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Abstract. In a fusion tokamak, the plasma of hydrogen isotopes is in contact with

tungsten at the surface of a divertor. In the bulk of the material, the hydrogen

concentration profile tends towards dynamic equilibrium between the flux of incident

ions and their trapping and release from defects, either native or produced by ion

and neutron irradiation. The dynamics of hydrogen exchange between the plasma

and the material is controlled by pressure, temperature, and also by the energy

barriers characterizing hydrogen diffusion in the material, trapping and de-trapping

from defects. In this work, we extend the treatment of interaction of hydrogen with

vacancy-type defects, and investigate how hydrogen is trapped by self-interstitial atom

defects and dislocations. The accumulation of hydrogen on dislocation loops and

dislocations is assessed using a combination of Density Functional Theory (DFT),

Molecular Dynamics with empirical potentials, and linear elasticity theory. The

equilibrium configurations adopted by hydrogen atoms in the core of dislocations as well

as in the elastic fields of defects, are modelled by DFT. The structure of the resulting

configurations can be rationalised assuming that hydrogen atoms interact elastically

with lattice distortions and that they interact between themselves through short-range

repulsion. We formulate a two-shell model for hydrogen interaction with an interstitial

defect of any size, which predicts how hydrogen accumulates at defects, dislocation

loops and line dislocations at a finite temperature. We derive analytical formulae

for the number of hydrogen atoms forming the Cottrell atmosphere of a mesoscopic

dislocation loop or an edge dislocation. The solubility of hydrogen as a function of

temperature, pressure and the density of dislocations exhibits three physically distinct

regimes, dominated by the solubility of hydrogen in a perfect lattice, its retention at

dislocation cores, and trapping by long-range elastic fields of dislocations.
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1. Introduction

Hydrogen is present in many environments, where it penetrates into metals, diffuses,

forms hydrides or gets trapped at defects and dislocations in the microstructure, and

at grain boundaries or interfaces between precipitates and the matrix. The mechanical

properties of materials can be strongly affected by the presence of hydrogen through

a phenomenon known as hydrogen embrittlement. A closely related issue, particularly

pertinent to fusion, is tritium retention. This is a major challenge in the field of fusion

technology [1] since it affects the safety of operation, as tritium is radioactive, and is

significant in the context of tritium self-sufficiency, because a fusion power plant is ex-

pected to produce its own tritium.

The amount of hydrogen dissolved in a metal as a function of temperature and

external pressure is given by the solubility law derived in Ref [2]. Experimental mea-

surements of hydrogen solubility by Frauenfelder [3] and other groups were reviewed

recently in [4], but the data span only the high temperature interval from 1100 K to

2400 K. The solubility of hydrogen in tungsten is low, but it increases with temperature,

in agreement with the positive value of solubility energy of 1.04 eV[3], which is close to

theoretical predictions [5]. Defects and impurities are believed to introduce sites with

lower solubility energies. According to Ref [4], the solubility of hydrogen in a W-5%

rhenium alloy, measured by Benamati at temperatures close to 850 K, is more than

one order of magnitude higher than what is expected from the extrapolation of Frauen-

felder’s expression [3]. So far, it remains unclear whether the difference comes from

the presence of rhenium or from structural defects that trap hydrogen at this relatively

low temperature. Rhenium-vacancy clusters formed under irradiation[6] may provide

additional traps for hydrogen.

Various models for hydrogen retention assume that it is confined at point static

traps characterized by a single value of binding (or trapping) energy [7]. Release of

hydrogen from traps is thermally activated. In a Thermal Desorption Spectroscopy

(TDS) experiment, the outgassing curve exhibits a peak at a characteristic tempera-

ture. It is possible to establish a linear relation between the trapping energy and the

peak temperature of desorption, where the proportionality coefficient depends mainly

on the temperature ramp [8]. In this work, we extend the treatment beyond the as-

sumption of point traps, and describe interaction of hydrogen with self-interstitial type

defects and dislocations. Self-interstitial defects also form dislocation loops, which are

characterized by a range of trapping energies [9] and may accumulate many hydrogen
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atoms. Hydrogen may form dense atmospheres around dislocation loops, creating exten-

sive traps similar in their capacity to vacancy clusters [10]. This may prove particularly

significant in tungsten, where large dislocation loops can be generated during cascade

collapse[11, 12].

Theoretical calculations describing the interaction of hydrogen with screw and edge

dislocations have been reported in Ref [13, 14, 15, 16] for W and in Ref [17, 18] for

Fe. Hydrogen at dislocations in cold-worked steel has been experimentally studied in

[19], and hydrogen accumulation on dislocations has been also studied in Pd [20]. The

hydrogen interaction with defect in metals is an example of solute-defect interaction. In

Ref [21], a comparison of atomistic approach and the elasticity theory revealing that the

anisotropy due to the distortion induced by the interstitial carbon in iron must be taken

into account. In the framework of thermodynamics for solute-defect interaction[22, 23],

Kirchheim developed a theoretical approach and gave an experimental validation

of hydrogen segregation on extended defects like grain boundaries, dislocation and

vacancies. Hydrogen segregation on dislocations changes their mobility [24, 25] and

consequently, the mechanical properties of the material. Still, the general availability

of DFT data for the case of interaction of hydrogen with self-interstitial type defects in

tungsten is scarce [26].

In Ref [27], ranges of binding energies associated with the interaction between

hydrogen and interstitial defects and dislocation loops, and hydrogen interacting with

vacancy type defects, were deduced from TDS experiments. Binding energies in the

interval from 0.4 eV to 0.8 eV were attributed to interstitial type defects. Our theoretical

analysis given below broadly supports this interpretation.

In the studies of deuterium retention in tungsten, two main aspects of the retention

phenomenon were identified:

On the one hand, exposure of tungsten to a deuterium plasma of low energy at high

flux and high dose reveals that traps are created and modified as exposure to plasma

increases, producing blisters [28, 29] and a high density of dislocations [30]. Nano-

bubbles formed in the vicinity of dislocation lines are assumed[14] to serve as precursors

for blisters. This conclusion is supported by simulations reported in Refs [31] and [32].

On the other hand, in self-ion-irradiated [33] and neutron-irradiated tungsten [34],

both vacancy and interstitial defects form, and as a result it is the interplay between

these defects that controls hydrogen retention. A recent review of progress in modelling

irradiated tungsten can be found in Ref [35]. In Ref [36], it was found that dislocation

loop density and deuterium retention in self-ion irradiated tungsten were correlated.

A comparison between ion- and neutron- damaged material also shows that a simple

estimate based on the total irradiation dose does not capture all the hydrogen retention

features, suggesting that evolution of defect microstructure as a function of time and

temperature plays a significant part in the dynamics of hydrogen retention and release.

Indeed, TDS experimental data exhibit a larger and broader desorption peak, extend-

ing to 1000 K in the cases where the material was neutron irradiated, as compared to
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ion damaged material for the equivalent dose. A model developed by Merrill et al [37]

for interpreting such observations assumed a distribution of binding energies but the

nature of the traps was not clarified. Microstructure was assumed to remain static even

though its evolution with temperature has been demonstrated in work by Shimada et

al [38]. When temperature increases, defects move, recombine, form clusters and loops,

or are eliminated at interfaces. These processes change the concentration and nature of

hydrogen traps. Ferroni et al [39] showed that dislocations and defects produced by the

exposure of tungsten to 2 MeV self-ions evolve as functions of time and temperature.

A large density of dislocation loops was observed by transmission electron microscopy,

but this density diminished by a factor of three in the temperature interval from 500◦C

to 800◦C, suggesting that microstructural evolution also occurs in hydrogen desorption

TDS experiments.

Models, such as HIM [40], MHIMS-reservoir [41] and TESSIM-X [42, 43] can de-

scribe hydrogen retention in an evolving microstructure in W. The models distin-

guish between hydrogen retention in vacancy and interstitial defect types. A suit-

able description of vacancy defect properties derived from DFT calculations is given

in [26, 44, 5, 45, 46, 47, 48]. Results of atomic simulations performed using empirical

potentials are given in Refs [49, 50, 51]. The available values of binding energy of a

hydrogen atom to interstitial defects relies mainly on studies of single configurations of

a hydrogen atom interacting with a self-interstitial atom (SIA) defect, see Ref [52, 5].

Schmid et al [42, 43] have made significant advances in the development of models for

isotopic exchange, highlighting the role of weakly bound sites associated with saturable

traps. An apparent synergy between deuterium retention and defect generation and

evolution was reported in [53]. In [54], desorption of hydrogen was triggered by plastic

deformation and the associated motion of dislocations. Also, a strong reduction of hy-

drogen diffusivity was predicted in the high hydrogen concentration limit [55].

