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The Hydrogen Enhanced Localized Plasticity (HELP) mechanism is one of the most important theories explaining
Hydrogen Embrittlement in metallic materials. While much research has focused on hydrogen’s impact on
dislocation core structure and dislocation mobility, its effect on local dislocation density and plasticity remains
less explored. This study examines both aspects using two distinct atomistic simulations: one for a single edge
dislocation under shear and another for a bulk model under cyclic loading, both across varying hydrogen con-

centrations. We find that hydrogen stabilizes the edge dislocation and exhibits a dual impact on dislocation
mobility. Specifically, mobility increases below a shear load of 900 MPa but progressively decreases above this
threshold. Furthermore, dislocation accumulation is notably suppressed at around 1 % hydrogen concentration.
These findings offer key insights for future research on Hydrogen Embrittlement, particularly in fatigue

scenarios.

1. Introduction

Hydrogen (H) based energy technologies hold promise for the future,
from fusion reactors to H cells. H is touted as a critical element for en-
ergy generation and energy storage due to its abundance, easy sourcing
and zero carbon footprint. However, the increased use of H presents a
challenge - the H embrittlement of metals and alloys. This phenomenon
occurs when H atoms infiltrate metals, compromising their mechanical
properties. As metals and alloys are foundational for structural appli-
cations [1-3], H embrittlement poses challenges for the future engi-
neering and manufacturing [4-8].

Despite extensive research, the mechanism behind the detrimental
effect of H on metals remains debated. A prevalent theory, the H-
enhanced decohesion (HEDE), posits that H facilitates crack formation
and growth in polycrystalline metals by promoting decohesion at crack
tips [9]. Another explanation of H embrittlement suggests that H ac-
celerates formation of vacancies, weakening the metal [10,11]. It is
worth noting that while HEDE is theoretically robust, experimental ev-
idence is inconclusive. The above mechanisms explain brittle fractures,
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they do not account for ductile fractures - the primary failure mode in
metals and alloys. Ductile failure begins with the micro-void formation
near the second phase particle or precipitate in metals and alloys, fol-
lowed by void coalescence and growth culminating in ductile failure.
The H-enhanced Localized Plasticity (HELP) mechanism proposes that H
assists local plastic deformation in metals [12-14]. According to HELP
mechanism, presence of H eases dislocation motion, reduces
dislocation-dislocation interaction known as H shielding and promotes
dislocation nucleation locally softening the material. This theory gains
support from observation showing reduced dislocation pile-up distances
in metals like steels and aluminum with higher H concentration.
Attempts have been made to understand HELP mechanism through
modeling at multiple scales [15-19]. At the electronic scale, Density
Functional Theory (DFT) revealed that H increases Density of States
(DOS) of the electron adjacent to the Fermi level resulting in enhanced
local concentration of the free electron and decrease in elastic modulus
[20,21]. Tehranchi et al. conducted an atomistic study where possible
mechanisms of H induced softening was investigated [22]. For pure FCC
Ni, no softening mechanism was found in the atomistic study, but it was
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Fig. 1. Schematic diagram and Atomistic PAD model of pure metal Fe. (a) and
(b) show schematic diagram of dislocation in PAD model at rest and under
shear, respectively. (c) shows the atomistic PAD model where blue and white
atoms represent matrix and dislocation core atoms respectively. (d) shows line
representation of the edge dislocation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 2. Schematic diagram of the bulk model: (a) shows the crystal orientation
at rest and (b) shows the bulk model under cyclic load and resulting dislocation
pile-up.

concluded that softening is only possible due to the solute H in-
teractions. In BCC Fe, no measurable effect was found on plastic flow
[23]. However, this contradicts the in-situ experiment under microscope
where an enhanced mobility due to H presence is widely observed [24].
Enhanced dislocation mobility should lead to softening, but no direct
evidence of softening has been observed. At the microscale, Discrete
Dislocation Dynamics (DDD) simulations shows that H increased dislo-
cation velocity and crack propagation and decreased stacking fault en-
ergy [12]. The dislocation mobility law derived from DDD and H
dependent core force derived from atomistic study inform the Crystal
Plasticity models that investigate H effect on the texture evolution at the
meso-scale [25]. Cohesive Zone Modeling (CZM) is another modeling
tools used to study H embrittlement at the meso-scale by utilizing
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traction-separation law where H reduces the cohesive energy at the
cohesive zone [26]. At the continuum scale, phase field modeling
techniques is used to model the effect of HELP by reducing yield stress as
a function of H concentration [27].

