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The interaction of hydrogen with 1/2 < 111 > screw dislocations is investigated in body-centered cubic
tungsten and iron using ab initio calculations. Different core reconstructions are evidenced, depending on
the number of hydrogen atoms introduced inside the dislocation core. Corresponding interaction ener-
gies are highly attractive in both metals, with a significant contribution of zero point energy associated
with H vibrations, particularly in Fe. The pinning by hydrogen of the dislocation in its reconstructed core
remains efficient for a local atomic fraction of hydrogen as low as 1/5. Other octahedral interstitial sites
close to the reconstructed core are also attractive, contrary to the perfect bcc crystal where these sites
are unstable and where hydrogen lies in the tetrahedral sites. Hydrogen recovers its bulk behavior only
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Tungsten beyond the eighteenth neighbor octahedral sites. A simple pair interaction model is parameterized on
:_rl°g ab initio calculations and used with a mean-field approximation to predict the concentration profiles of
ydrogen

hydrogen segregated in and around the dislocation core. This segregation model predicts that dislocation

S ti . N .
egresation core-sites remain completely decorated by hydrogen atoms up to at least 750 K and 200 K in W and Fe,

respectively.

© 2022 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

The degradation of mechanical performance induced by hydro-
gen is a well-known phenomenon referred as hydrogen embrittle-
ment, which can cause in-service deleterious fracture of structural
components such as those used for hydrogen storage and in nu-
clear power plants. This complex material and environmental de-
pendent process has been addressed through different experimen-
tal and modeling works in the past decades, providing insight into
the deformation processes occurring in metals with the presence
of hydrogen [1,2]. However, the mechanisms controlling hydro-
gen embrittlement remain uncertain. Among the different possible
mechanisms, it is clear that hydrogen addition impacts the mobil-
ity of dislocations, in particular screw dislocations [3-5]. Thus, the
investigation of the interaction between dislocations and hydrogen
at the atomic scale may provide insightful knowledge of the mech-
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anisms responsible for hydrogen embrittlement, and hence of the
design of new safe structures resistant to embrittlement.

Plasticity of body centered cubic (bcc) metals, such as tung-
sten and iron, is dominated by screw dislocations with 1/2 < 111 >
Burgers vectors [6,7]. Previous Density Functional Theory (DFT)
works have predicted a strong interaction between the core of
screw dislocations, i.e. the region in the immediate vicinity of dis-
location lines, and both substitutional and interstitial solutes in bcc
metals, which can lead to spontaneous reconstructions of the dis-
location core towards configurations that are unstable in pure bcc
metals [8-18]. More specifically in the case of hydrogen intersti-
tial solutes, previous DFT studies in tungsten have shown an at-
tractive interaction between the core of screw dislocations and hy-
drogen [19,20], with a spontaneous reconstruction of the disloca-
tion core, from its easy core (i.e. the dislocation ground state in
the pure metal) towards a split core, where the dislocation is cen-
tered in the immediate vicinity of a (111) atomic column [21]. In
iron, strong binding sites for hydrogen corresponding to regions of
low electron density around the dislocation core have been identi-
fied using DFT calculations [22]. Moreover, DFT calculations show
that H atoms modify the Peierls energy barrier opposing glide of
screw dislocations [21,23], thus impacting their mobility as simu-
lated with kinetic Monte Carlo [24] or as seen experimentally in
situ with transmission electron microscopy [3,5].
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This work proposes to investigate the interaction of hydrogen
with the screw dislocation in both bcc tungsten and iron using
DFT calculations. First, the hydrogen behavior in perfect bcc crystal
is studied, focusing on the stability of the different insertion sites,
on the diffusion and on the interaction between hydrogen atoms.
Then, we model the effect of hydrogen on the core structure of
screw dislocations, describing the different core reconstructions of
the screw dislocation and the corresponding interaction energies
for various numbers of hydrogen atoms in the core. We also ex-
amine other possible attractive sites for hydrogen around the re-
constructed core. Finally, DFT results are used to parameterize an
Ising energy model, which is combined with a mean-field approx-
imation to predict hydrogen concentrations profiles in and around
the dislocation core, giving a full picture of equilibrium segregation
as a function of temperature.

2. Methodology
2.1. DFT calculations

DFT calculations are performed with the Vienna Ab initio Simu-
lation Package (VASP) code [25-27]. We use pseudopotentials built
with the projected-augmented-wave method [28,29] with a kinetic
energy cutoff of 400 eV. Only 5d and 6s electrons for tungsten
and 4s and 3d electrons for iron are included in valence states.
Spin-polarized calculations are performed for iron. The exchange-
correlation is described within the generalized gradient approxi-
mation with the Perdew-Burke-Ernzerhof functional [30]. Residual
forces after ionic relaxation are inferior to 1072 eV/A. It is verified
that a more rigorous force convergence criterion does not affect
the results. All calculations are performed at constant cell volume
and the Methfessel-Paxton scheme [31] to broaden the electronic
density of states is employed with a smearing of 0.2 eV.

Energy barriers are determined using the climbing image
nudged elastic band (cNEB) method [32,33]. ¢tNEB calculations are

. . ) . .
performed using a spring constant of 5.0 eV/A™ and atomic posi-
tions are relaxed using the same criteria as for static calculations.

2.2. Zero point energy contribution

Zero point energy (ZPE) contribution is calculated from the Hes-
sian matrix eigenvalues. We assume that metal atoms are heavy
enough compared to hydrogen atoms to consider only the eigen-
values attributed to hydrogen. The Hessian matrix is computed by
displacing each hydrogen atom in each direction by two small pos-
itive and negative displacements (+0.015 A and +0.030 A). Accord-
ing to the harmonic approximation, the ZPE contribution is calcu-
lated as:

1 3n )"i
EZPE=§Xi:h,/m*H, (1)

where n is the number of hydrogen atoms in the system, A; are
the eigenvalues of the 3n x 3n Hessian matrix, my is the mass of
a hydrogen atom and h is the reduced Planck’s constant. The ZPE
contribution for a H, molecule is 0.26 eV according to our calcula-
tions, which is in very good agreement with other DFT studies that
also used the harmonic approximation [22,34,35].

2.3. Simulation cells

Calculations in perfect bulk are performed in a 5-unit cubic cell
(250 atoms) using a 4 x 4 x 4 shifted k-point grid to sample the
Brillouin zone. Using the parameters presented in §2.1, the lattice
parameter (a) is equal to 3.173 A and 2.830 A for tungsten and
iron respectively, and the elastic constants are C;; = 497 GPa, Cyp
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= 227 GPa and (44 = 131 GPa for tungsten, and C;; = 299 GPa, Cy;
= 153 GPa and C44 = 103 GPa for iron.