Here we investigate how hydrogen interacts with interstitial type defects and

dislocations. After this introduction, the second section of the paper is an atomistic

study of the interaction of hydrogen atoms with interstitial defects, using DFT and

empirical potentials. First, we study in detail the interaction of an H atom with a single

self-interstitial atom (SIA) defect. Secondly, we decorate a single SIA with several H

atoms. We consider the short-range repulsion between pairs of hydrogen atoms, and

investigate the formation of a hydrogen atmosphere containing twelve or more hydrogen

atoms. In the final part of the second section, we consider the interaction of an H atom

with small SIA clusters, interstitial loops and a screw dislocation.

In the third section, we develop a practical multiscale modelling approach informed

and parameterized by the atomistic study. Firstly, we develop a two-shell pairwise

model. Assuming thermodynamic equilibrium conditions, we derive an estimate for the

number of hydrogen atoms trapped by an mSIA defect as a function of temperature,

and hydrogen concentration in a perfect lattice, treating it as a hydrogen reservoir for

the Cottrell atmospheres[56] of defects and dislocations. Secondly, we derived analytical



Multiscale modelling of the interaction of hydrogen with interstitial defects 5

formulae describing hydrogen retention by an interstitial dislocation loop and an edge

dislocation. This also includes a simple regularizing procedure describing the interaction

between the hydrogen atmosphere and the core of a defect or a dislocation. In the final

part of the third section, we show how the analytical solutions give simple and tractable

expressions for hydrogen solubility in a metal in the presence of defects. The first regime,

corresponding to the high temperature (or low concentration) limit and conditions

characterizing Frauenfelder’s experiments [3], hydrogen retention is dominated by its

solubility in the perfect lattice. The second, intermediate, regime is where hydrogen is

trapped only very close to the dislocation cores, and where elastic fields play a minor

role. Tungsten has such a high hydrogen solubility energy that elastic trapping around

defects and dislocations is unlikely to be observable under equilibrium conditions. At the

same time, plasma loading may raise the background hydrogen concentration sufficiently

high, and in this case a significant amount of hydrogen may be temporarily retained

in the form of dense Cottrell atmospheres around dislocations. The third regime is

the low temperature (or high concentration) limit, where there is significant trapping

of hydrogen in the form of Cottrell atmospheres, trapped at dislocation cores and by

elastic fields of dislocations.

The last section of this paper addresses the range of validity of our models. The

models show that trap mutation, in the form of spontaneous ejection of a vacancy

from an interstitial defect, is not energetically favourable, even in the core of a

large dislocation loop. We also investigate changes in the electronic charge density

around 1H.1V, 1H.1SIA and 12H.1SIA hydrogen-defect complexes, which show that the

accumulation of H atoms at defects is well described by the two-shell model.

2. Atomic scale models

In this section we compute binding energies characterizing the interaction between

hydrogen atoms and self-interstitial atom defects, small self-interstitial atom clusters

and dislocation loops, at 0 K, using Density Functional Theory. We compare ab initio

results with similar calculations performed using empirical potentials (EP).

2.1. Interaction of an H atom with a single self-interstitial atom

In an otherwise perfect bcc tungsten lattice, DFT calculations show that a hydrogen

atom occupies a tetrahedral (1/4, 1/2, 0) site, with the formation energy of +0.95 eV,

rising to 1.09 eV if the zero-point energy (ZPE) corrections are included [5, 45]. This

value is in agreement with Frauenfelder’s experimentally measured value of 1.04±0.17 eV

[3]. Because of this strongly endothermic dissolution energy, in the absence of strongly-

binding traps, hydrogen concentration in bulk tungsten is expected to be relatively low.

We start our analysis with a detailed study of interaction between a single hydrogen

atom and a single SIA configuration, the 〈111〉 dumbbell.

In Ref [52], we found the hydrogen-SIA binding energy Eb(1H.1SIA) = 0.33 eV.
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The binding energy is defined in [57] as

Eb(nH.mSIA) = nE(H) + E(mSIA)− E(nH.mSIA), (1)

where E(nH.mSIA) is the energy of a supercell with nHatoms decorating an mSIA defect

and E(H) and E(mSIA) are the energies of supercells containing one hydrogen atom

in a tetrahedral site and an mSIA defect, respectively. Here the term “energy” refers

to energy or enthalpy, depending on whether the calculation was performed assuming

constant volume or constant (zero) pressure.

A 1H.1SIA configuration is shown in figure 1. A hydrogen atom sits in a cubic

cell next to the one that contains the dumbbell, and the H atom has 5 nearest W

atoms, one of them being one of the dumbbell. More hydrogen-dumbbell configurations

have been investigated. We used VASP [58] and PW91 exchange-correlation functional

[59], assuming the cut-off energy of 350 eV and a 2×2×2 k-points mesh. Our

DFT calculations were performed at constant volume and corrected using the elastic

correction scheme described in [60] with elastic constants C11 = 522.8, C12 = 203.5

and C44 = 160.7 GPa. We do not include the zero point energy corrections. The

box size for the dumbbell calculations was 5 × 5 × 5 unit cells, containing 250+1 W

atoms. Calculations with other box sizes and k-points meshes have also been carried

out. The convergence of calculations will be detailed elsewhere, as it does not affect the

development of the model reported here.

We only report binding energies for fully relaxed configurations, where the hydrogen

atom is slightly displaced from ideal interstitial locations. Still, it is convenient to

discuss atomic geometry in terms of ideal lattice reference sites. A hydrogen atom

near a dumbbell occupies tetrahedral interstitial sites. To understand the geometry of

equivalent sites and the associated binding energies, note that the 24 (±1/4,±1/2, 0)

and 24 (±3/4,±1/2, 0) tetrahedral sites nearest to (0,0,0), the centre of the dumbbell,

form a set of eight hexagonal rings, evenly spaced along the dumbbell axis, with varying

radii ρ, as illustrated in figure 1b (and also indicated by small coloured cubes in figure

1a). The smallest rings with ρ = a0/
√

8 (where a0 is the lattice parameter) contain

twelve non-binding sites (green cubes). The rings at ρ = a0
√

7/24, z = ±5a0/4
√

3

contain the twelve most binding sites, with Eb(1H.1SIA) = 0.27 eV (red cubes). The

difference between this result and that quoted in Ref [52] is due to the simulation cell size

and the number of k-points grid. The rings at z = ±a0/4
√

3 contain 12 slightly weaker

bound sites, with the inner rings (ρ = a0
√

7/24) characterized by the binding energy of

0.23 eV (blue cubes). More binding energies as a function of the lateral distance from

the dumbbell are shown in figure 2.

The same calculations have been performed using empirical potentials. For our

empirical potential calculations we used LAMMPS [61] and several empirical potentials:

the BOP potentials by Juslin et al [62] (BOPJ), the BOP potentials by Li et al [63]

(BOPL) and two EAM potentials by Bonny et al [49] (EAM1 and EAM2). These last two

define W-H interactions with a common W-W interaction given by Marinica et al [64].

A box containing 20 × 20 × 20 unit cells was used. Similarly to the DFT calculations,
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a)

b)

Figure 1. (a) The most stable 1H.1SIA configuration and other tetrahedral sites.

The red, blue and green small boxes indicate equivalent sites of decreasing binding

energy. The SIA defect forms the dumbbell of two red atoms encapsulated in the

semi-transparent surfaces. (b) (±1/4,±1/2, 0) and (±3/4,±1/2, 0) sites form eight

hexagonal rings evenly spaced along the z-axis with varying radii ρ, as indicated. The

positions are symmetric about the z = 0 plane. The dashed vertical line indicates the

effective ‘radius’ of the dumbbell (see equation 5).

we used constant volume relaxation and the image elastic correction scheme [60]. Small

changes in elastic constants between the potentials (see table 2.1) had a negligible effect

on numerical results. Likewise, the variation of the elastic constants resulting from

the addition of a hydrogen atom to the simulation cell had a negligible effect on the

computed values.

Binding energies, computed using the empirical potentials, are given in figure 2.

The BOPJ potential incorrectly places the 〈110〉 dumbbell 1.72 eV lower in energy than

the 〈111〉 dumbbell, and so it has been excluded from the single dumbbell study. EAM1

correctly reproduces the maximum binding energy but underestimates interaction at

long range. EAM2 overestimates the binding energy but correctly reproduces the long-

range interaction, and BOPL overestimates both the binding energy and long-range

interaction. We shall demonstrate in sections 3.1 and 3.2 that the long-range interaction

energy is due to elastic field of the SIA defect and is proportional to the relaxation

volume of a hydrogen interstitial atom.

2.2. Interaction of several H atoms with a single SIA

In the preceding section, we computed interaction between a single H atom and a single

〈111〉 dumbbell SIA. We showed that the D3d symmetry of the dumbbell, coupled with

the observation that H atoms occupy tetrahedral sites near a single SIA, gives rise to
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Figure 2. The binding energy of a 1H.1SIA configuration as a function of the lateral

distance between an H atom and a self-interstitial dumbbell calculated using DFT,

empirical potentials, linear elasticity (LE, see section 3.2) and the two-shell model (TS

Model) (see section 3.1).

