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HIGHLIGHTS

e Atomistic origin of hydrogen embrittlement is studied by molecular dynamics simulations.

e Hydrogen decreases edge dislocations mobility by influencing the kink-pair formation.

e Pinning effect of hydrogen causes hardening during pre-existing dislocation activity.

e Hydrogen decreases the critical stress for dislocations emission and facilitates softening.

e Hydrogen inhibits the slip transmission across grain boundary.
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ABSTRACT

The atomistic mechanisms of dislocation mobility depending on the presence of hydrogen
were investigated for two edge dislocation systems that are active in the plasticity of «-Fe,
specifically %.<111>{110} and %<111>{112}. In particular, the glide of the dislocation pile-ups
through a single crystal, as well as transmission of the pile-ups across the grain boundary
were evaluated in bcc iron crystals that contain hydrogen concentrations in different
amounts. Additionally, the uniaxial tensile response under a constant strain rate was
analyzed for the aforementioned structures. The results reveal that the presence of
hydrogen decreases the velocity of the dislocations — in contrast to the commonly invoked
HELP (Hydrogen-enhanced localized plasticity) mechanism -, although some localization
was observed near the grain boundary where dislocations were pinned by elastic stress
fields. In the presence of pre-exisiting dislocations, hydrogen-induced hardening was
observed as a consequence of the restriction of the dislocation mobility under uniaxial
tension. Furthermore, it was observed that hydrogen accumulation in the grain boundary
suppresses the formation of new grains that leads to a hardening response in the stress-
strain behaviour which can initiate brittle fracture points.
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Introduction

The embrittlement effect of hydrogen in metals was firstly
discovered in 1875 by Johnson when studying changes of the
macroscopic mechanical properties of a piece of iron that had
been immersed in hydrochloric and sulphuric acids [1]. The
presence of H in the metal facilitates the transition from
ductile to cleavage type in the macroscopic fracture process
when applying external stresses. This degradation of the
mechanical properties causes failures of the material in a
great number of engineering applications such as storage
tanks, oil gas pipelines, structural components relying on
high-strength steels and alloys, etc. [2—6]. Reduction in the
yield and tensile stresses by the effect of hydrogen was
observed in many previous studies including the deformation
at slow, quasistatic, and high strain rates [7—10]. Additionally,
hydrogen was reported to decrease ductility, facilitate crack
propagation and, decrease fracture toughness that can result
in brittle transgranular or intergranular crack formation in the
microstructure [11—13]. Nonetheless, degradation of these
properties by the presence of hydrogen depends upon several
factors, such as hydrogen content exposure, mechanical state,
and microstructural properties of the material [14,15]. There
exist many models and theories which try to explain the
embrittlement mechanism of metals due to hydrogen [16—18],
and it is imperative to understand the underlying complex-
ities involved. Discovering the fundamental mechanisms of
hydrogen embrittlement (HE) requires information about the
source of hydrogen - usually via chemical absorbtion of
hydrogen atoms from the metal surface, or due to a release of
hydrogen from chemical reactions inside the material -, and
also about the diffusion of hydrogen through the lattice and its
interaction with microstructural trap sites such as disloca-
tions and grain boundaries [19,20].

Although the exact mechanism of hydrogen embrittlement
remains unclear and various factors can contribute to the
ultimate response, there are three generally accepted main
mechanisms: hydrogen enhanced decohesion, hydride for-
mation, and hydrogen enhanced localized plasticity. The
hydrogen enhanced decohesion (HEDE) mechanism suggests
that the diffused hydrogen decreases the cohesive energy
between the metal atoms in the lattice and weakens the
bonding across the atoms at the crack tip, which leads to the
sequential separation of the layers and enhancement of the
crack propagation under tensile stress [21,22]. Additionally,
many experimental and theoretical studies support a mech-
anism according to which the accumulated hydrogen along
grain boundaries can lead to an increased likelihood of frac-
ture by intergranular crack formation [23—26]. Finally, the
hydride formation mechanism suggests that regions with
high hydrostatic stress, such as those ahead of the crack tip,
can accumulate a large amount of hydrogen. This leads to the
formation of brittle hydride phases, in particular, in the
presence of hydride forming alloying elements V, Zr, Nb, Ta, Ti
etc., which results in the propagation of the crack through the
brittle phase [16,27]. For systems that do not form hydrides,
hydrogen enhanced localized plasticity (HELP) is another
frequently invoked mechanism involving the movement of
dislocations: Based on the examination of fracture surfaces,