The dislocation calculations are performed using a periodic ar-
ray of dislocation dipoles with a quadrupolar arrangement [36,37].
The cell vectors {p.p;.p3} are defined as: p; =5/2u; —9/2uy,
P2 =5/2u; +9/2u,; and p; = u3, where the elementary vectors
are u; =[-1-12], u = [1 - 10] and u3 = 1/2[111]. Such configu-
ration leads to a simulation cell containing 135 metal atoms per b
along the (111) direction (b is the norm of the dislocation Burgers
vector, with b = a/2[111]), with triperiodic boundary conditions.
The separation distance between the dislocations of the dipole is
equal to 15 av/6/6 in the (110) plane. This setup was proved to
be large enough to provide well-converged energies [38,39]. We
obtain an energy difference between the hard core configuration
of the screw dislocation and its easy core ground state (AEy_g)
of 0.13 eV/b and 0.04 eV/b respectively in pure tungsten and iron,
in good agreement with previous DFT works [14,18,40]. In order
to study various hydrogen atomic fractions, the dislocation cell is
then duplicated along the (111) axis up to five times. For the 1b
simulation cell described above, a 2 x 2 x 16 shifted k-point grid is
used to sample the Brillouin zone. The numbers of k-points used
along the Z reciprocal direction are 8, 6, 4 and 4 for cell heights h
= 2b, 3b, 4b and 5b, respectively.

An equal number of hydrogen atoms is inserted in the cores of
both dislocations of the dipole at the same relative positions i.e.,
according to the symmetry of the bcc lattice. We verify that in all
our calculations, both dislocations and hydrogen atoms relax to-
wards the same configuration. The screw dislocation-hydrogen in-
teraction energy is defined by:

Effy =1/2 (Epynn — Ep) — n(Epuiksrt — Epuik) (2)

where n is the number of hydrogen atoms on each dislocation core.
Ep.ny and Ep are the energies of the same cell containing both
the dislocation dipole and hydrogen atoms, and only the disloca-
tion dipole with the dislocations in their easy core ground state,
respectively. Ej .,y and Ep are the energies of the bulk cell re-
spectively with and without a hydrogen atom in its stable tetra-
hedral position. With such a definition, a negative interaction en-
ergy implies attraction between the hydrogen atoms and the screw
dislocation. When an increasing number of hydrogen atoms is in-
serted in the vicinity of the screw dislocation core, we define an
incremental interaction energy (AE;, ), which is expressed as:

AEy = Efj, — Ef (3)

int int >

describing the interaction energy of the last arriving hydrogen
atom in the already populated dislocation core.

3. Hydrogen in bulk

We first study the hydrogen behavior in bulk bcc W and Fe,
focusing on the stability of the different interstitial sites and on
hydrogen diffusion. We then investigate H-H pair interactions as a
function of the separation distance between hydrogen atoms.

3.1. Dissolution and diffusion of hydrogen

The solution energy of a hydrogen atom in a tetrahedral (T) in-
terstitial site is calculated using:

Esot = Epuik+r — Epuik — 1/2 En, ., (4)

where Ey, is the reference state energy of the H, molecule in vac-
uum (the 1/2 factor implies energy per atom). The hydrogen solu-
tion energies in tungsten and iron are respectively 0.93 (1.07) eV
and 0.22 (0.33) eV (solution energies including ZPE contributions
are given in parentheses). These values are in good agreement with
those found by previous DFT studies in tungsten [41,42] and iron



PPPO. Borges, E. Clouet and L. Ventelon

(a)
0.40 o
T-T —
—0.30
>
2L
50.20
o x
“o.10
0.0 02 04 06 08
Reaction coordinate
(b) W
0.15 oot
T-T —
Eo.lo—
>
I
(0]
£0.05 .
0.0 02 04 06 08

Reaction coordinate

(c) Fe

Fig. 1. (a) Schematic representation (initial, saddle point and final configurations) of
the two possible paths for hydrogen diffusion. Corresponding energy profiles in (b)
bulk W and (c) bulk Fe: by crossing an O-site (in blue) and between two nearest
neighbor T-sites (in red). The DFT calculations are represented by circles and the
crosses indicate the T—T energy barrier in both metals after taking into account the
ZPE contribution. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

[35,43,44]. We highlight the fact that ZPE contributions represent a
significant part of the solution energies, especially in iron (~ 30%).
Taking into account ZPE contributions, these solution energies are
in good agreement with the experimental values both in W and Fe
(1.04 eV in W [45] and 0.30 eV in Fe [46,47]).

Hydrogen can diffuse between T-sites in the {100} plane
through two possible paths: directly towards its nearest neighbor
T-site (T—T) or by crossing an octahedral (O) site (T—0—T) in a
(100) direction as shown in Fig. 1a. As shown in Fig. 1, the T—T
path is energetically more favorable in both metals, in good agree-
ment with previous DFT studies in tungsten [42,48] and iron [34].
We now take a closer look at the saddle point of both paths, call-
ing attention to the normal modes of hydrogen. Table 1 gives the
vibrational frequencies of the T-site and O-site as well as the T—T
saddle point. In the case of the T-site, all normal mode frequencies
are real, indicating that this configuration is stable and corresponds
to the ground state. The O-site leads to two imaginary vibrational
frequencies, with only the normal mode frequency perpendicular
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Table 1

Diffusion barriers (AE) and vibrational fre-
quencies (v) of a hydrogen atom in a tetra-
hedral (T) site, octahedral (O) site and T—T
saddle point in bulk W and Fe. The val-
ues including ZPE contributions are given
in parentheses.

Site AE (eV) v (THz)

W T 0 46, 46, 35
0 0.38 74, i25, i25
T—-T 020 (0.14) 63,45, i24

Fe T 0 43, 43, 29
(0] 0.13 64, i16, i16
T—-T 0.09 (0.04) 56, 36, i21

to the {100} plane being real. O-sites are thus unstable and, with
more than one imaginary frequency, cannot even be considered as
a saddle point between two T sites. The T—>0—T transition path
is artificially stabilized in the NEB calculations by the symmetries
of the bcc network, which are preserved along the (100) diffusion
direction, and does not correspond to a true migration path for hy-
drogen diffusion. On the other hand, the saddle point of the T—T
path is a stationary point of rank one i.e., with only one imaginary
normal mode frequency, indicating that the T—T transition goes
through a true saddle point. ZPE contributions to the energy barri-
ers of this T—T transition (Table 1 and Fig. 1) are significant and
lower the diffusion barriers, especially in the case of iron where it
halves the diffusion barrier of hydrogen.