DFT EAM1 EAM2 BOPJ BOPL 2-shell

Eb (eV) 0.27 (0.33∗) 0.27 0.43 0.71 0.43 0.28

Ωrel
H /Ω 0.15 0.06 0.15 0.11 0.44 0.15

C11 (GPa) 537.4 523 523 515 542 537.4

C12 (GPa) 188.2 203 203 203 191 188.2

C44 (GPa) 153.7 160 160 163 162 153.7

a0 (Å) 3.17 3.14 3.14 3.16 3.16 3.165

Table 1. Elastic constants, maximum binding energies and relaxation volumes

calculated using DFT and EPs. Values of relaxation volume are reported as a multiple

of atomic volume Ω = a30/2. The elastic constants computed using DFT are taken

from ref [65]. ∗0.33 eV reported in [52] was obtained using a 3×3×3 set of k-points

and a 128 atom box. Our result, 0.27 eV, is for a 2×2×2 set of k-points and a 250

atom box. For the two-shell model (see section 3.1) the relaxation volume and elastic

constants are input parameters, and the maximum binding energy has been computed.
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1NN 2NN 3NN 4NN 5NN 6NN

A B C D E E’

d (l.u.) 0.3 0.5 0.6 0.7 0.8 0.9

d (Å) 1.1 1.6 2 2 2.5 2.7

EAM1 -0.47 -0.16 -0.06 -0.02 -0.02 -0.02

EAM2 * -0.11 -0.05 -0.11 -0.20 -0.14

BOPJ -0.50 -0.14 -0.1 -0.05 -0.01 0.00

BOPL -0.63 -0.16 -0.13 -0.19 -0.15 -0.11

DFT -0.47 -0.11 -0.03 0.01 0.00

2-shell -0.47 -0.11 0 0 0 0

Table 2. H-H pair binding energy (in eV) in bcc tungsten predicted by DFT and

empirical potentials. Repulsive configurations are shown in bold. The two-shell model

(see section 3.1 takes H-H repulsive energies as input. ∗- highly unstable non-binding

configuration.

hexagonal rings of equivalent sites, with the most binding four rings (twenty four sites)

having the binding energy in the range Eb ∼ 0.23−0.27 eV. To understand the multiple

hydrogen and single defect configurations, we propose a decomposition of the binding

energy of n H atoms to a defect into several object pairwise components and a many-body

correction.

Eb(nH.mSIA) =
n∑
i=1

Eb(H
(i).mSIA)

+
1

2

n∑
i=1

∑
j 6=i

Eb(H
(i).H(j))

+ ∆Eb(H
(1).H(2) . . .mSIA) (2)

The first term is a sum of pairwise contributions made by the ith H atom and the SIA

defect. The second term is a sum of H-H pairs. We now show that the many-body

correction, ∆Eb(H
(1).H(2) . . .mSIA), is small and we neglect it in the two-shell model

developed in section 3.1.

First we consider the pairwise H-H interaction. Interaction energies of H-H pairs

in perfect bcc tungsten as a function of their separation distance have been reported in

Ref [52] and are summarised in table 2.2, together with the values computed using EPs.

DFT predicts that the H-H interaction is mainly repulsive between the first nearest

neighbour (1NN) and second nearest neighbour (2NN) pairs, which is reproduced by

EAM1. EAM2 and BOPL predict long range repulsion, which is difficult to justify.

The repulsive interaction between H atoms suggests that they would not spontaneously

accumulate, unless trapped by a defect. This is different to the case of He atoms in

tungsten, where He atoms exhibit clustering and self-trapping by trap-mutation [66].

Next we consider the 2H.1SIA system and equation 2 becomes

Eb(2H.1SIA) = Eb(H
(1).1SIA) + Eb(H

(2).1SIA) + Eb(H
(1).H(2))

+ ∆Eb(H
(1).H(2).1SIA) (3)
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where the first two terms depend on the H-SIA distances and the third term depends

on the H-H distance. One H atom was placed on one of the twelve most binding

sites, and a second placed in one of the other twenty-three strongly binding sites. To

this systematic set, a further ten randomly generated configurations with the H atoms

placed up to 3Å from the centre of the dumbbell were added. The results are shown

in figure 3. The small scatter of the points (<0.1eV) demonstrates that we can indeed

treat the many-body energy correction ∆Eb(H
(1).H(2) . . . 1SIA) as small compared to the

pairwise energy. This demonstrates that the many-body interaction H-SIA-H is small.

This is one of the key results of this work.

To identify the many-body part of the interaction, we decorated a 〈111〉 dumbbell

with an increasing number of H atoms, varying the number of hydrogen atoms from

3 to 20. The multiplicity of arranging n hydrogen atoms on tetrahedral sites means

that we cannot explore all the configurations exhaustively, and instead need to generate

a sample set of atomic structures. A set of sample configurations was generated by

randomly populating tetrahedral sites up to 2a0 from the centre of the dumbbell, then

relaxing them with EAM2. The most bound configurations were then passed on to

DFT calculations. Altogether, more than 500 distinct configurations were computed

with DFT. The total binding energy increases from 1.2 eV for n = 4 to 6 eV at n = 20

but exhibits significant variations depending on the configuration of H atoms around

the SIA, as seen in figure 4. The effect of DFT box size and k-points will be detailed

elsewhere, and has no bearing on the development of the model described here.

We supplemented the above investigation with a systematic study of a 12H.1SIA system,

populating the twenty four most binding sites found in section 2.1 with all the

configurations of twelve H atoms, where no pair of H atoms were in the nearest neighbour

positions. The results are shown in figure 4. For 12H.1SIA, the maximum binding

energy configurations are where three hydrogen atoms are added to each of the four

most-binding hexagonal rings (see figure 1), with three H atoms on each ring forming an

equilateral triangle. This is the only way to populate the available sites, excluding 1NN

and 2NN H-H pairs. Rotating the rings varies the 12H.1SIA binding energy through 2.4

eV, 2.9 eV and 3.2 eV, with the most favourable configuration for H atoms corresponds to

them being aligned along [111] rows during the relaxation. We note that the maximum

binding energies computed for the nH.1SIA system with DFT increase roughly linearly

with n up to n = 12. This further validates the fact that the many-body interaction

∆Eb(H
(1).H(2) . . . 1SIA) is small and that the 1NN and 2NN H-H pair exclusion also

applies to nH.1SIA.

2.3. Interaction of an H atom with an mSIA defect.

In this section we consider interaction between a single H atom and large

mSIA interstitial clusters and loops, with m ={4,10,19,37}. VASP calculations similar

to those described in the preceding sections were used to compute the energies, but with

the box size now extending up to 9× 9× 9 unit cells to reduce box size effect. We also
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Figure 3. (a) Binding energy of a 2H pair in perfect bcc lattice and in 2H.1SIA as

a function of the H-H distance after relaxation, calculated by DFT. (b) An example

of an energetically unfavourable configuration where the H atoms are in the 1NN

configuration. (c) An example of a binding configuration where the H-H distance is

close to a0. The configurations are shown in the [100] projection and W atoms of the

dumbbell are shown in red. Bonds are shown between H and W atoms separated by

distances shorter than 2.2 Å.

performed calculations using EPs.

Starting with the m = 4 interstitial cluster, we placed an H atom initially in

either tetrahedral and octahedral interstitial sites (with respect to the ideal lattice), as

illustrated in figure 5a. Binding energies evaluated following relaxation, are summarised

in table 2.3.

We next considered a larger m = 10 interstitial loop. The minimum energy

configuration of the loop with a formation energy of 53 eV, according to DFT, has
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Figure 4. a) The binding energy of nH.1SIA calculated by DFT and the maximum

binding energy computed using EPs. Also shown are the maximum binding

configurations with our two-shell model (see section 3.1). b) The most favourable

12H.1SIA configuration by DFT, viewed from the [111] direction. The configuration

has three H atoms in each of the four most binding rings (see figure 1).

Configuration Binding energy Configuration Binding energy

T2 0.27 T3 0.35

O3 0.11 O4 0.30

O5 0.26 O6 0.22

Table 3. Binding energies, in eV units, of various 1H.4SIA configurations illustrated

in figure 5a, calculated by DFT using 4× 4× 4 atom cells and 3× 3× 3 k-points grid.

SIAs arranged as a 7SIA circular loop, plus 3 extra SIAs situated at points (2,0), (1,1)

and (2,-1) in the Bravais lattice in the (111) plane (see figure 6). This loop structure is

also the lowest energy configuration if computed using EPs. The energy of an H atom

initially placed in each of around 6500 tetrahedral sites was computed with EPs; the

result is illustrated in figure 6a-c. There is some variation in the maximum binding

energy, for EAM1 we find 0.41 eV, for EAM2 it is 0.70 eV, for BOPL it is 0.80 eV

and the position of the most bound H atoms does vary - for example, it occupies a

tetrahedral site immediately beyond the loop perimeter but at the shorter side of the

loop for EAM1 and EAM2 while it occupies the longer side of the loop for BOPL and

DFT. As with the 〈111〉 dumbbell, we find that EAM1 has the shortest range and the

lowest binding energy, whereas BOPL has the largest range and the greatest binding

energy. We shall show in section 3.2 that this pattern is globally consistent with elastic

interaction between a self-interstitial atom cluster and an H atom, even though the

treatment of elastic interaction does not account for the non-circular shape of the loop.