Beachem [28] proposed the enhancement of the dislocation
mobility in the presence of mobile hydrogen, which leads to
an increased plasticity localized at the crack tips and thus
causes brittle cleavage already for low applied stresses. Sub-
sequently, this theory was supported by theoretical studies of
Birnbaum and Sofronis [29]. Beside noting the effect of
hydrogen on the velocity of the dislocations, they also claimed
that hydrogen can shield the elastic stresses facing the
dislocation due to elastic obstacles such as other dislocations,
thereby contributing to the enhanced localized plasticity.

Dislocation behavior in materials containing hydrogen has
also been investigated by in-situ TEM and HVEM tools [30,31]. It
was proposed that the presence of hydrogen increases the
dislocation velocities, and that stress shielding can reduce the
distances among dislocations, resulting in pile ups, and be-
tween dislocations and defects that can serve as pinning
points of the dislocations such as grain boundaries and solutes.
Again, it has been observed that in the presence of hydrogen,
the cracks can propagate already under low stresses, due to the
localized plastic behavior ahead of the crack tip which is
associated with an enhanced dislocation velocity and higher
emission rate of new dislocations from the crack tip. However,
due to the small size of the hydrogen atoms and the difficulty
to keep track of the dislocations in-situ, it is difficult to estab-
lish an explicit and statistically valid correlation between the
dislocation mobility and the hydrogen concentration only from
experimental data. Therefore, atomistic modelling of the
hydrogen-defect containing structures is required to elucidate
the underlying mechanisms.

There exist many studies investigating the role of
hydrogen on the embrittlement mechanism via molecular
dynamics simulations. Several investigations of the crack
propagation in «-iron and nickel crystals reveal that hydrogen
accumulated around the crack tip can inhibit the dislocation
emission that leads to a ductile to brittle failure transition
ahead of the crack tip [32—36]. Furthermore, hydrogen segre-
gation along the grain boundaries and intergranular cleavage
leading to a decrease of the cohesive energy has also been
observed for various grain boundary orientations and grain
sizes [37,38]. An important phenomenon to be understood is
the role of hydrogen in the dislocation mobility and in the
effective interaction of the dislocation with other defects.
Several atomistic studies support the claim that hydrogen
enhances the dislocation mobility and leads to a shielding of
the stresses acting on dislocations [35,39]. On the other hand,
in a study of the effect of hydrogen on a-iron .<111>{110} edge
dislocation pile ups, Song and Curtin [40] suggested that, un-
like the previous TEM observations that supported the HELP
mechanism, hydrogen does not increase the velocity of the
dislocation but rather acts as a drag on the dislocations and
thus decreases the velocity, and, in addition, no remarkable
shielding can be observed when the dislocations encounter an
elastic obstacle. Moreover, for the same dislocation orienta-
tion, Zhu et al. [41] claimed that vacancies containing
hydrogen have a pinning effect on the dislocation, and that
the strength of the pinning increases with the concentration
of hydrogen trapped in the vacancy. Katzarov et al. [42]
investigated the mobility of screw dislocations in «a-iron using
the kinetic Monte Carlo approach; they suggested that
although for low hydrogen concentrations and applied


https://doi.org/10.1016/j.ijhydene.2021.07.061
https://doi.org/10.1016/j.ijhydene.2021.07.061

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 (2021) 32695—32709

32697

stresses the velocity of dislocations increases, for higher
hydrogen concentrations the dislocation velocity is lower
than the one without hydrogen due to a dragging effect of the
hydrogen atoms.

In the current study, the effect of hydrogen on the mobility
of dislocations was investigated for two slip systems (/4<111>
{110} and '<111>{112} edge dislocations) of a-iron by using
molecular dynamics. Furthermore, the interaction of the
%<111>{112} dislocations with the ¥3<110>(112) symmetric
tilt grain boundary was studied for different hydrogen con-
centrations. Lastly, single crystal and bicrystal structures with
dislocations exposed to tensile loadings were studied with the
goal to understand the effect of hydrogen on the reaction of
the system to applied tensile stresses.

