and H in Fe[1] and thus might be the reason for
considering as plasma facing materials in fusion reactors.

Table 2. Absorption energies (E,,) for hydrogen atoms in bulk Fe, Cr and W.

Bulk Fe Cr W
Vyg-H, 0.40 (0.44,0.43,0.42)  0.927 (1.008,0.985,0.972) 1.285 (1.400,1.367,1.350)
Myg-H,  0.20(0.20,0.26,0.24)  0.718 (0.847,0.810,0.791)  0.909 (1.030, 0.995, 0.977)
Ms4-H, 0.43 (0.41,0.42,0.42) 1.040 (1.107,1.088,1.077)  1.156 (1.267, 1.236,1.219)
Ms4-H; 0.18 (0.29,0.26,0.23)  0.818 (0.945,0.909,0.890) 0.768 (0.887, 0.853, 0.835)
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Fig.6: Energy profile for H diffusion from T-T site in bulk Fe , Cr and W.
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Permeation and solubility of H, isotopes in membrane bulk

The gas permeability (®) can be computed using the well known
relation [65] as given by the following expression:

@=1%K.(T)D

where K,(T) is the Sieverts constant represents solubility and D is
the diffusion coefficient. The calculated values of ® for H,, D,and T,
in Fe, Crand W at different temperatures are presented in Figure. 8
and respective solubility presented in Figure. 8 and respective
solubility S, values are presented in Figure. 9. The permeability
coefficients of H, is found to be higher compared to its heavier
isotopes as expected due to its smaller mass with respect to D and
T. Also, the permeation coefficients for H, in W [3] are lower than
for H, in Cr [2] and H, in Fe [1]. Further, solubility of H, isotopes in
Fe, Crand W followed the similar trend of diffusion and permeation.

Conclusions

DFT calculations were performed to investigate the interaction
and dynamical behaviours of hydrogen isotopes in pure bce Fe, Cr
and W. The adsorption and dissociation pathways for hydrogen
isotopes were predicted on (100) surface of Fe, Cr and W. The
dissociative adsorption energies of hydrogen isotopes onthe (100)
surfaces were found to be in the order of E,, (Fe) < E,, (Cr) < E,4 (W).
Further, the penetration of H isotopes follows the trend, E,, p r (W.11)
> Eyp1(Crsqy) > Eypr (Fes). The activation energy barrier without
zero point energy correction was found to be 0.193 eV for W which
is quite higher compared to that for pure Fe (0.072 eV) and

Cr (0.150 eV). Thus, the addition of Cr in Fe-Cr alloy helps in
reducing permeation of H isotopes. The present observation is in
correspondence with the experimentally observed low diffusivity of
hydrogen in Fe-Cr steels. The calculated diffusion coefficients,
permeability constants and solubility are found to be higher for H
compared to its heavier isotopes D and T. The diffusion, permeation
and solubility coefficients for Hin W are lower than for Hin Crand H
in Fe. Further, the calculated diffusion coefficients are shown to be
lowest for W and thus might be the basis for considering W as
plasma facing materials.
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