3.2. Hydrogen pair interaction

As obtained in the previous section, T-sites are the ground state
for hydrogen in the bcc lattice. The hydrogen-hydrogen interaction
energies are computed for various neighboring tetrahedral sites of
one tetrahedral site, up to the maximum separation distance al-
lowed by the simulation cell. Thus, within the bcc lattice, two hy-
drogen atoms are placed into two T-sites separated by various dis-
tances ranging from 0.35 a to 3.16 a. Fig. 2a shows a schematic rep-
resentation of the ten first nearest neighbors of an initial hydrogen
atom inserted in a tetrahedral site. The H-H pair interaction energy
(Vyg) is calculated as:

Vi (dun) = Epuikson — 2 X Epuiiernt + Eputies (5)

where dyy is the separation distance between the two hydrogen
atoms, Ep is the energy of the pure metal bulk cell, Ep,;,y and
Epyikson are the energies of the same cell with one and two hy-
drogen atoms, respectively. With such a definition, repulsion be-
tween the two hydrogen atoms leads to a positive interaction en-
ergy. Since ZPE contributions are computationally expensive, we
chose to neglect them in the calculation of the H-H interaction
energy. These calculations show that the H-H pair interaction is
strongly repulsive at short distances (dyy < 0.7 a) and evidence a
very weakly attractive interaction energy corresponding to a sepa-
ration distance of 0.7 a in both metals (Fig. 2), in excellent agree-
ment with previous DFT studies in tungsten [42,49]. Note that con-
sidering configuration 1 in Fig. 2a, the second hydrogen atom can-
not be accommodated in this position in iron. In this case, ionic
relaxation leads the second hydrogen atom towards a neighboring
unit cell. According to these interaction energies, within a perfect
metal crystal without any structural defect or surface/interface, the
self-trapping of hydrogen is almost impossible due to the strongly
repulsive energy between the two hydrogen atoms.

Analyzing larger separation distances between hydrogen atoms
(dyy > a), we observe an oscillatory behavior of the interaction en-
ergy. We attribute these energy fluctuations to the so-called Friedel
oscillations, which arise from localized perturbations in the metal-
lic electronic density caused by an impurity (hydrogen atoms) in
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Fig. 2. (a) Schematic representation of the ten first nearest neighbor sites (repre-
sented by colored circles) of a hydrogen atom sitting on a tetrahedral site of the bcc
lattice (labelled "H"). Blue, red and green colors correspond to the different variants
of the T-sites, which are equivalent by symmetry but possess three different orien-
tations. Interaction energies in (b) W and (c) Fe as a function of the separation
distance between the two hydrogen atoms. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

the Fermi gas. The Friedel oscillations are damped with increasing
distance between hydrogen atoms and the H-H pair interaction is
very close to zero at separation distances larger than 2 a. Elastic in-
teraction between H atoms superimpose over this electronic inter-
action, with an amplitude depending on the relative orientation of
the two T interstitial sites occupied by an H atom. Both electronic
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and elastic interaction contribute to the long-range repulsion be-
tween H atoms.

4. Hydrogen atoms in the screw dislocation core

The stability of the T-sites located inside the dislocation core
is investigated in both metals for a separation distance between
hydrogen atoms along the (111) direction of 1b. Then the evolution
of the identified low energy states is studied for larger separation
distances between hydrogen atoms, corresponding to lower local H
concentrations.

4.1. Reconstruction of the dislocation core

All the calculations presented in this section are performed us-
ing the cell containing 135 metal atoms and each hydrogen atom
inserted in each dislocation core represents a column of hydrogen
atoms along the Burgers vector direction. For both tungsten and
iron, we start with the dislocation in its ground state, i.e. the easy
core, and we introduce a hydrogen atom in one of the three vari-
ants of the T-site inside the dislocation core (Fig. 3a). Upon ionic
relaxation, different core reconstructions are obtained in tungsten
and iron. In the case of tungsten, the dislocation core sponta-
neously reorganizes towards the split core configuration (Fig. 3b-
left). The same core reconstruction was observed in Ref. [21]. The
dislocation center is shifted towards an atomic column and the hy-
drogen atom moves in a newly created distorted pyramidal site in-
side the split core (Fig. 4a). In the case of iron, we also observe a
spontaneous dislocation core reconstruction but towards the hard
core configuration (Fig. 3b-right), similar to the reconstruction al-
ready evidenced in iron with the addition of B, C, N, and O in-
terstitial solute elements [17]. The dislocation center is shifted to-
wards the neighboring downward triangle defined by the [111] iron
atomic columns and the hydrogen atom moves in a newly created
prismatic interstitial site inside the hard core (Fig. 4b). Note that in
both metals, the same dislocation core reconstruction is systemat-
ically obtained when introducing the hydrogen atom in one of the
three different T-sites inside the dislocation core. Since both the
hard and split core configurations are unstable in pure bcc metals
[40], we assess that the presence of hydrogen stabilizes the split
and the hard cores in tungsten and iron, respectively.

The screw dislocation-hydrogen interaction energies associated
with these core reconstructions are strongly attractive in both met-
als (Table 2), in good agreement with another DFT study in Fe [22].
The calculated normal mode frequencies of hydrogen are all real
(Table 2), indicating that the solute configuration is stable inside
the reconstructed core. Corresponding ZPE contributions to the in-
teraction energies reinforce the attraction between the screw dislo-
cation and the hydrogen atom in both metals. Vibrational frequen-
cies associated with the prismatic interstitial site in Fe are lower
than in W, leading to a larger ZPE contribution in Fe.

Since relaxed configurations in tungsten and iron differ, we per-
form additional calculations considering different initial configura-
tions. In the case of tungsten, the dislocation is initially relaxed
in its hard core configuration and one hydrogen atom is then in-
serted in the prismatic site inside the hard core. This configuration
is stable, however its energy is 0.12 eV (without ZPE) higher than
the energy of the reconstructed core (i.e. the split core), indicating
that this configuration is not energetically favorable. In the case of
iron, we investigate the split core configuration with one hydrogen
atom inside the split core. The split core configuration is gener-
ated from the hard core configuration following the methodology
described in Ref. [40]. The hydrogen atom is then introduced in
the previously mentioned distorted pyramidal site. This configura-
tion is shown to be stable but presents a slightly higher energy of
0.02 eV (without ZPE) than the energy of the reconstructed core
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Fig. 3. Dislocation core reconstruction with an increasing number of hydrogen
atoms in the dislocation core. The atomic structure is projected in the (111) plane
perpendicular to the dislocation line. Metal atoms are represented in white, gray
and black, according to their original (111) plane in perfect bulk. The hydrogen atom
is represented by a cyan triangle when it is introduced in the dislocation core be-
fore ionic relaxation and by a yellow circle after ionic relaxation. Arrows are drawn
proportional to the relative displacements between [111] neighboring metal atomic
columns along the Burgers vector direction and the contour map shows the disloca-
tion density according to the Nye tensor, both corresponding to the relaxed config-
urations, except for structure (a), which corresponds to the starting configuration in
both W and Fe (i.e. an easy core with one hydrogen atom in a T-site inside the dis-
location core). Relaxed configurations in (b, ¢, d)-left correspond to W, while those
in (b, ¢, d)-right correspond to Fe. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