Simulation models

Molecular dynamics (MD) simulations were performed using
LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) [43] on a-Fe crystals. Under pure shear loading, the
mobility of %<111>{110} and %<111>{112} edge dislocations
was examined for different hydrogen concentrations. The two
orientations were chosen, because the <111> direction and
the {110} and {112} planes are the most dominant slip systems
in «-Fe, and in other bec crystals as well [44,45]. Additionally,
transmission across of the 4<111>{112} dislocations through
the grain boundary in the presence of hydrogen was investi-
gated by using a symmetric tilt-high angle grain boundary
23<110>(112) that has the lowest energy among the various
grain boundary types of interest in this system [46]. Finally,
uniaxial tensile loadings were performed for the three afore-
mentioned configurations, in order to understand the effect of
the hydrogen-defect interaction on the overall mechanical
response.

The interatomic interactions among Fe and H atoms were
described by using an EAM (embedded atom method) poten-
tial developed by Ramasubramaniam et al. [47] where the
hydrogen binding energies at the vacancy, free surface, and
edge-screw dislocation cores were tested and compared with
other ab-initio calculations. Additionally, this potential was
used in previous MD studies relying on the accurate prediction
of H-defect interactions [48—50]. The total energy is given by
Ref. [51].

E= Y F(n (7)) +5 3,000). @

F; is the embedding energy as a function of p; which denotes
the electron density at position 7; and @ is the electrostatic
pair potential between atoms i and j that only depends on
their separation distance r;. Configurations were displayed by
OVITO software [52], and dislocation analyses were performed
using the dislocation extraction algorithm DXA [53]. Atomic
stress calculations were conducted via the virial stress theo-
rem [54];

1 ( dui dui
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where V is the volume that was calculated by the Voronoi
tessellation method, m; and u; are the mass of the particle i
and the displacement relative to a reference position,
respectively, r; is the vector between particles i and j, and f;
denotes the interatomic force between the two particles.

Dislocation velocity in a single crystal

Single crystal simulations were conducted by using two
different bcc iron crystallographic orientation sets of simula-
tion cells with dimensions of 500 A x 250 A x 30 A for the x, y
and z directions, respectively. Each simulation cell contains
five periodically arranged and equally spaced dislocations that
were located 100 A apart along a line in the x direction in the
center of the cell; the glide planes are oriented along y and the
Burger's vectors were oriented along the x direction (see Fig. 1).
Periodic boundary conditions were used along the x and z
directions, and a shrink-wrapped boundary along the y di-
rection was utilized for each simulation cell, i.e., atoms are
encompassed by the boundary along the y direction. In order
to observe the dislocation velocity under shear stress, a 25 A
region at the bottom (y = Vyotom) Was kept fixed and a 25 A
region at the upper part (y = yiwp) Was treated as rigid; in this
top region, every atom was exposed to a force parallel to the x
direction, such that an average shear stress 7y, of 1 GPa was
established. Fig. 1 illustrates the initial configuration used for
the first set of simulations.

For the first set, the directions [111] [1-10], and, [-1-12] of
a-Fe were aligned along the x, y and z directions, respectively,
with five equally spaced (periodic) /4<111>{110} dislocations
along the center line parallel to the x direction. For the second
set, the [111], [-1-12] and [1-10] directions were oriented
along x, y and z directions, respectively, with again five
equally spaced 2<111>{112} dislocations along the center line
in the x direction with the same simulation cell dimensions
and initial boundary conditions. After constructing the initial
configurations, hydrogen was introduced to each of the two
orientation sets with concentrations of 0.25% H/Fe, 0.5% H/Fe
and, 1% H/Fe. Fig. 2 shows the configuration with 0.25% H/Fe
concentration for the first set of orientations.

Prior to loading, the energy was minimized for each
simulation cell and the system temperature was equilibrated
via NVE ensemble simulations for 50 ps by rescaling the
temperature of the atoms to 300 K in each step, in order to let
the hydrogen atoms diffuse through the system; usually, the
H-atoms reside at various interstitial positions in equilibrium.
Finally, a constant average force was exerted on the atoms
belonging to the upper part of the simulation cells (at y = yiop)

parallel to the x direction, F = FaugX, that is computed via the
formula

Tay X (e x 1) 3)
n

Here, 7, is the shear stress exerted on the region that
contains the dislocations, I, and I, are the length of the
supercell along the x and z directions, and n is the total
number of atoms in the rigid part aty = y.,. The loading stage
simulation was performed for 50 ps for two crystallographic
orientations and all hydrogen concentrations studied.