Motivated by the empirical potential simulations, we have calculated DFT binding

energies of 50 configurations where a single H atom is close to the perimeter of the

cluster, as illustrated in figure 6b. The maximum binding energy is found to be
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a) b)

Figure 5. (a) Sketch of a 4SIA cluster studied by DFT and the positions where an H

atom has been introduced to calculate the binding energies. (b) The most favourable

1H.19SIA configuration predicted by DFT. White lines show the five nearest W atoms,

which are the four atoms forming the tetrahedral site plus the nearest of the two atoms

of the dumbbell.

a) b)

Figure 6. Map of the energy of interaction between an H atom and a 10SIA loop

calculated using an empirical potential BOPL (a) and DFT (b). The structure is

viewed from a [111] direction, W (resp. H) atoms are shown as large (resp. small)

spheres. Colour scale from blue to red reflects the binding energy.

Eb(1H.10SIA) = 0.57 eV, when an H atom is placed at a perpendicular distance 0.6a0
from the centre of mass of the closest dumbbell. The binding energy decreases to 0.46

eV at 0.85a0 separation, and to 0.25 eV at 1.1a0 separation.

The same approach has been applied to larger prismatic loops using DFT and
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Figure 7. (a) Histogram of binding energies for an H atom in a cylinder around a

10SIA loop computed with EPs. (b) The maximum binding energy as a function of

mSIA and loop size with atomistic models and our two-shell model (see section 3.1).

EP. A sketch of the most binding 1H.19SIA configuration (with DFT) is given in figure

5b. An H atom is near the loop with 4 W atoms at 1.9 Å: forming a tetrahedral site

plus one W atom of the dumbbell at 2.6 Å. The maximum binding energy increases

as a function of loop size, and differences between the DFT and EP values are large

(see figure 7b). According to the DFT results, the maximum binding energy is larger

for the less symmetric 10SIA loop than for a prismatic 19SIA one, but an opposing

trend is predicted by the EPs. Only a small difference is visible between the cases of

19SIA and 37SIA loops, suggesting that the nature of the interaction is similar to that

of hydrogen interacting with an edge dislocation. This is confirmed by the fact that

the distances between an H atom and the five nearest W atoms in the most favourable

1H.19SIA configuration are essentially the same as in a 1H.37SIA.

The results suggest that the maximum binding energy increases with loop size

m, with some variability due to atomic environment around the loop perimeter. The

rate of increase is sublinear, and both DFT and empirical potential results support the

existence of a finite limit to the binding energy at the infinite loop size, corresponding

to the binding energy of an H atom to an edge dislocation line. From the DFT results,

the 0.66 eV binding energy value, which is the value obtained with the m = 37 loop,

should be close to this limit. We performed DFT calculations of the H interaction with

screw dislocations and found that the maximum binding energy is 0.56 eV in agreement

with [13], which is lower than the energy of hydrogen binding to an edge dislocation. We

return to the edge dislocation limit, and its implications, with simplified elasticity-based

models in sections 3.1 and 3.2.
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3. Model for hydrogen retention on interstitial clusters and dislocations

In this section we consider the elastic interaction between an H atom and a dislocation

loop, and the binding of an H atom to a dislocation core, in spatially distinct regions. We

demonstrate that treating the H-defect interaction as purely elastic at large distances is

a good match to the DFT data and empirical potential results. We show where linear

elasticity fails near the dislocation core, and propose a two-shell model (TS) for the

interaction: elastic at long range and fitted to DFT at short range. We compute the

free energy of a nH.mSIA system at finite temperature using thermodynamic integration,

and predict the retention of hydrogen on interstitial defects at a finite temperature.

Using further approximations, we derive simple analytical expressions for the number

of H trapped by dislocation loops and an edge dislocation, giving a simple expression

for H solubility in tungsten as a function of temperature, pressure and the density of

dislocations.

3.1. The two-shell model

The energy of interaction between a dislocation loop with a Burgers vector b and a

point source of dilatation at a separation ~R from the centre of the loop[67] is

U(r, z) = Ωrel
H

bµ

3π

(
1 + ν

1− ν

)
1

D(z, r, ρ)
,

D(r, z, ρ) =

√
z2 + (ρ+ r)2

ρ2−r2−z2
(ρ−r)2+z2 E

(√
4rρ

z2+(ρ+r)2

)
+ K

(√
4rρ

z2+(ρ+r)2

) , (4)

where b = bz, z = ~R · n̂, is the projection of the vector separation on the loop normal,

r =
√
R2 − z2 is the projected distance on the plane, and Ωrel

H > 0 is the relaxation

volume of the dilatation centre representing a hydrogen interstitial atom. K(k) and E(k)

are elliptic integrals of the first and second kinds, respectively. We use the convention

that b is positive for an interstitial loop, and for |~R| � ρ the elliptic integrals may be

Taylor expanded as

K(k) ≈ π

2

(
1 +

k2

4
+

9k4

64
− . . .

)

E(k) ≈ π

2

(
1− k2

4
− 3k4

64
+ . . .

)
.

For an interstitial loop and a point source with positive relaxation volume, such as an

interstitial hydrogen atom, this interaction is attractive outside the loop and in the plane,

and repulsive inside, above and below the loop. U(r, z) is negative when the interaction

is attractive and is the opposite value of the binding energy as defined by equation 1.

Figure 8 show contours of the binding energy of one H atom with a 55SIA (loop radius,

ρ = 1 nm). By anticipation, grey oblongs indicate the core-shell of the loop where

another treatment will be applied.
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Figure 8. Contours of the binding energy of one H atom with an mSIA loop, using

equation 4 for m=55. The plane of the 1/2〈111〉 loop is perpendicular to the Burgers

vector shown in the figure. Note that the interaction energy has the opposite sign to

the binding energy. The attractive region has positive binding energy contours, outside

the loop (red lines, Eb = {0.125, 0.25, 0.5} eV), and the repulsive region has negative

binding energy contours, inside (blue lines, Eb = {−0.25,−0.5,−1.0}eV). The grey

oblongs represent the core region of the two-shell model where the binding energy is

fixed (see text).

For the radius of a circular 1/2〈111〉 loop containing m self-interstitials we use

ρ(m) = a0

√
m√
3π
, (5)

which is also well-defined in the limiting case m = 1.

We can use equation 4 to compute the elastic binding energy of a hydrogen atom to

an interstitial dumbbell; the result is plotted in figure 2. The strength of the interaction

is characterized by the constant prefactor bµ
3π

(
1+ν
1−ν

)
, where µ = 0.99 eV/Å3 is the shear

modulus of tungsten and ν = 0.28 is its Poisson’s ratio. The equations above assume that

the material is elastically isotropic, which is a good approximation for tungsten. The

elastic constants, to which the W-W empirical potentials included in our study are fitted,

vary by at most a few percent. The computed values of the relaxation volume Ωrel
H vary

considerably between the empirical potentials (see table 2.1). EAM1 has the smallest

relaxation volume Ωrel
H = 0.06Ω, and has the weakest long-range interaction, whereas

BOPL has the largest (Ωrel
H = 0.44Ω) and has the strongest long-range interaction.

EAM2 has Ωrel
H = 0.15Ω, in agreement with DFT, and its long-range interaction agrees

with DFT. The interaction between hydrogen and interstitial defects at long range is

elastic in nature, which is confirmed by the DFT and EP.

As a hydrogen atom is brought from infinity in the plane of an interstitial loop,

equation 4 implies that its binding energy increases and becomes divergent on a circle
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a) b)

Figure 9. a) A sketch of the geometry of the dislocation loop in our TS model. ρ is

the loop radius, δ is the core or minor radius and zc is the longitudinal extension. b)

A low energy configuration of an m=55 loop (ρ = 1 nm) decorated with 316 H atoms

found by Metropolis Monte Carlo. The H atoms are coloured by binding energy; the

most binding H atoms are red (0.75 eV binding energy) inside the core region, scaling

through green (0.5 eV) to blue (0.1 eV) in the elastic region.

of radius ρ(m) aligned with the loop. This unphysical behaviour originates from the

continuum elasticity approximation; the dislocation core must be handled differently.

Equation 4 could be regularized, or gradient elasticity[68, 69] could be used. Because

the core region concerns only a limited number of sites, our approach is to propose a

simple two-shell model, with a core region close to the dislocation loop perimeter at

ρ(m), and linear elasticity beyond. Within the core region we constrain the binding

energy to not exceed the minimum (resp. maximum) values on the outer (resp. inner)

surface.