(i.e. the hard core). In a nutshell, the configurations obtained in W
and Fe following the spontaneous reorganization of the core struc-
ture are shown to be the low energy state for the screw disloca-
tion core in the presence of one hydrogen atomic column in both
metals. The different configurations obtained in tungsten and iron
in the presence of one hydrogen atomic column, either the split
core configuration or the hard core configuration, possibly arise

Acta Materialia 234 (2022) 118048

(d) W/Fe

Fig. 4. 3D visualization along the Burgers vector direction of the core structures
corresponding to the low energy states of the screw dislocation in the presence of
(a, b) one, (c) two and (d) three hydrogen atoms per unit of b. (a) Split core with
one hydrogen atom in a distorted pyramidal site, (b) hard core with one hydrogen
atom in the prismatic site in the center of the regular trigonal prism formed by the
metal atoms, (c) split core with two distorted pyramidal sites decorated by hydro-
gen atoms and (d) hard core with three hydrogen atoms slightly shifted from the
face centers of the trigonal prism. Configuration (a) corresponds to W, (b) to Fe,
while (c¢) and (d) to both metals.
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Table 2

Interaction of a screw dislocation with various numbers of
H atoms in its core: core structures obtained upon ionic re-
laxation, total (E;, ) and incremental (AE;, ) interaction en-
ergies (Egs. (2) and (3) respectively), and vibrational fre-
quencies (v) of the last introduced hydrogen atom. For in-
teraction energies, the values including ZPE contributions
are given in parentheses.

H Core Eine AEiy, v
at./b  struct. (eV) (eV) (THz)
w1 Split -0.57 - 34, 34, 26
(—0.66)
2 Split -1.21 -0.63 35, 35, 30
(-1.37) (-0.72)
3 Hard -1.87 —0.63 36, 36, 36
(=2.09) (-0.72)
4 Hard -1.94 -0.07 26, 18, 18
(-2.20) (-0.11)
Fe 1 Hard -0.23 - 22, 22,20
(-0.34)
2 Split -0.31 —0.08 36, 36, 32
(-0.41) (-0.07)
3 Hard -0.39 -0.08 38, 38, 38
(-0.56)  (-0.15)
4 Hard +0.40 +0.79 21,13,13
(+0.16)  (+0.72)

from the different energy landscapes seen by the screw disloca-
tion in pure metals. Notably, the hard core in iron is close to the
saddle point of the dislocation Peierls barrier, with an energy cost
only half than the one of the split core [40]. On the other hand,
this hard core configuration is highly unstable in tungsten, where
it corresponds to a strong maximum of the dislocation 2D energy
landscape [40].

We then investigate the possibility to accommodate a second
hydrogen atom inside the reconstructed dislocation core. We start
with the previously obtained reconstructed cores, which are al-
ready decorated by one hydrogen atom per b in both metals. As
illustrated in Fig. 3b, a second hydrogen atom is inserted in the
neighboring empty pyramidal site in the case of tungsten and in-
side the prism formed by the metal atoms in the case of iron (at
the same altitude than the metal atoms, i.e. separated by b/2 along
the (111) direction from the first H atom). Upon ionic relaxation,
we obtain the same core configuration in both metals: the split
core configuration with each hydrogen atom located in a distorted
pyramidal site (Figs. 3c and 4 c).

We further investigate the possibility to accommodate a third
hydrogen atom inside the dislocation core. The additional hydrogen
atom is inserted in the remaining empty pyramidal site of the split
core configuration (Fig. 3c). Upon ionic relaxation, we observe a
spontaneous dislocation core reconstruction towards the hard core
configuration in both metals. The dislocation center is shifted to-
wards the center of the downward triangle defined by the [111]
metal atomic columns and the hydrogen atoms are slightly shifted
from the face centers of the regular trigonal prism formed by the
metal atoms (Figs. 4d and 3 d). The total interaction energies cor-
responding to the addition of this second and third H atom are
attractive in both metals, with a non negligible contribution of ZPE
(Table 2), especially in iron for the insertion of the third H atom.
All incremental interaction energies are attractive, indicating that
the addition of a second or of a third H atom on an already deco-
rated dislocation is always favorable.

Lastly, we investigate the possibility to accommodate a fourth
hydrogen atom inside the reconstructed dislocation core. Consider-
ing the dislocation in its hard core configuration with three hydro-
gen atoms located in the face centers of the prism, a fourth hydro-
gen atom is introduced in the prism center, at the same altitude
than the other three hydrogen atoms (i.e. at b/2 if O stands for the
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altitude of the metal atoms). In both W and Fe, upon atomic relax-
ation, the hard core decorated by the three hydrogen atoms is sta-
ble while the fourth hydrogen atom relaxes along the (111) direc-
tion towards the center of the triangle formed by the three metal
atoms, i.e. from z = b/2 to 0. This configuration is associated with
a strongly repulsive incremental interaction energy of +0.79 eV in
iron (+0.72 eV with ZPE) and a weakly attractive one of —0.07 eV
in tungsten (—0.11 eV with ZPE).

Finally, once the low energy states of the screw dislocation are
identified with an increasing number of hydrogen atoms inside the
core, we investigate the evolution of the reconstructed dislocation
cores with a decreasing number of hydrogen atoms. Starting with a
fully populated core, one hydrogen atom is removed at a time, per-
forming ionic relaxation at each step. In the case of tungsten, the
configurations obtained with an increasing or a decreasing num-
ber of hydrogen atoms are identical. In iron, the decreasing process
leads to a different configuration only in the case of a single hydro-
gen atom in the dislocation core, where we obtain the same split
core configuration as in tungsten. As already discussed, this config-
uration has a higher energy in iron than the ground state obtained
when increasing progressively the number of H atoms (difference
of 0.02 eV without ZPE).