Favg:
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Fig. 2 — Initial configuration of the simulation cell containing five /,<111>{110} dislocations, with 0.25% H/Fe concentration.
Recall: the directions [111] [1-10], and, [-1-12] of «-Fe are aligned along the x, y and z directions, resepctively.

Grain boundary-dislocation interaction

In order to evaluate the effect of hydrogen on the transition of
the %<111>{112} dislocations through the £3<110>(112) sym-
metric tilt grain boundary, a simulation cell of the same size as
the onein the single crystal case was generated. The structure
consisted of 2 crystals of equal size that were connected via a
tilt grain boundary, and which contained a total number of 6
equally spaced dislocations. The normal vectors of the two
grain boundary planes were oriented in the x direction, and
the grain boundaries were located in the middle and at the
border of the periodically repeated simulation cell. The initial
configuration is shown in Fig. 3. Regarding the hydrogen
concentrations, we employed the same ones as we had for the
single crystal simulations (0.25%, 0.5% and 1%), and, similarly,
the energy minimization step was followed by a NVE
ensemble simulation at 300 K to equilibrate the temperature

prior to shear loadings for 50 ps. For the shear loading, the
force was again applied to the atoms at the upper part of the
cell (y = ytop); however, a shear stress of 1.5 GPa was applied
and the loading stage simulations were performed for 150 ps.

Tensile properties

Simulations of tensile properties were performed for each of
the three systems in order to elucidate the mechanical
response of the structures containing defects as function of
hydrogen content. For the single crystals, not only the aligned
sequence of five dislocations (Fig. 1) was used, but also the
dislocations that had been randomly distributed through the
simulation cell (Fig. 4), and for the bicrystal the same initial
configuration (Fig. 3) was used. We first relaxed the hydrogen-
free initial configurations at 0 GPa pressure, and afterwards
equilibrated the temperature (in the NVE ensemble) and then
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Fig. 3 — Initial configuration for the simulations containing six dislocations and two grain boundaries, one in the center and

one at the border of the simulation cell.

Y

Fig. 4 — Randomly distributed five dislocations through the simulation cell for tensile simulations.

the pressure (in the NPT ensemble) at 300 K and 0 GPa pressure
for 50 ps with periodic boundary conditions in all three di-
rections. We also employed periodic boundary conditions
along the y direction rather than shrink-wrapping as in the
previous simulations; since there are extra half planes of
atoms for each dislocation at the upper side of the disloca-
tions, new dislocations were formed and more dislocations
were obtained for each simulation set. After this stage,
hydrogen atoms were inserted into each structure, again with
concentrations of 0.25%, 0.5% and 1%, and the temperature
was equilibrated at 300 K. For all subsequent simulations, a
uniaxial tensile load was applied parallel to the x direction
with the strain rate of 107> 1/ps (10° 1/s) with periodic
boundaries in all directions up to a 50% strain. The simula-
tions were then performed in the NPT ensemble by keeping
the pressure at 0 GPa along y and z.

Results
Dislocation velocity in a single crystal

Before evaluating the dislocation mobility under shear load,
virial stresses and total energy of the dislocations were
investigated after the temperature equilibration. The (local)
total energies per atom of the Fe atoms within the 5 A cut-off
around the dislocation cores (Egisocation) Were calculated for
each simulation cell (Fig. 5a). Fig. 5b shows the average
normalized energy E of the dislocations with respect to the
energy of the reference crystal (Eyeference):

E _ Edislocation - Ereference. ( 4)
| Ereference |
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Fig. 5 — a) Fe atoms within the 5 A cut-off from the dislocation cores in the case with %<111>{112} dislocations and 0%
hydrogen concentration. b) Normalized energy values for two glide planes and four hydrogen concentrations.