It is desirable to describe the core region with as few adjustable parameters as

possible. We propose that the core region is not simply a torus, but instead has greater

extension in the direction along the Burgers vector. A fat-walled tube is obtained using

a toroidal building block with major radius ρ and minor radius δ and translate it a

longitudinal extent ±zc along the loop normal. The energy of H within the core is

Ucore(r, z) = min [U(ρ+ δ, 0),max {U(ρ− δ, 0), U(r, |z| −min(|z|, zc))}] .(6)

The geometry of the two-shell model is illustrated in figure 9a. Figure 2 shows that linear

elasticity is a good match to DFT in the plane of a 〈111〉 dumbbell beyond a separation

of a0, or about 0.4a0 outside the radius ρ(m = 1). Varying the minor radius δ of the core

region shows that we have a good fit to DFT results for the maximum binding energy

Eb(1H.mSIA) in figure 7 if we set δ = 0.4a0. For a quick indication of the numerical

values, the maximum binding energy of the two-shell model can be approximated by

Eb(1H.mSIA) ≈ 0.1069 log(19.861m) eV ±1% for 4 ≤ m ≤ 50. Comparison of the

two-shell model to the 1H.1SIA binding energies computed by DFT gives a best fit

zc = 0.8a0, which just encloses the most binding sites of figure 1.

The final part of the two-shell model is the short-range H-H pairwise repulsion,

which we take as the DFT values +0.47 eV for two H atoms at nearest tetrahedral
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sites, +0.11 eV for a pair at next nearest tetrahedral sites and zero outside. We have

not parameterized octahedral sites, and we neglect many-body interactions. Note that

the two-shell model does not consider the enthalpy of formation of the defect or the

hydrogen atoms, only the interaction energy in the H + defect system.

With this model, the energy for any system of (idealised) self-interstitial clusters

or loops and H atoms on tetrahedral sites can be estimated. The number of H

atoms retained on an interstitial defect can be computed at finite temperature by

direct computation of the free energy of the nH.mSIA system, then searching for the

equilibrium point where the chemical potential of hydrogen atoms in the interacting

hydrogen plus loop system equals the chemical potential of hydrogen in a distant

reservoir. The free energy is evaluated using thermodynamic integration [70]. Consider

scaling the magnitude of all interactions between H atoms, and between H atoms and

a dislocation loop, with a single parameter 0 ≤ λ ≤ 1, so that λ = 0 corresponds

to the non-interacting system and λ = 1 corresponds to the fully-interacting system.

The internal energy of a particular microstate s is then Uλ(s) ≡ λU1(s). The partition

function Qλ ∼
∑
s exp (−λU1(s)/kBT ), and the free energy is Fλ = −kBT ln (Qλ). Then

∂Fλ
∂λ

=

∑
U1 exp (−λU1/kBT )∑

exp (−λU1/kBT )
≡ 〈U1〉T/λ. (7)

Integrating this expression gives the fully-interacting free energy F1(T ),

F1(T ) = F0(T ) +
∫ 1

λ=0
〈U1〉T/λdλ = F0(T ) + T

∫ ∞
T

1

T ′2
〈U1〉T ′dT ′. (8)

F0(T ) is the free energy in the non-interacting limit, which for n randomly placed

hydrogen atoms in a box of N atoms (6N tetrahedral sites) is

F0(n;T ) = −kBT ln

(
(6N)!

(6N − n)!n!

)
. (9)

Again, we note that this expression does not include the enthalpy of formation of the

hydrogen + defect system.

In order to estimate < U1 >T ′ , and consequently, F1(n;T ), n hydrogen atoms

were randomly placed in a box of N = 30 × 30 × 30 primitive bcc unit cells with

periodic boundary conditions and a single loop of size m. 8× 105 × n Metropolis steps

were taken at each temperature, T ′, reducing from 2000 K to 50 K in steps of 50 K,

where each Metropolis step considered moving one H atom to an adjacent tetrahedral

site. Thirty independent runs were undertaken and the results merged. At the lowest

temperature, the H atoms find strongly binding positions. The maximum binding energy

for nH.1SIA is plotted in figure 4a. The maximum binding energy for 1H.mSIA is plotted

in figure 7b. The lowest energy configuration found for 316H.55SIA is illustrated in figure

9b.

The chemical potential is µλ(n;T ) ≡ Fλ(n+1;T )−Fλ(n;T ). For a distant reservoir

with a low concentration of hydrogen equal to cH we can take the non-interacting limit

and write µ0(cH ;T ) ' kBT ln cH . The chemical potential for an interacting system,

µ1(n;T ) = F1(n + 1;T ) − F1(n;T ), is computed from equation 8. In figure 10 we find
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Figure 10. The number of H atoms trapped, on left: by a 〈111〉 dumbbell, centre:

by a small m = 19 loop, right: by a loop of radius 1 nm (m = 55) visible in a

transmission electron microscope. Points: matching chemical potentials with a distant

reservoir (cH = 10−9) using thermodynamic integration of the two-shell model. Solid

lines: numerical integration of equation 10 (see section 3.2). Dashed lines: analytical

estimate using equation 16.

the number n of hydrogen atoms in the interacting system which will be in equilibrium

with a concentration cH in a distant reservoir. This number is plotted as a function of

temperature.

We see that a 〈111〉 crowdion (m = 1) can trap a large cloud of hydrogen atoms

at cryogenic temperature, but by room temperature is unlikely to store any hydrogen

even in its core region. The increase in entropy gained by releasing hydrogen into the

bulk more than outweighs the small binding energy even at modest temperatures. A

2 nm diameter dislocation loop (m = 55) can store multiple H atoms up to higher

temperatures, provided it is in contact with a high-concentration reservoir. If this

reservoir is removed, for example by pumping down the external hydrogen partial

pressure in a vacuum chamber under equilibrium conditions, then hydrogen atoms will

detrap.

3.2. The Cottrell atmosphere of dislocation loops and edge dislocations

In this section we derive formulae describing the retention of hydrogen by elastic fields of

interstitial defects, interstitial loops, and edge dislocations. We provide both numerical

estimates and analytical expressions for the number of hydrogen atoms retained by

small and large prismatic dislocation loops that are similar to the loops produced by

irradiation.

Assuming that once a hydrogen interstitial occupies a certain exclusion volume

ΩH , it is forbidden for other hydrogen atoms to occupy the same volume, the spatially-

dependent concentration of hydrogen atoms around an interstitial defect or a dislocation

is given by the Fermi distribution [71, 72, 73]

c(~R) =
cH exp(−U(~R)/kBT )

1 + cH
[
exp(−U(~R)/kBT )− 1

] . (10)
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Here U(~R) is the energy of interaction between a defect and a hydrogen atom at point
~R, cH is the asymptotic concentration of hydrogen atoms far away from a defect or a

dislocation, defined in terms of the number of hydrogen atoms occupying a unit of the

size of exclusion volume ΩH . The chemical potential of non-interacting hydrogen atoms

in the perfect lattice is µ0 = −kBT ln(1/cH − 1), which in the limit of cH � 1 can be

approximated as µ0 = kBT ln(cH) and

c(~R) =
1

1 + exp
(
U(~R)−µ0
kBT

) .
The maximum concentration of hydrogen corresponds to the case where all the next-

nearest-neighbour tetrahedral sites are occupied. Since we can fit six hydrogen atoms

into a cubic unit cell of volume a30 = 2Ω, we arrive at the following estimate for the

exclusion volume ΩH = Ω/3.

Equation 10 shows that iso-surfaces of constant energy are also iso-surfaces of

constant equilibrium concentration (c.f. figure 8). In a volume, enclosed by the surface

defined by condition c(~R) = 1/2, all the sites available for the occupation by hydrogen

are occupied with probabilities higher than 1/2 [72, 73]. Outside this surface the

concentration of hydrogen rapidly decreases to the equilibrium asymptotic bulk value

cH � 1, determined by the experimental boundary conditions. If the volume enclosed

by this 1/2 equilibrium concentration, around defect is Vc>1/2 then the estimate for the

number of hydrogen atoms retained by the defect is N = Vc>1/2/ΩH

We first consider the retention of hydrogen in the core region of a defect or a

dislocation. The binding part of the core region (excluding the end caps for simplicity) is

a cylinder with inner radius ρ, outer radius ρ+δ and length 2zc, a volume Vcore ' 4πρδzc.

A hydrogen atom within this cylinder has a constant energy Ucore. The number of

hydrogen atoms trapped in the core, per unit length of the dislocation forming the loop

perimeter, is therefore

ncore =
2δzc
ΩH

1

1 + exp
(
Ucore−µ0
kBT

) . (11)

Outside the core region, equation 4 can be used for computing the energy of

interaction, in order to evaluate the trapping volume Velas numerically.