4.2. Dilute regime

We expand this study to larger separation distances between
hydrogen atoms along the Burgers vector direction, i.e. using super-
cells of height greater than 1b. The interaction between the screw
dislocation and hydrogen inside the core corresponds to a more
complex situation than in the case of other interstitial solutes like
B, C, N or O [14,16-18,50], since it involves the atomic fraction of
hydrogen not only along the (111) axis but also in the (111) plane
(up to three hydrogen atoms per unit of b can be accommodated
inside the dislocation core). Here we consider a fully decorated dis-
location core in the hard core position with three hydrogen atoms
in a 1b-thick layer, and we then vary the hydrogen atomic fraction
along the dislocation line. We investigate the evolution of the core
structure for cells of height h = 2b, 3b, 4b and 5b in both met-
als. It is found that in Fe, the trigonal prisms formed by the metal
atoms in the hard core configuration remain regular with increas-
ing H-H distance along b (Fig. 5b), while they become distorted in
W (Fig. 5a).

To be more quantitative, we define a dislocation pinning coeffi-
cient, which takes form as:

_
" dey’

where dgy is the distance between the easy and the hard core po-
sitions in the (111) plane and dp is the distance between the easy
core position and the dislocation position calculated in a given
layer. Both dpy and dp are calculated along the [110] direction
(see Fig. 5c). With such a definition, ¢ = 0, 1 and 2 indicates the
easy, hard and split core positions, respectively. The dislocation po-
sition is calculated by fitting the differential displacements of (111)
neighboring atomic columns along the Burgers vector direction ex-
tracted from our DFT calculations to the differential displacements
predicted by linear elasticity theory solution [39]. The values for
the pinning coefficient obtained layer-by-layer are presented in
Table 3. In the case of tungsten, the dislocation core evolves to-
wards a configuration in-between the hard and split cores, with a
decreasing atomic fraction of hydrogen along the dislocation line.
In the case of iron, the dislocation remains strongly pinned in
the hard core configuration up to 5b. The difference between both
metals arises from their different energy landscapes seen by the
screw dislocation in pure W and Fe [40], as mentioned previously.
Particularly, in contrast with tungsten, the hard core in iron has a

(6)
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Fig. 5. 3D visualization along the Burgers vector direction of the core structures
corresponding to a separation distance of 5b between fully saturated 1b-thick layers
by hydrogen atoms in (a) W and (b) Fe. (c) Schematic definition of the dislocation
pinning coefficient (Eq. (6)). (d) Total screw dislocation-hydrogen interaction energy
(Eq. (2)) as a function of cell height. Scattered blue circles and red diamonds denote
DFT calculations for tungsten and iron, respectively. Lines of respective colors indi-
cate the interaction energies predicted by the model (Eq. (7)).

Table 3
Total screw dislocation-hydrogen interaction energy (E;,,) and
dislocation pinning coefficient as a function of cell height (h).
Interaction energies do not include ZPE contributions and the
dislocation pinning coefficient (¢;) is calculated in the i-layer of
the cell.

h Eie (V) & & &3 [ s
W 1b -1.87 1.01 - - - -

2b  -1.63 1.33 132 - - -
3b -1.57 1.42 1.47 145 - -
4  -1.51 149 155 156 152

5p  -1.38 1.51 1.58 1.58 160 154
Fe 1b -0.39 097 -

2b  -035 099 097 -

3b -033 099 097 098 - -

4b  -0.28 1.06  1.08 1.09 1.08 -

5p -0.26 097 098 099 099 099

remarkably low energy compared to the split core, and thus the
dislocation pinning in the hard core position induced by hydrogen
segregation is energetically more favorable in iron than in tung-
sten.

We now examine the evolution of the screw dislocation-
hydrogen interaction energy as a function of cell height.
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Table 3 presents the total interaction energies obtained from
Eq. (2). ZPE contributions are not included in these calculations.
A strong binding between the screw dislocation and the hydro-
gen atoms up to 5b is evidenced in both metals. If we neglect all
pair interactions between hydrogen atoms in core-sites, namely the
interaction between hydrogen atoms sitting on two core-sites be-
longing to two different (111) planes, the interaction energy can be
expressed as:

Eine (h) = Eg) + hAEg 4y, (7)
where h is the supercell height, Ei(not) is the interaction energy be-
tween the three hydrogen atoms and the hard core and AEg_y is
the energetic cost of transformation from an easy to a hard core
per unit of length [14,16]. Fitting with the least-squares method,
we obtain Ei(,?t) =-1.98 eV for tungsten and Ei(not) =-0.44 eV for
iron. Figure 5d represents the interaction energies calculated us-
ing DFT and predicted using Eq. (7). The model provides an ex-
cellent prediction of the interaction energy in iron, thus showing
that the interaction of hydrogen atoms in core-sites which are in
different (111) planes can be safely neglected. In the case of tung-
sten, we observe that the model does not reproduce the DFT data
as good as in iron, although it is still satisfactory. Small deviations
observed between DFT data and the predicted interaction energies
arise from the fact that the model of Eq. (7) considers a constant
energetic cost to transform a dislocation segment from an easy to a
hard core, while as shown in Table 3, the dislocation position ex-
tracted from our DFT calculations does not correspond exactly to
the hard core and evolves towards a position in-between the hard
and split cores with increasing separation distance between hydro-
gen atoms along b. In this way, as the cell height increases, the en-
ergetic cost of transformation from an easy to a reconstructed core
is not strictly equal to hAEg_y as considered in Eq. (7), leading to
more pronounced differences in tungsten between the interaction
energies predicted using the linear model and calculated with DFT.

5. Hydrogen segregation on dislocation cores

Once the most attractive sites for hydrogen in the dislocation
core are identified, we investigate other interstitial sites around
the reconstructed core, which are likely to attract hydrogen. Us-
ing DFT calculations, we calculate the interaction energies for these
sites and the relevant interactions between hydrogen atoms. Based
on these DFT data, we parameterize an Ising model and perform
mean-field calculations in order to describe the hydrogen equilib-
rium segregation in these different sites inside and around the dis-
location core.

5.1. Interstitial sites around the reconstructed core

As demonstrated in §3.1, T-sites are the ground state of hydro-
gen in the perfect bcc lattice. We start with a cell of height 1b,
with the dislocation in the reconstructed hard core configuration
and with all the three core-sites decorated by hydrogen atoms.
Then, an additional hydrogen atom is inserted in a T-site around
the reconstructed core. We investigate thirty-nine different T-sites
which are 0.65 a up to 2.40 a distant (in the (111) plane) from
the reconstructed dislocation core. Given the symmetry of the bcc
network, this covers all existent T-sites around the reconstructed
core (see Fig. 6). In each case, we compute the incremental screw
dislocation-hydrogen interaction energy of the last arriving hydro-
gen atom (Eq. (3)).