For both systems, the local energy of the system with dis-
locations was larger than the one for the reference system if
no hydrogen atoms had been added, ie., E>0, where the
14<111>{112} dislocations caused a larger energy increase than
the %<111>{110} dislocations. In both systems, it was found
that the local energy of the crystal distortion at the dislocation
cores was reduced by the hydrogen accumulation for each
glide plane, where a larger energy change was observed for the
%<111>{112} dislocations. However, for a hydrogen concen-
tration of 1%, both systems were found to be more stable
when compared to the reference state, i.e., E<0.

Furthermore, virial stresses in the x direction were evalu-
ated both for the compressive and tensile region within a 40 A
wide (in the y-direction) band along the x direction above and
below the line at y = 125 A, on which the dislocations had been
placed (Fig. 6a). It was observed that hydrogen accumulation
increases the compressive stress oy in the 20 A wide region
above the dislocation core (125 A < y < 145 A) in the overall
behaviour; here, the 0.25% H concentration shows a larger
stress value compared with the 0.5% case, for the 1%4<111>{112}
dislocations (Fig. 6b). A more monotnoic increase in the
magnitude of the stress field was observed in the tensile re-
gion, 105 A <y < 125 A, for both types of dislocations (Fig. 6c),
where hydrogen accumulation in the dislocation core reduced

the stresses for both glide planes. It should be noted that
unlike the potential energy of alpha-Fe, the magnitude of the
change in the stress was higher for the %<111>{110}
dislocations.

The average dislocation position in the direction of the
Burger's vector as a function of time is shown in Fig. 7a and b,
and in Fig. 7c and d, the velocities, respectively, for the /4<111>
{110} and Y4<111>{112} periodic dislocations. It was observed
that the velocity of dislocations decreases with increasing H
concentration for both orientation sets, with a strong effect
for the 1% H-concentration in the %4<111>{112} dislocation set.
Moreover, the point in time when the dislocation started to
due to the accumulated shear stress in the initial stages of the
shear loading step of the simulations, was delayed by the
presence of hydrogen around the dislocation cores. It can be
concluded that hydrogen has a pinning effect for both slip
systems and that it is more active along the {112} glide plane.
In summary, it was found that the presence of hydrogen de-
creases the velocity of the edge dislocation in «-iron, with the
amount depending on the slip system and the dislocation
movement regime under consideration. Although the sepa-
ration distance between the dislocations is stable for both
glide planes, the pinning of the 4<111>{112} dislocations is
more pronounced for the high hydrogen concentrations.
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concentrations.

Grain boundary & dislocation interaction

Fig. 8 shows the movement of the 4<111>{112} dislocations in
the simulation cell containing two grain boundaries for
various hydrogen concentrations. Once a single dislocation
closely approaches a grain boundary it gets absorbed by the
boundary and requires an additional elastic stress field, e.g., of

a subsequent dislocation, to overcome the energy barrier and
to continue its movement through the crystal lattice. How-
ever, as the hydrogen concentration increases in both the
dislocation cores and the grain boundaries, the mobility of the
dislocations decreases overall. In the case of no hydrogen (0%
H/Fe concentration), after the shear loading, the system sta-
bilizes with two dislocations absorbed in the grain boundaries
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and with a pair of dislocations stuck behind each grain
boundary (Fig. 8a). Furthermore, after ca. 50—70 ps, the accu-
mulation of three dislocations behind the absorbed disloca-
tion builds up a strong enough stress field to nucleate the
absorbed dislocation into the crystal on the other side of the
grain boundary. However, Fig. 8b shows that in the presence
of 0.25% H/Fe, the elastic stress fields of the dislocations are
insufficient to nucleate, and thus re-activate, the dislocation
absorbed in the grain boundary. In fact, at higher hydrogen
concentrations, more than one dislocation can be absorbed in
the grain boundary as shown in Fig. 8c and d. We conclude
from these grain boundary + dislocation simulations that
hydrogen can increase local plasticity by shielding the elastic
long-range interactions between the edge dislocations and
other elastic obstacles. This result is consistent with the
shielding effect discussed in the context of the HELP
mechanism.

Simulations of tensile properties

Each of the three supercell orientations mentioned above was
exposed to a tensile loading with a constant strain rate and
periodic boundaries in all three dimensions in order to evaluate
mechanical characteristics and the effect of hydrogen on the
pre-existing defects. For the structures without grain bound-
aries, no fracture was observed up to 50% strain. In contrast, in
the supercell containing a grain boundary, intergranular
cleavage surfaces were obtained after the deformation-induced
grain formation by the same ¥3<110>(112) symmetric tilt grain
boundaries.