Velas =
∫
exc.core

Θ
(
µ0 − U(~R)

)
d3 ~R, (12)

where Θ(x) is the Heaviside function. We note that the condition µ0 = U(~R) is

equivalent to c(~R) = 1/2. This surface is analogous to the ‘Fermi surface’ defined in

the context of the Thomas-Fermi model for the electronic structure of an atom. Results

from numerical integration of equation 12 plus equation 11 are plotted in figure 10 for

a (relatively high) equilibrium concentration cH = 10−9. Agreement between the two

approaches shows that the estimate for the number of trapped H atoms, obtained by

computing the volume enclosed inside a surface defined by condition c(~R) = 1/2, is

indeed reasonable.
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In what follows, we are going to compute the volume inside the c(~R) = 1/2

isosurface to derive several analytical estimates of the number of hydrogen atoms

retained in the Cottrell atmosphere of dislocation loops and edge dislocation lines.

The energy of interaction between a dislocation and a hydrogen interstitial outside the

core region of a defect or a dislocation can be evaluated in the infinitesimal hydrogen

interstitial defect approximation, in which the hydrogen atom defect in the material

is described by an isotropic elastic dipole tensor of the form Pij = BΩH
relδij [74, 72],

resulting in the following equation for the energy of interaction between a hydrogen

interstitial defect and the pressure field of a defect or a dislocation

U(~R) = P (~R)ΩH
rel, (13)

where P (~R) denotes hydrostatic pressure at point ~R. For a small loop, it is necessary to

take into account the overlapping regions of negative and positive pressure associated

with the opposite sides of the edge dislocation forming the prismatic loop. In our recent

paper [74] (see equation 17), we derived a simple expression which, unlike equation 4,

does not require evaluation of elliptic integrals. The distribution of pressure around the

loop, in cylindrical polar coordinates (r, θ), is

P (r, θ) = A
µb

3π

1 + ν

1− ν
3 cos2(θ)− 1

2r3
. (14)

where A = πρ2 is the loop area, and θ is the angle to the loop normal. The total volume

outside the core region near a small loop, where hydrostatic pressure is negative and is

below a certain critical value Pc defined by condition c(~R) = 1/2, is

Velas = 2π

θ1∫
θ0

sin θdθ
∫ rc(θ)

r=rmin

r2dr. (15)

This expression does not describe the toroidal geometry at short distance. Instead

we simply match rmin to the exclusion volume of the core region, 4
3
πr3min ' 8πρδzc.

The critical radius rc(θ) is obtained by using equation 14 and the critical pressure

Pc = (kB/Ω
H
rel) ln(cH). Note that Pc is negative since ΩH

rel > 0 and cH � 1. rc(θ)

determines the spatial extent of the Cottrell atmosphere around the loop. It depends

on temperature and increases as a function of hydrogen concentration in the reservoir.

A detailed derivation is given in appendix Appendix A.

The total number of hydrogen trapped by a small interstitial loop of radius ρ is

obtained by adding the number of hydrogen atoms trapped in the core, namely

Nloop = 2πρncore +
2π

3ΩH

ξc

[
A
−ΩH

rel

kBT ln cH

µb

3π

1 + ν

1− ν
(1− ξ2c )− 6ρδzc

]
(16)

where ξ2c = (1/3)(1−2r3min/(Axc)) and xc = − 1
Pc

µb
3π

1+ν
1−ν . Applications to three loop sizes

are illustrated in figure 10.

We now consider the large loop limit. The distribution of hydrostatic pressure

around a straight linear edge dislocation in the plane orthogonal to the dislocation line

is given, in cylindrical polar coordinates (r, θ), by the equation [75]

P (r, θ) =
µb

3π

1 + ν

1− ν
sin θ

r
, (17)
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where θ is the angle with the Burgers vector, with the sign convention that positive

angle (and pressure) is in the direction of the half-plane of added interstitials, and the

radial distance r is measured from the dislocation line.

For an edge dislocation line of length L, the volume enclosed by the ‘Fermi surface’

outside a core region, where pressure is negative and below the critical value Pc, is again

given by an integral

Velas = L
∫ 0

θ=−π

∫ rc(θ)

r=rmin

rdrdθ, (18)

Inverting equation 17 gives rc(θ) = xc sin θ. The integral can be evaluated and matching

rmin to the excluded core: πr2min/2 ' 2δzc, the resultant number of trapped hydrogen

per unit length of an edge dislocation line, being the sum of the core and elastic field

contributions, is

nline = ncore +
π

4ΩH

max

0,

( −ΩH
rel

kBT ln cH

µb

3π

1 + ν

1− ν

)2

− 8δzc
π

 (19)

An estimate of the maximum energy of interaction between a hydrogen interstitial

atom and an edge dislocation (corresponding to the limit of large loop size) is

Ucore = −1
δ
µb
3π

1+ν
1−νΩH

rel = −0.97 eV. This value depends on the two parameters that

we determined in this work, ΩH
rel = 0.15Ω and δ = 0.4a0. The significance of this

extrapolation to infinite loop size is not trivial. The value of the binding energy of

0.97 eV is close to the solubility energy of hydrogen in the perfect lattice, suggesting

that the energy level of H in an H2 molecule is similar to the energy of H in the core

of a dislocation line at 0 K. We will see the consequence to the solubility of H in W

as a function of the density of dislocation lines, but keeping in mind the sensitivity of

this value to δ. Indeed, it is just a convenient parameter that positioned the bridge

between the atomistic core shell and the elastic shell of our two-shell model, between

two distinct tetrahedral sites. Applications of equation 19 for different H concentration

in the reservoir are plotted in figure 11.

Comparing figures 10 and 11, we can see that the small loop approximation is

adequate for the smallest interstitial defects, the 〈111〉 dumbbell, and good for a TEM

visible m = 55 (ρ = 1 nm) loop. The dislocation line approximation is good for larger

loops of m ≥ 1400 (ρ ≥ 5 nm).

What is notable is the strong temperature dependence of N and also the fact that

its magnitude is fairly macroscopic. While the core hydrogen retention is described by

a simple Fermi function, the dependence of the elastic field retention on cH is logarith-

mic, and so varies relatively insignificantly over a range of bulk hydrogen concentrations

spanning many orders of magnitude. Concluding this section, we note that the above

treatment only applies to defects that have pressure fields associated with them.
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3.3. Solubility

Hydrogen solubility in a metal is defined as the mole fraction of hydrogen atoms to

metal atoms at equilibrium, usually presented as a function of temperature and pressure.

Equation 19 gives the amount of hydrogen retained per unit length of an edge dislocation

in terms of the background hydrogen concentration cH far away from the dislocation.

We therefore need an expression for cH , which we derive assuming an equilibrium with

a perfect gas phase at a partial pressure P above the surface. As justified in appendix

Appendix B, one has,

cH =

(
αP

(kBT )7/2

)1/2

exp

(
− Hf

kBT
+

5

4

)
. (20)

where Hf is the formation enthalpy at 0 K of H inserted in W bcc matrix, α is a

constant given in the appendix. The square-root dependence on partial pressure is

known as Sievert’s Law.

Given the dislocation line density ρD (measured in inverse area units), the total

length of dislocation lines in volume V of material is V ρD, the number of hydrogen

atoms trapped on dislocations in volume V is nlineV ρD and the solubility is

s(T, p, cH) =
H on line + H in bulk

W in bulk
=
V ρDnline + 6cHV/Ω

V/Ω

= ΩnlineρD + 6cH , (21)

with nline given by equation 19 and cH by equation 20. The factor of 6 acknowledges

the six tetrahedral sites per tungsten atom. The double counting of bulk and elastically

trapped sites as the bulk occupation has been neglected. This is plotted in figure 12 for

a range of dislocation densities from ρD = 10−15 to 10−9m−2 at a gas pressure P=1 atm

of H2 gas (taking Hf = 0.95 eV and Ucore = −0.97 eV, as previously established), and

compared with the experimental results cited in [4]. The high temperature regime can

be recognized with the solubility dominated by the occupancy of the sites of the perfect

lattice and is in agreement with Frauenfelder’s results [3] which gave the solubility

expression commonly used for H in W. At low temperature the slope of the solubility

reverses because of the sign of Hf − Ucore. This is a spectacular qualitative effect but

we keep in mind that the sign of this energy difference relies on the value taken for δ

in our two-shell model whose dependence on loop size has not been established. More

importantly, the solubility is larger by order of magnitude because of the trapping in

the Cottrell atmospheres of the dislocations. Strictly speaking, our formulae allow the

distinction of the contributions of the core and the purely elastic field. In particular, the

elastic contribution shrinks for the intermediate temperature range. In W, where the

relaxation volume of an H atom is small and its solubility energy Hf large, only the core

contribution plays a role under fusion relevant temperature and pressure conditions.
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Figure 11. The number of hydrogen atoms retained per unit dislocation line length in

equilibrium with hydrogen concentration cH , or with a partial pressure of H2 gas above

a surface, computed using equation 19. Dashed line shows a numerical integration of

the trapping volume (equation 12) plus core contribution (equation 11) for cH = 10−9

and m = 5000 (ρ = 10 nm).