As shown in Fig. 6, in most cases and for both W and Fe, when
the additional hydrogen atom is inserted in a T-site, it relaxes to-
wards a neighboring O-site leading to an attractive incremental
interaction energy. The identified attractive O-sites correspond to
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Fig. 6. Schematic representation of the investigated interstitial sites around the re-
constructed core (represented by a light red triangle) projected in the (111) plane.
Small gray circles represent T-sites, for which the additional hydrogen atom remains
in its initial T-site, but leads to a repulsive incremental interaction energy between
this T-site and the decorated dislocation core. Colored small circles denote T-sites,
for which upon ionic relaxation, the hydrogen atom moves from its initial T-site to-
wards an O-site, represented by stars of respective color. Diamonds indicate O-sites
that are unstable for hydrogen: the solute either relaxes towards an attractive O-
site (stars of respective color) or towards a repulsive T-site (small gray circles). The
eighteenth neighbor octahedral sites of the reconstructed core are located on the
green line. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 4

Incremental screw dislocation-hydrogen in-
teraction energy (AE;,) and vibrational fre-
quencies (v) of the identified attractive O-
sites around the reconstructed core. The val-
ues including ZPE contributions are given in

parentheses.
AEq (eV) v (THz)
W 0@  _041(-051) 27,26, 26
000 _026(-0.34) 29,28, 28
oM _0.11(-021) 27,26, 26
Fe 0@  —0.14(-021) 23,22,22
010 g 08( 0.17) 27,26, 26
oan —0.04 (-0.11) 24, 23,23

the fourth, tenth and eleventh neighbors of the reconstructed dis-
location core, denoted 0™, 0019 and 0", respectively. The cor-
responding incremental interaction energies for those O-sites are
given in Table 4. Meanwhile, for some T-sites, the additional hydro-
gen atom remains in its initial T-site, leading to a repulsive incre-
mental interaction energy (see Fig. 6). We also verify that all other
O-sites around the reconstructed core are unstable. Indeed, the hy-
drogen atom located in one of these sites either relaxes towards an
attractive 0¥, 0019 or 0V site or towards a repulsive T-site. Be-
yond the eighteenth neighbor octahedral sites of the reconstructed
core, which correspond to a distance of 2.40 a from the core in
the (111) plane, hydrogen recovers its behavior in perfect bulk, i.e.
it is stable in a T-site and its interaction energy with the deco-
rated screw dislocation is very close to zero. 0(1® sites and all the
O-sites further from the core are unstable and the additional hy-
drogen atom introduced in one of these sites systematically moves
towards a T-site.

Calculation of hydrogen vibration normal modes leads to real
frequencies for the three 04, 0019 and 0V octahedral sites, both
in iron and tungsten (Table 4). These octahedral sites near the re-
constructed core are thus stable, in stark contrast with the perfect
bce crystal where octahedral sites are unstable. The ZPE contribu-
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tion deduced from these frequencies increases the stability of 0,
0019 and 0V sites, leading to an incremental interaction energy
which is more negative than the one without ZPE (Table 4). ZPE
contributions associated with the studied O-sites are almost the
same for the three stable octahedral sites, since normal modes for
the different O-sites are close to each other. We note in particu-
lar that hydrogen vibration frequencies are high, even for the 01D
site, which is far from the reconstructed core.

5.2. Hydrogen segregation on dislocation cores

We now model the segregation of hydrogen on the screw dislo-
cation. We consider the three core-sites corresponding to the face
centers of the prisms defined by the hard core and the three oc-
tahedral sites, which have been found attractive around the recon-
structed core. We neglect the fourth insertion site inside the core
as this site has been found repulsive in iron and only weakly at-
tractive in tungsten.

5.2.1. Ising Hamiltonian model

Based on the DFT results provided in section §5.1, we develop
an Ising Hamiltonian [18,50] taking into account the core-sites and
the identified attractive O-sites, which takes form as:

H = ZAEsegopn 3 Zvupxp] +hAEy g, (8)
i, j#i

where AEiseg'O is the segregation energy on site i (with i e {core,
0@, 010 0}y in the dilute limit and V;; is the pair interaction
between hydrogen atoms located on sites i and j. The site occu-
pancy p; is equal to 1 when site i is occupied by a hydrogen atom
and to 0 otherwise. The last term, hAEy_g, corresponds to the en-
ergy cost of transformation of a dislocation segment of length h
from an easy to a hard core. The inclusion of this term arises from
the fact that the easy core is considered as the reference state in
the calculation of the screw dislocation-hydrogen interaction en-
ergy (Eq. (2)). Such an Ising model is fully equivalent to a cluster
expansion [51] with effective interactions depending on sites rel-
ative positions to the dislocation core, as already developed, for
instance, in Mo-W bcc solid solutions containing dislocations [52].

To fit the parameters of the Hamiltonian, we perform DFT cal-
culations using cells of height 1b and 2b. We assume that hydrogen
atoms do not interact when their separation distance is larger than
2b along the Burgers vector direction, in agreement with the be-
havior observed for the core-sites (cf. §4.2). Four different pair in-
teractions are included in Eq. (8) as it is proved to be sufficient to
describe the interaction between hydrogen atoms. We take into ac-
count the pair interaction between 0™ sites that are close neigh-

bors in the (111) plane (Vg‘“) and in different (111) planes (ng))

as illustrated in Fig. 7b. Note that by symmetry V102(4) :V&(4> =

VOM) and V102(/4) —Vﬁy) VSOG(/4 ’. We also consider the pair inter-
action between 019 and 0UD sijtes that are close neighbors in
the (111) plane (VS“O)_(“)) and in different (111) planes (Vl({(,w) vy
(Fig. 7c). Pair interactions between other 0019 and 011 sites are
deduced from symmetry (Fig. 7c). All other pair interactions are
negligible and do not need to be considered in the Hamiltonian.
Using DFT, we compute the screw dislocation-hydrogen inter-
action energy (Eq. (2)) of thirty one configurations, which are de-
scribed in supplementary materials. The ZPE contributions are ne-
glected in these calculations. We then fit the eight different pa-
rameters of the Hamiltonian (four segregation energies and four
pair interactions) on the obtained interaction energies using the
least-squares method. The resulting set of parameters is presented
in Table 5 and Fig. 8 shows a comparison of the energies calcu-
lated using the Ising model and from DFT. The energies predicted
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Fig. 7. Definition of the Ising model. Schematic representation of the considered
sites and pair interactions (a) projected in the (111) plane and (b-c) along the Burg-
ers vector direction for (b) 0® sites and (c) 0(1® and 01" sites. The use of prime
indicates a hydrogen atom belonging to a different (111) plane along the dislocation
line.