We first discuss the simulations with single crystals. In
the simulations that contained !<111>{110} dislocations
from the outset, all simulation cells showed a similar elastic
response and yield stresses were decreased gradually by
increasing hydrogen concentration. An immediate softening
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was observed by yielding with the formation of new dislo-
cations; for increasing H/Fe concentration, the softening
process starts earlier, and the pre-existing dislocations
showed no mobility for all simulation cells. Tensile stress
versus strain graphs are shown in Fig. 9.

For the simulations with 4<111>{112} dislocations, each
configuration showed the same elastic modulus and a hard-
ening stage was observed after yielding with the mobility of
pre-existing dislocations (Fig. 10). Hydrogen was observed to
delay and restrict the mobility of the pre-existing dislocations.
Also, depending on the hydrogen concentration, dislocations
were observed to follow different paths during hardening. In
all simulations for the four hydrogen concentrations, the pre-
exisiting dislocation mobility was observed along the [-1-11]
direction after the yielding that corresponds to the hardening
phase. It was also observed that the mobile pre-existing
%<111> dislocations form a junction and nucleate 1<001>
dislocations when they encounter each other (Fig. 11). It was
found that the pinning effect of hydrogen on the pre-existing
dislocations increases the stress by inhibiting the pre-existing
dislocation activity.

Turning to the simulations in the presence of grain
boundaries, Fig. 12 shows the stress-strain behaviour for
simulation cells containing the two grain boundaries and
dislocations, for various hydrogen concentrations. Unlike the
single crystal simulations, pre-existing dislocation activity
starts immediately after the tensile load was applied in the x
direction. For each hydrogen concentration, the pre-existing
%<111>{112} dislocations follow the same path and glide in
the <111> direction until every dislocation is absorbed in the
grain boundary. Our results reveal that the presence of
hydrogen restricts the movement of the dislocations in pro-
portion to the hydrogen concentration and eventually in-
creases the stress for the same strain levels. After that, a
softening stage begins with the formation of a new
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2¥3<110>(112) grain boundary along the [111] direction inside
the single crystal part. We observed that the presence of
hydrogen inhibits the formation of new grain boundaries and
thus, eventually, inside the supercell more stress accumulates
during the loading. Fig. 13 shows the grain configurations for
the simulation cells with four different H-concentrations, at
the same strain level (7.5%).

Discussion

During the movement of a dislocation through the crystal
lattice, different regimes and mechanisms can play a role
depending on the temperature, applied stress, and slip sys-
tem. At 0K temperature, an infinitely long dislocation needs to
exceed the so-called Peierls stress in order to start the glide
along the Burger's vector direction [55,56]. It is known that the
Peierls stress for the /4<111>{112} dislocation is significantly
higher than the one for the .<111>{110} dislocation. Owing to
the asymmetrical core structure, the {112} glide plane exhibits
different critical stresses depending on the loading direction
especially for low temperatures [57]. We note that in one
regime, the dislocation movement through the crystal lattice
is controlled by the phonon drag dynamics [58]. During the
movement of the dislocation, a drag force is acting on the
dislocation with a drag coefficient B(T) which depends on the
temperature, and the velocity of the dislocation can be
expressed as [58,59].

where 7 is the shear stress and b is the magnitude of the
Burger's vector. Although several mechanisms contribute to
the viscous damping of the dislocation glide, according to this
model phonon scattering is the main factor determining the
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Fig. 9 — Stress and total dislocation length vs strain graphs of the simulation set with 4<111>{110} dislocations, for the
single crystal, a,b) for the random initial distribution of the five dislocations, c,d) for the aligned sequence of five dislocations
along x axis. Note that the maxima in the dislocation lengths correlate with minima in the stress. Very similar results were
observed for the initial distribution with five aligned dislocations: the maximal stress was slightly reduced compared to the
random dislocation arrangement, while the strains where the peaks and the minima of the stress and the dislocation

lengths occurred were the same.
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Fig. 10 — Stress and total dislocation length vs strain graphs of the simulation set with %:<111>{112} dislocations, for the
single crystal. Again, a,b) the results found for the random initial distribution of the five dislocations, c,d) for the aligned

sequence of five dislocations along x axis.