4. Discussion

This study spans atomistic and larger scale models for H atoms interacting with

interstitial defects and dislocations in tungsten. The model leads to an analytical

expression for hydrogen solubility in tungsten, accounting for the presence of dislocations

and defects in the material. In our study we focused on the interstitial type defects and

dislocation loops, but to describe the experimental data on irradiated materials one

must include vacancy type defects.

At the atomistic scale, we explored a large number of configurations representing

interstitial defects of various shapes and sizes, and investigated the accumulation of H

on these defects. We found that a hydrogen atom interacts with five W atoms when it

is trapped by an interstitial defect, instead of four when it sits in the tetrahedral site of

the perfect lattice. Our results show that the strength of interaction is correlated with

the H-W distance in the core of the defect, and with hydrogen relaxation volume at

larger distances from the core. Our model gives a simple formula for the binding energy
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Figure 12. Solubility of hydrogen in tungsten as a function of temperature and

dislocation line density for a partial pressure of H2 gas of 1 atm. Experimental results

from ref [4].

of an H atom interacting with a loop of any size, however the model does not take into

account the variation of the binding energy around a small loop, an effect particularly

evident for an asymmetric loop, such as the 10SIA loop.

The maximum binding energy, found using DFT, of one H atom to a dislocation

loop was 0.66 eV, and we expect that larger loops would have the binding energy that

is a little larger. Our two-shell model predicts an upper limit of 0.97 eV for the binding

energy of hydrogen in the core of an edge dislocation, which we already discussed in

detail. As expected, this value is higher that the DFT binding energy of hydrogen to

a screw dislocation in bcc W, 0.57 eV. This latter value can be seen as a lower limit

of the binding energy of hydrogen to a straight dislocation line. The above values of

binding energies of H to edge dislocation, agree well with the maximum trapping energies

associated with self-interstitial defects and dislocations, proposed by Ogorodnikova and

Sugiyama [27] on the basis of experimental TDS results.

When performing structural relaxations, we observed that a 〈111〉 SIA can easily

glide if an H atom is introduced at distances further than 1.5a0 from the centre of the

crowdion defect. This gliding mode of motion is going to be inhibited if the defect is
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Figure 13. Difference between energies computed dragging an H atom from its

interstitial tetrahedral position towards one of its nearest W atoms. Calculations

were performed using EP and DFT, with and without semicore electrons included in

the electronic structure treatment of W atoms.

surrounded by appreciable H atmosphere. For a large loop, it was observed that, in

some configurations, a section of the edge of the loop was pinned by an H atom, after

a glide that occurred during energy minimization. This highlights the part played by

the long range of hydrogen-defect interactions, and the difficulties associated with the

definition of the initial and final configurations.

The use of semicore electrons in DFT calculations involving bulk tungsten has an

impact on the formation energy of interstitial defects, and influences the binding energy

of H atoms, but does not change qualitatively the results presented here. The increase of

energy when one moves the interstitial H atom from its tetrahedral position towards one

of its nearest W atom, without relaxing atomic positions, is plotted in figure 13, using

DFT and EP calculations. The values computed without semicore electrons, labeled

“DFT”, and with semicore electrons, labeled “DFTpv”, almost superimpose whereas

EAM2 proves stiffer than EAM1, and BOPL is slightly stiffer than BOPJ. The stiffness

of the W-H interaction partly correlates with the relaxation volume of an H atom.

The DFT relaxation volume value is 0.15Ω. Our study explained why this quantity is

important and hence must be reproduced by empirical potentials.

To distinguish between elastic and chemical contributions to the binding energy
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a) b) c)

Figure 14. Deformation of charge density defined by equation 22 of (a) the 1H.1VAC

(in the (011) plane) (b) the 1H.1SIA and (c) the 12H.1SIA in a higher index plane

parallel to the 〈111〉 direction and containing one or more H atoms.

when H atoms accumulate around a defect, we explored the electronic charge densities.

Here, we chose three configurations: a hydrogen-vacancy cluster (1H.1V), 1H.1SIA,

and 12H.1SIA where the H atoms interact with 5 W atoms as opposed to 4 W atoms

in the perfect lattice. The H-defect distances are similar and the H-H distances are

such that their interaction is negligible. The binding energies of the 1H.1SIA and the

12H.1SIA are related by Eb(12H.1SIA) ∼ 12Eb(1H.1SIA) (see equation 2). The binding

energy is mainly chemical in origin; we have demonstrated that the linear elasticity

is not valid at this short distance. The electronic charge density of the fully relaxed

nH.mSIA configurations and the charge densities of m self interstitial and n hydrogen

atoms in vacuum have been computed as described in [76]. The positions of the m self

interstitial and n hydrogen atoms are the same as their positions in nH.mSIA. Then,

we defined the charge density difference or deformation of charge density,

∆ρ(nH.mSIA) = ρ(nH.mSIA)− ρ(mSIA)− ρ(nH). (22)

The charge density differences are represented in planes containing the defect and one

or more H atoms in figures 14a, b and c, respectively for 1H.1V, 1H.1SIA and 12H.1SIA.

The charge density differences show hybridization between d-orbitals of the nearest W

atoms and the s-orbital of the H atom as we described in [77]. In the 1H.1V configuration,

the degree of charge density difference is high, suggesting a significant role is played by

the electronic (chemical) effects in the large binding energy. In 1H.1SIA, the deformation

of charge density is small but the s-orbital of the H atom in deformed towards a W atom

of the dumbbell. In 12H.1SIA, the deformation of charge density is large, indicating

strong electronic effects. H-W bonds are particularly visible between the H atoms and

the W atoms of the dumbbell, each of them being now surrounded by 6 H atoms,

imposing a trigonal symmetry. On the contrary, the charge density between the W

atoms along the 111 direction is reduced, suggesting weakening of the W-W bonds that

form the self-interstitial dumbbell defect [78].

A pertinent question is whether there is a driving force for trap mutation, i.e. the

formation of a vacancy and ejection of a SIA that would increase the interstitial loop size,
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caused by the presence of trapped hydrogen atoms. This process is known for helium

atoms in tungsten [66]. The process is energetically favourable when the vacancy-SIA

pair formation energy is counterbalanced by the total binding energy of the He atoms in

the new vacancy. The binding energy of an additional SIA to an mSIA decreases with

the defect size, suggesting that trap mutation is more favourable near a large mSIA. In

tungsten, an nHe cluster can initiate trap mutation even if no defect is present. Moreover

He atoms attract each other at short distance and spontaneously form clusters whereas

H atoms form clusters only in the presence of a defect. It is reasonable to investigate the

limit of high hydrogen concentration in the core of mSIA defects in a similar manner to

the study of the screw dislocation in [13]. We shall now make an estimate for the trap

mutation energy at 0 K as a function of interstitial defect size. We find that, contrary

to an intuitive argument, trap mutation is not energetically favourable.

We describe the trap mutation process as a chemical reaction, namely

nH.mSIA→ n′H.V . (n− n′)H.(m+ 1)SIA, (23)

that we simplify by assuming n = n′. This chemical reaction can be virtually

decomposed as the following sequence of steps with the corresponding evolution of the

system energy,

nH.mSIA → n H +mSIA Eb(nH.mSIA) > 0

mSIA → (m+ 1)SIA + 1V ∆ESIA(m) + Ef (V) > 0

n H + V → nH.1V −Eb(nH.1V) < 0

nH.1V + (m+ 1)SIA → nH.1V.(m+ 1)SIA −∆Ec
nH.mSIA → nH.1V.(m+ 1)SIA Etm

(24)

where

∆ESIA(m) = Ef ((m+ 1)SIA)− Ef (mSIA) > 0 (25)

is the formation energy of an additional SIA joining the loop, which decreases with

loop size. Eb(nH.mSIA) is the binding energy of H to the loop, as estimated in this

work, which increases with loop size. Eb(nH.1V) is the binding energy of H atoms

in a vacancy and ∆Ec is the binding energy of the nH.1V complex formed in close

proximity to the loop. If Etm is negative, there is a driving force for trap mutation at

low temperature. For the formation energy of a mSIA loop, we use the empirical formula

that we established in [79] and for the formation energy of a hydrogen-decorated vacancy,

we use results of [5, 45]. Everywhere the values do not include the ZPE correction to

retain consistency of the approach.