Table 5
Energy parameters (eV) of the Ising model. The
values including ZPE contributions are given in

parentheses.
W Fe
AEﬁﬁ%éz —-0.66 (—0.75)  —0.15 (-0.22)
seg,
AESS —-0.41 (-0.51)  —0.12 (-0.19)
AEXS0 —0.27 (-0.35)  —0.08 (—0.17)
AESY —0.07 (-0.17)  0.00 (—-0.07)
vg® -0.46 -0.25
oW
Vlg(me 0.41 0.24
v o —-0.48 —-0.17
Vg™ 024 0.16

by the Ising model are very close to the DFT values (see also Table
1 in supplementary materials). We then include ZPE contributions
in the segregation energies of the core-sites and the 0¥, 0(10)
and 01 sites. For the core-sites, we consider the ZPE contribu-
tion calculated in the case of the three core-sites occupied by hy-
drogen (Table 2), since we are interested in the temperature range
in which core-sites remain fully saturated by hydrogen atoms. For
the 0¥, 0019 and 0D sites, we consider the ZPE contributions
calculated with one additional hydrogen inserted in one of these
sites (Table 4).

Pair interactions of close O-sites (Table 5) are either highly at-
tractive for hydrogen atoms in the same (111) plane (V102(4) and
Vg(w)*m)) or highly repulsive for hydrogen atoms in different (111)

planes (V1Oz(/4) and Vg(/mf(n) ). Part of this behavior can be attributed
to Friedel oscillations. Indeed, the separation distance of hydrogen
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Fig. 8. Comparison between the interaction energies predicted by the Ising model
(red diamonds) and obtained with DFT (blue circles) of the thirty one studied con-
figurations. Interaction energies do not include ZPE contributions. A detailed de-
scription of the configurations as well as the values of the interactions energies and
the relative errors are presented in supplementary materials. (For interpretation of
the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

atoms is close to 0.90 a when they are in the same (111) plane
and close to 115 a when they belong to different (111) planes,
range in which Friedel oscillations are shown to be pronounced
in bulk (§3.2). In the case of iron, considering the metal atom lo-
cated between the hydrogen atoms in O™ sites, we note either a
weak decrease (0.18 ug/atom) or a weak increase (0.10 ypg/atom)
of the local atomic magnetic moment compared to the bulk value
(2.19 upg/atom), when the hydrogen atoms are in the same (111)
plane or in different (111) planes, respectively. We however reject
the fact that the above mentioned behavior of the pair interactions
between O™ sites arises from magnetism, since we observe the
same tendency in both tungsten and iron (Table 5).

5.2.2. Mean-field approximation

We consider the mean occupation [16,18,50] of the different at-
tractive sites to express the equilibrium site concentrations of hy-
drogen as a function of temperature. We denote x{", xg(4), xg(m)
and xgao) the hydrogen concentration on core-sites, 04, 010 and

0D sites, respectively. The mean-field Hamiltonian per unit of b
is written as:

seg,0,,core seg,0,,04) seg,0,,000
(H) = 3AE X" +6AE G xy +3AE S Xy

2
seg.0,,0011) 0@ oW 0@
+ BAEE0NY +3(v12 + vy, )(xH )
10)—(11) 10)—(11) 10 11)
+6<vg‘ " 1 2v0) ]>x2( 0" (9)

04 _ 1,04 o® 0(10)-(11) 1, (10)-(11)
We then define Vy," =V, +2Vp, and Vg, =Vy +

ZVS(,IO) “M the average interaction between 0™ sites and between
0019 and 01V sites, respectively. Considering the ideal configura-
tional entropy, the free energy minimization leads to:

T = o (A5 o)

T—xgre  1-xB ksT
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4) 0 @ 04
X Xi AEGE +Voo i
@ — B exp | — ) (1])
1-x9 1-x} kgT
Xo(lﬂ) xB AEse‘i‘)O + 2V0<10>—(11)Xo<11)
H _ H _ 0(10) 00 H (12)
010 B exp ’
1-x9 1-x3 kT
X0 xB AEse%O + Y 0u-an , 0(10)
H _ H X _ oan 0o H (13)
oan T 5 &XP ’
1-x9 1-x} ksT

where kg is the Boltzmann constant, T is the temperature and
xg is the hydrogen concentration in bulk. We then connect xg
to the nominal concentration of hydrogen atoms per metal atom,
xfP™, through the conservation of hydrogen atoms in the sys-
tem. In a given volume V, the number of T-sites in the bcc ma-
trix is N5 = 12V/a3, and the number of core-sites, 04, 019 and
001 sites are respectively Neore = 3pV/b, Ny = 2Ncore, Nyqio) =
Neore and N1y = 2Ncore, With p the dislocation density. Assuming
that Np > Neore + Ny + Npao) + Npary and given that six tetrahe-
dral sites correspond to one metal atom, the matter conservation
leads to:

nom
H

6

0(10)
+ Xy

3
B (xH +2x0 (14)

24",
b X

We then use this relation to solve Egs. (10)-(13) and obtain the
temperature dependence of the hydrogen concentration on the dif-
ferent segregation sites for different nominal concentrations of hy-
drogen and different dislocation densities.

5.2.3. Segregation profiles

The segregation profiles, considering a typical dislocation den-
sity of 101> m~2 and two different hydrogen nominal concentra-
tions of 100 and 1000 appm, are shown in Fig. 9. Since the ZPE
contributions to the segregation energies significantly increase the
segregation energies (in absolute value) for all segregation sites
(Table 5), the segregation profiles are shifted towards higher tem-
peratures when we take into account these contributions. Core-
sites remain fully decorated by hydrogen atoms at least up to
750 K in tungsten (Fig. 9a) and 200 K in iron (Fig. 9b). The in-
crease of the nominal concentration results in an increase of this
transition temperature from a fully saturated dislocation line (x{f™
= 1) to an almost empty line (x{{® = 0). In order to provide a
better comparison between both metals, Fig. 9 also presents the
temperature range in terms of the homologous temperature de-
fined as T/Tpy, where Ty, is the melting temperature (T, = 3695 K
for W and 1811 K for Fe [53]). Core-sites are shown to be com-
pletely decorated by hydrogen atoms in a homologous tempera-
ture range about two times larger in tungsten than in iron. This
is due to the higher segregation energies compared to the melting
temperature in tungsten than in iron. Our estimate of this transi-
tion temperature, 750 K in tungsten, is much higher than the value
obtained by Wang et al. [19] (200 K) using a similar segregation
model based on DFT calculations. The difference arises from the
fact that Wang et al. considered the same interaction energy be-
tween H atoms in the core than in the bulk, while our calculations
show that this interaction is negligible in the core, and thus dif-
fers from the strong repulsive interaction which exists in the bulk
(Fig. 2). There is therefore no repulsion to prevent H clustering in
the dislocation core, allowing for a full saturation of the core up to
~ 750 K.