Junctions

L.

z

Fig. 11 — Strain paths of pre-existing dislocation in /2<111>{112} dislocation containing supercell after yielding and junction

formation, for the single crystal.

drag coefficient [59,60]. However, atomistic and continuum
level studies show that although the phonon drag dynamics is
capable of modeling the mobility of the {110} glide plane for
appropriate stresses and temperatures, more than one regime
should be considered [57—-59] when evaluating the behavior in
the case of a {112} glide plane. It is also possible for disloca-
tions to move at shears below the Peierls stress when the
temperature is high enough to generate thermally activated
kink pairs. It was observed in a MD study that the motion of
the /4<111>{112} dislocation takes place via nucleation of the
kink pairs at temperatures below 100 K, while for higher
temperatures the drift of kinks is the dominant process [57].

The velocity of the dislocation that moves by the kink pair
formation is defined as [61,62].

bLh {Uiﬁ(T)}
xp b

x2 kT

Ukp = @D (6)
where wp is Debye frequency, ;- is the number of possible kink
pair formation sites, L is the length of the dislocation, h is the
periodicity in the barrier, and U,(g (1) is the kink pair activation
energy.

In simulations, for both dislocation types, we observed the
formation of kinks while the dislocations glide through the
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Fig. 12 — Stress and vs strain graphs of the simulation set with grain boundaries and /2<111>{112} dislocations. Note that

the softening earlier than for the case without grain boundaries,

c.f. Fig. 9.
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x

Fig. 13 — £3<110>(112) grain boundary formation at 7.5% strain for %0 H/Fe, 0.25% H/Fe, 0.5% H/Fe, and 1% H/Fe supercells.
Each colour represents different grains where the newly formed deformation induced grains have the same ¥3<110>(112)
grain boundary. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

crystal lattice. However, more rapid kink pair formation and
reversion, and also gliding as more straight dislocation lines
occurred for the {110} glide plane dislocations. On the other
hand, {112} glide plane dislocations showed advancement via
the nucleation of kink pairs in comparatively higher numbers
and also sustained kink formation for a longer time. These
results can also be seen from Fig. 7: unlike the {110} glide plane
dislocation, the average position of the {112} dislocation shows
a nonlinear advancement due to the trapped kink pairs which
become more distinctive as the hydrogen concentration in-
creases. It was observed from the simulations that when a
part of a straight dislocation line encounters a hydrogen-rich
region, it gets attracted and trapped within that region with
a hydrogen rich atmosphere. Based on this observation,
hydrogen was proposed to inhibit the nucleation of new kinks
by decreasing the number of kink pair formation sites, and
also by reducing the activation energy for the kink pair for-
mation process which is dependent to shear stress. Thus,

rather than the drag coefficient being changed by a phonon-
impurity scattering, the pinning effect by influencing the
kink pair nucleation is observed to be the active mechanism
for the reduced mobility of dislocations in the hydrogen
presence. Moreover, although the hydrogen atoms in the core
of the dislocations decrease the elastic stress field of the {110}
glide plane by more than for the {112} glide plane, the velocity
and the total energy around the dislocations was found to
decrease by a larger amount for the {112} glide plane than for
the {110} dislocation. As a consequence, when there is
hydrogen present in the lattice, the pinning effect was
observed to be more pronounced for the {112} glide planes,
showing an inhibited mobility of the dislocation movement
when the dislocation advancement is based on the kink pair
nucleation regime.

In general, restriction of the movement of the pre-existing
{112} dislocations was seen to cause more hardening in the
behaviour of the uniaxial tensile stress in addition to a delay
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in the activity of the pre-existing dislocation until the first
maximum in the stress has been reached (Fig. 10). Although in
the single crystal tensile deformation simulations, the dislo-
cations followed different paths, in the initial stage of the
grain boundary simulations each dislocation follows the same
path and the hardening occurs with increasing hydrogen
concentration (Fig. 12).