We also calculated the formation energies of various nH.mSIA and nH.1V.(m +

1)SIA complexes with empirical potentials using a 2000 × 2000 × 2000 cell box. 6

H atoms and one 6H.1V were introduced into the core of various mSIA loops. As an

example, we consider the case of a 89SIA loop. A 90SIA loop was obtained starting

from a prismatic 91SIA loop and removing one dumbbell from a corner, and then a

89SIA was obtained by removing also a dumbbell closest to the loop edge. 6 H atoms

were introduced in the tetrahedral sites around the missing dumbbells in order to form



Multiscale modelling of the interaction of hydrogen with interstitial defects 29

Energy EAM1 EAM2 BOPL model

Eb(6H.89SIA) 2.14 4.40 4.43 4.80∗

Ef (90SIA)− Ef (89SIA) 1.52 1.52 1.37 1.80∗

Ef (V) 3.49 3.49 3.52 3.31

Eb(6H.V) 3.39 4.81 10.43 6.08

Eb(V.90SIA) 1.40 0.37 0.83 1.97∗

Etm 2.36 4.23 -1.94 1.83

Table 4. Contributions to the trap mutation energy (in eV), obtained using EPs and

our model based on DFT calculations. ∗The formation energy of the 1/2〈111〉 loops

are from [79] and binding energies are calculated using our TS model.

a 6H.89SIA, and a 6H.1V was placed in a corner to form a 6H.1V.90SIA. Local energy

minima were sought by first relaxing the structure using conjugate gradients, and then

ramping up temperature from 0 K to 200 K and back over 10 ps of MD, then relaxing

again. Formation energies of complexes are given in table 4 together with the comparison

with our model based on DFT calculations. We see that DFT calculations, EAM1 and

EAM2 do not predict trap mutation, but that BOPL might, owing to the overestimation

of the binding energy of 6H to one vacancy.

The explanation is that the energy gain of trapping H in a vacancy is offset by

the H binding energy to the loop, and so never outweighs the formation energy of the

vacancy and SIA, even though the last one decreases with the loop size. Missing from

this analysis is the effect of finite temperature. We have found that the vacancy + loop

complex is metastable, which means there will be some thermal activation barrier for

trap mutation, which we have not attempted to find. At finite temperatures we find

that the equilibrium occupation of trapping sites is typically low, which decreases the

likelihood of trap mutation occurring.

5. Conclusion

We have presented a comprehensive multiscale study of the interaction between

hydrogen and interstitial defects and dislocations in tungsten, using density functional

theory and empirical potentials to justify and parameterize a simplified pairwise model

and from there to derive and validate analytical formulae for hydrogen retention and

solubility in tungsten.

In section 2.1 we found that the binding energy of one hydrogen atom to a single

SIA in the form of a 〈111〉 dumbbell is 0.3 eV, in agreement with our previous studies,

and that the binding energy of n hydrogen atoms to a single SIA increases linearly up

to n = 12. We showed that the short range repulsion between two hydrogen atoms

in tungsten also applies when H atoms accumulate around an interstitial defect. Our

model then assumes that the interaction of hydrogen with interstitial-type defects is
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the summation of pairwise interactions only. The hybridization between s-orbitals of

hydrogen atoms and d-orbitals on the neighbouring tungsten atoms has been illustrated

by computing the deformation charge densities. We concluded that the binding energy

in the core of defects is due to the hydrogen atom having 5 nearest W neighbours,

whereas the number of nearest W atoms in a perfect lattice is 4.

We showed that at long range (greater than one lattice parameter away from the

atoms forming the core of an interstitial cluster or a dislocation), the interaction between

a hydrogen interstitial atom and a defect or a dislocation is well described by linear

elasticity. The maximum binding energy of a hydrogen atom to an interstitial cluster

or a dislocation loop increases with loop size. DFT calculations gave the maximum

binding energy of 0.66 eV for a hydrogen atom to a m = 37SIA loop. The binding

energy of hydrogen in the core of an edge dislocation, according to the two-shell

model, is 0.97 eV. These values can be considered as the lower and upper limits of

hydrogen binding energies characterizing edge dislocation. These values can be directly

compared to the range of trapping energies associated with self-interstitial defects and

dislocations (0.4-0.8eV), proposed by Ogorodnikova and Sugiyama [27] on the basis of

experimental TDS data. In section 3.1 we described a two-shell pairwise model for

hydrogen-interstitial loop interaction which we then used in Metropolis Monte Carlo

simulations and for thermodynamic integration. We conclude that at high background

hydrogen concentration, hydrogen is trapped in the dislocation core and by the tensile

elastic fields in the vicinity of defects and dislocations.

We simplified the pairwise model to provide analytical formulae describing hydrogen

Cottrell atmospheres of dislocation loops and line dislocations, and their contributions

to the hydrogen solubility in tungsten at elevated temperatures. We find that under

fusion relevant conditions (hydrogen gas partial pressure of 1 atm), only a tiny amount

of hydrogen would be retained on dislocations or interstitial defects in tungsten. We can

identify three regimes of hydrogen solubility, corresponding to trapping of hydrogen by

elastic fields and dislocation cores at low temperature/high background concentration,

trapping at dislocation cores only at intermediate temperature/concentration, and no

trapping at high temperature/low background concentration.

Analysing molecular statics and analytical extrapolations, we proved that trap

mutation does not occur spontaneously on interstitial defects of any size at 0 K.

The above analysis helps understand hydrogen interaction with dislocations and

interstitial defects in tungsten under conditions where high H concentration is observed

in the sub-surface layer during tungsten exposure to a high flux plasma. The general

methodology presented here, and the analytical formulae derived, are likely to be

applicable to other metals and other types of impurities, for example nitrogen or carbon.
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Appendix A. Calculation of the volume enclosed by the ‘Fermi surface’

around a dislocation loop

Using the volume element dV = 2πr2dr sin θdθ, the total volume outside the core region

(r > rmin) near a small loop where pressure is negative and is below a certain critical

value Pc equals

Velas = 2π

θ1∫
θ0

sin θdθ
∫ rc(θ)

r=rmin

r2dr =
2π

3

θ1∫
θ0

(
r3c (θ)− r3min

)
sin θdθ, (A.1)

where we find rmin by matching the excluded volume in the core volume 4
3
πr3min '

8πρδzc. From equation (14) we find

r3c (θ) = max

[
r3min,−

A

Pc

µb

3π

1 + ν

1− ν
1− 3 cos2 θ

2

]
= max

[
r3min, Axc

1− 3 cos2 θ

2

]
,(A.2)
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where we defined a positive length constant xc = − 1
Pc

µb
3π

1+ν
1−ν . The integration spans the

interval where 0 < cos2 θ < ξ2c = (1/3)(1− 2r3min/(Axc)). The volume is

Velas =
2π

3
ξc
[
Axc(1− ξ2c )− 2r3min

]
. (A.3)

Finally we need the value of the critical pressure Pc. We write

1

2

{
1 + cH

[
exp(−PcΩH

rel/kBT )− 1
]}

= cH exp(−PcΩH
rel/kBT ). (A.4)

Since cH � 1 and hence exp(−PcΩH
rel/kBT ) � 1, we find that the condition c = 1/2

can be written in the form

cH exp(−PcΩH
rel/kBT ) = 1. (A.5)

From this equation, we find the critical pressure required to retain a hydrogen atom by

the elastic field (which is negative since the relaxation volume of a hydrogen interstitial

atom is positive)

Pc = −kBT
ΩH
rel

ln(1/cH). (A.6)

Appendix B. H chemical potential of the diatomic hydrogen gas

At temperatures relevant for fusion materials (T < 2000 K), the molecular partition

function of a diatomic hydrogen gas is

q = qtrans · qrot =
V

Λ3

kBT

2B
, (B.1)

where Λ = h̄
√

2π/(MkBT ) is the de Broglie thermal wavelength, B = h̄2/2I is the

rotational energy scale with I = d2M/2 is the moment of inertia of a molecule with

M the mass of the hydrogen atom and d = 0.741Å the bond length of a diatomic

molecule [81]. We do not need to consider the vibrational contribution for hydrogen

gas, as the characteristic vibrational temperature is in the range 3200 K to 6800 K for

H2 and 2600 K to 4000 K for D2, depending on the pressure and temperature: the lower

range is appropriate for a fusion plasma and the upper range more appropriate for low

laboratory pressures and temperatures [82]. For a perfect gas of n indistinguishable

molecules, the total number of microstates is approximately qtot = qn/n!, and so, using

Stirling’s approximation, the entropy of the gas is

S = kB ln qtot ' −nkB
[
ln

(
α

P

(kBT )7/2

)
+ 1

]
. (B.2)

where α = (2π)3/2h̄5/(
√

2d2M5) = (1/m5) × 2.30 × 10−5 eV5/2Å3 is a constant for

hydrogenic gases, with m the atomic mass of the isotope in Dalton units. The chemical

potential of the hydrogen diatomic gas is therefore

µH2,gas(P ;T ) = kBT

(
5

2
+ ln

(
αP

(kBT )7/2

))
, (B.3)

and the chemical potential of hydrogen atoms dissolved in tungsten and in equilibrium

with this gas is µH,tet(cH ;T ) = 1/2µH2,gas(P ;T ). If we take into account the formation
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enthalpy, µH,tet(cH ;T ) ' Hf + kBT ln cH . (Note that in the main text our expression

for µ0 only considered the configurational entropy.) We therefore have an expression for

the concentration of hydrogen in distant bulk sites in solid tungsten

cH =

(
αP

(kBT )7/2

)1/2

exp

(
− Hf

kBT
+

5

4

)
. (B.4)

The square-root dependence on partial pressure is known as Sievert’s Law. We take

Hf = 0.95 eV, the DFT computed value without ZPE corrections[5, 45].
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