The octahedral sites 04, 0019 and 0" remain saturated with
H atoms up to a lower transition temperature than core-sites. This
is a consequence of the lower segregation energies for these oc-
tahedral sites, but also of the interaction which exists between

10
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Fig. 9. Temperature dependence of the hydrogen concentration segregated on the
dislocation core-sites (blue), and on the O™ (orange), 0U'® (red) and 0"V (cyan)
sites for nominal hydrogen concentrations of 1000 appm (thick lines) and 100 appm
(thin lines) and for a dislocation density of 10'> m~2 in (a) W and (b) Fe. The upper
x-axis indicates the homologous temperature defined as T/T,, where T, is the melt-
ing temperature. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

these sites, in particular repulsive interactions. The same behav-
ior is observed in tungsten and iron, with the 010 sites being
the last octahedral sites to remain fully saturated, before deple-
tion of the core-sites, when the temperature increases. The main
difference between both metals, in addition to the different tem-
perature scale, is that the 01 sites can be fully saturated in W
at low temperature (below 250 K), while these sites remain al-
most completely depleted in Fe, because of the too small segre-
gation energy (—0.07 eV with ZPE). As a consequence of the re-
pulsive and attractive interactions between octahedral sites, some
ordering may develop either in each atomic column of octahedral
sites or between these columns. Such ordering tendency is not in-
cluded in our simple mean-field approximation where the same
homogeneous concentration is assumed in all columns of each dif-
ferent type. Ordering can be accounted for using either mean-field
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approximation with sublattices or kinetic Monte Carlo simulations
[54]. Inclusions of these ordering tendencies will nevertheless not
change the main result of the thermodynamic model, showing that
the concentration of these octahedral sites falls down before the
one of the core-sites.

The developed segregation model assumes that the dislocation
core is in the hard core configuration. This assumption is valid only
if hydrogen concentration is locally high enough to induce a recon-
struction of the dislocation towards the hard core. Ab initio results
discussed in section §4 indicate that the dislocation is pinned in
the hard core configuration, or in a position close to this configu-
ration, even when only one of the three core-sites is occupied by
a hydrogen atom (x{"® = 1/3), or when core-sites in only one in
five (111) slabs are saturated with hydrogen (x{{"® = 1/5). One can
therefore assume that the pinning of the dislocation by hydrogen
atoms will remains efficient when the concentration of the core-
sites is above 1/3, and probably still below this concentration. The
thermodynamic model appears thus valid in the whole tempera-
ture range where the core-sites are saturated with H atoms, and
still at the transition temperature where the concentration of these
core-sites starts to fall down.

Finally, hydrogen segregation predicted from such a thermody-
namic model will be possible only if hydrogen diffusion is fast
enough to allow for thermal equilibrium, i.e. at not too low tem-
perature. Considering the diffusion coefficient of hydrogen in tung-
sten [55] and iron [56], we can estimate the average time nec-
essary for hydrogen to diffuse over the typical distance between
dislocations, 1/./p. For a dislocation density of p = 10> m~2, this
diffusion time becomes larger than one hour at 110 K and 50 K,
in tungsten and iron respectively. Below these minimum tempera-
tures, hydrogen atoms may not diffuse fast enough to reach equi-
librium in a reasonable amount of time. Above, diffusion should
not be a limiting factor anymore and one can expect that the dis-
location cores are fully saturated by hydrogen atoms, as predicted
by thermodynamics.

6. Conclusion

We demonstrate that the interaction between hydrogen and the
dislocation core of the 1/2 (111) screw dislocations is strongly at-
tractive in both bcc tungsten and iron. Different core reconstruc-
tions are evidenced using DFT calculations, depending on the num-
ber of hydrogen atoms inside the core. The low energy state in
both W and Fe corresponds to the hard core configuration with
three hydrogen atoms per unit of b, lying in the face centers of the
regular trigonal prisms constituting the hard core. As the occupa-
tion of the sites inside the core by hydrogen decreases along the
dislocation line, this reconstructed core evolves towards a config-
uration in-between the hard and split cores in tungsten and it re-
mains strongly pinned in the hard core configuration in iron, up to
an occupation of 1/5. ZPE contributions, arising from H vibrations,
are significant and reinforce the attraction between the dislocation
core and the hydrogen atoms, particularly in iron.

Hydrogen attraction is not limited to the core-sites inside the
reconstructed dislocation and other sites, around the reconstructed
line, are attractive in both W and Fe. Indeed, according to our DFT
calculations, the fourth, tenth and eleventh neighbor octahedral
sites of the reconstructed core are attractive, with an interaction
energy similar to that of the core-sites. The other tetrahedral and
octahedral sites around the reconstructed core are either repulsive
or unstable for hydrogen. At a distance of 2.4 lattice parameters
from the core, namely beyond the eighteenth neighbor octahedral
sites of the core, the interaction energy falls very close to zero and
the hydrogen atom recovers its behavior in the perfect bcc lattice,
where the octahedral sites are unstable and the tetrahedral sites
are stable.

1
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On the basis of our DFT results, we develop an Ising model in
W and Fe, taking into account both the core-sites and the three
attractive octahedral sites around the reconstructed core. Using
mean-field calculations, we express the hydrogen equilibrium con-
centrations on the different sites as a function of temperature. The
segregation profiles show that the core-sites remain fully saturated
by hydrogen atoms with the dislocation adopting a hard core con-
figuration up to room temperature in iron and a higher temper-
ature (about 750 K) in tungsten, in agreement with the highest
melting temperature and the strongest hydrogen binding in tung-
sten.

The hydrogen segregation on screw dislocation cores in tung-
sten and iron is similar to the segregation already evidenced in
these metals with carbon addition, where the dislocation also
adopts a hard core configuration [18,50]. The dislocation core re-
construction induced by hydrogen segregation is however more
complex as three different attractive sites per unit of Burgers vec-
tor are found for hydrogen in the dislocation core, instead of one
unique attractive site for carbon. As already demonstrated with
carbon in both Fe [57-59] and W [60], this hydrogen segregation
on screw dislocations is expected to have a strong impact on their
glide motion. In particular, it should probably be necessary to con-
sider that screw dislocations are gliding at low temperatures with
their solute atmosphere, to understand the enhancement of screw
dislocations mobility, which is seen experimentally [3,5].
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