Such a hydrogen-induced hardening effect had also been
observed in earlier modelling and experimental studies of the
pinning role of hydrogen on dislocations movement [63—66].
Unlike the second simulation set with {112} dislocations,
structures containing {110} dislocations did not show any
dislocation mobility before the emission of new dislocations,
since not enough shear stress could accumulate along the
<111> direction during tensile loading (Fig. 9). However, the
yield stress was sufficiently reduced by the emission of new
dislocations when increasing the hydrogen concentration. In
earlier studies, it had been found that hydrogen can facilitate
dislocation emission by decreasing the critical stress intensity
at the crack tip [67,68]. From the uniaxial tensile simulations
of the single crystalline structures containing pre-existing
dislocations, we conclude that hydrogen presence can sup-
press plasticity and lead to local brittle regions where re-
striction of the movement of dislocations leads to hardening.
On the other hand, we also found that the presence of
hydrogen atoms can enhance plasticity by facilitating the
emission of new dislocations if there is no pre-existing dislo-
cation activity and plastic behavior occurs via emission of new
dislocations.

Movement of the dislocations in the bicrystals with grain
boundaries revealed that hydrogen can lead to localization of
the regions with enhanced plasticity near elastic obstacles. It
was observed from the simulations that the presence of
hydrogen decreases the elastic stress fields around the dislo-
cations (Fig. 6). Furthermore, it was found that in the presence
of hydrogen, the transmission of the dislocations across grain
boundaries is less likely, due to the reduced elastic field of the
sequence of dislocations. Furthermore, a larger energy was
required for a dislocation to leave the hydrogen segregated
grain boundary. Beside the shielding effect of hydrogen, it was
also observed that for a high hydrogen concentration (1% H/
Fe), the grain boundary can absorb more than one dislocation,
while only one dislocation can be absorbed and emitted at a
time for the lower hydrogen concentrations (Fig. 8). In earlier
investigations of Ni and Fe symmetric tilt grain boundaries and
screw dislocations interactions, it had been observed that
when the hydrogen segregates along the grain boundaries, this
can increase the energy barrier for the dislocation-GB in-
teractions such as transmission, absorption, and emission
[69,70]. Additionally, tensile simulations of the bicrystals reveal
that strain-induced grain nucleation was suppressed by the
increasing hydrogen concentration. For the same strains, we
observed grain formations in various volumes depending on
the hydrogen concentration (Fig. 13). Furthermore, in previous
molecular dynamics studies on the bcc Fe nanograins, it was
found that hydrogen can inhibit the GB-related deformation
processes such as grain boundary migration, rotation, sliding,
and also dislocation and deformation twin nucleation from the
grain boundary due to the grain boundary disorder and
reduced mobility of the grain boundaries which eventually

suppress the plastic deformation [38,71]. Finally, from the
simulations, we can conclude that hydrogen can facilitate the
existence of local brittle fracture points around the grain
boundary by suppressing the strain-induced grain nucleation.

Conclusions

In summary, we investigated the role of hydrogen on the edge
dislocation mobility and also grain boundary-dislocation in-
teractions in alpha-iron. To further evaluate these systems,
uniaxial tensile loadings were performed under constant
strain rate. The following conclusions can be drawn from the
study;

(1) The presence of hydrogen in the crystal lattice de-
creases the velocity of the edge dislocations and the
movement regime is a determining factor regarding the
magnitude of the reduced mobility. It was observed that
the pinning effect of the hydrogen atoms on the dislo-
cation is more pronounced when the glide occurs via
kink pair formation.

(2) When the dislocations encounter an elastic obstacle,
hydrogen can shield the elastic stress fields between
dislocation pile ups and it can facilitate plasticity
localization as suggested in the HELP mechanism.
Moreover, the energy required for dislocation trans-
mission across the grain boundary is higher in the
presence of hydrogen, which can lead to enhanced
plastic behaviour around the grain boundary.

(3) While the pre-existing dislocations are mobile in the
single crystal and bicrystal, hardening was observed,
suggesting the pinning effect of the hydrogen atoms as
the mechanism. Although this can lead to inhibition of
plasticity and formation of brittle crack initiation
points, it was also shown that hydrogen presence can
decrease the required stress for emission of dislocations
and actually enhance local plasticity.

(4) Atomic configuration disorder at the grain boundary by
segregated hydrogen can contribute to the plasticity
localization by increasing defect absorption. However,
brittle behaviour was also observed in bicrystals by the
reduction of strain-induced grain nucleation capacity
under the effect of hydrogen.
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