Atomistic modeling is an effective tool to investigate a variety of
phenomena where atomistic description of the material has a significant
effect [27-33]. Since H embrittlement of metals occurs at an atomistic
scale, atomistic modeling with a variety atomistic structure, interatomic
potential and loading condition has been performed to understand
specific aspects of H embrittlement mechanism. Through molecular
dynamic simulation, Matsumoto et al. investigated H effect on the mode
I crack propagation and estimated H trap energy in the vicinity of an
edge dislocation [34]. Wang et al. showed that H inhibit <111>{112}
slip promoting brittle fracture in the adjacent crack front. They also
reported that H in {100} plane promotes martensitic transformation
[35]. Li et al. emphasized on the H interaction with the grain boundary
and demonstrated that H segregates into the grain boundary and hiders
<100> grain boundary motion [36]. In a later study, they investigated
the H embrittlement mechanism around X3 grain boundary and re-
ported that for Symmetric Incoherent Twin Boundary (SITB) H reduces
the yield stress but for Inclined Twin Boundary H increases the yield
stress [37]. Using Machine Learning based force field Zhang et al.
studied crack propagation along pre-cracked sample for different grain
boundaries [38]. Song et al. investigated the effect H on an edge dislo-
cation mobility and pile-ups to understand the underlying nanoscale
mechanism of HELP and reported H inhibiting dislocation mobility
which the explained in terms of solute drag theory [39].

Local plastic deformation in metals is governed by dislocation
nucleation, growth, existing dislocation density and dislocation
mobility. Orowan’s local kinematics law for metallic system relates
these attributes as follows,
A=pvb @
where, local strain-rate A depends on the local dislocation velocity v and
dislocation density p, b being the Burgers vector which is constant for
specific metallic systems. To truly understand how H impacts local
plastic deformation (the HELP theory), it is vital to investigate its effect
on both dislocation velocity and dislocation density.

This research aims to delve deeper into H’s effect on these parame-
ters through two series of atomistic modeling studies. The first examines
how varying H concentrations influence an edge dislocation core ve-
locity in single crystal iron under shear loads. Although screw disloca-
tions are the primary carriers of dislocation in BCC iron, effect of H on
the screw dislocation core has been found to be minimal compared to
edge dislocation core due to the isotropic strain field induced by inter-
stitial H [23,39-42]. The second investigates how increasing H con-
centrations affect dislocation accumulation. The following sections
outline our Methodology, Results and Discussions, and finally, Conclu-
sions are drawn from the two sets of results in the context of HELP
mechanism.

2. Methodology
2.1. Atomistic modeling and simulation of H effect on dislocation mobility

Periodic Array of Dislocation (PAD) [43] model is used to model
edge dislocation inside of a Single Crystal BCC Fe model. Periodic
boundary condition (PBC) was used in the boundary along <111> and
<—1-12> direction and shrink-wrapped boundary condition is used
along the <—110> direction to be used as a traction boundary. A
convergence analysis with energy minimization is performed to find the
minimum dimensions of the PAD model with no significant periodic
effect. As a result, the dimension for the PAD model was determined to
be 61[111] x 40[—110] x 12[-1-12] with 9480 atoms in pure Fe model.
An edge dislocation with 1/2[111] Burgers vector is introduced at the
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Fig. 3. H effect on dislocation core: (a) and (b) show the relative energy distribution in the edge dislocation core with and without H atoms, respectively. The average

dislocation core energy with increasing H concentration is shown in (c).

Table 1
Effect of H concentration on mobility of the Fe edge dislocation. Here, s and m
denote sessile and mobile dislocation, respectively.

at% 50 100 300 600 900 1200 1500
H MPa MPa MPa MPa MPa MPa MPa
0.00 m m m m m m m
0.25 s s H H m m m
0.50 s s H H m m m
0.75 s H H H m m m
1.00 s H H H s m m

center of the {110} plane by adding the upper half plane above the
dislocation line by using the Atomsk software tool [44]. The schematic
diagram of this PAD model with the edge dislocation is shown in Fig. 1a.

The widely used Large-Scale Atomic/Molecular Massively Parallel
Software (LAMMPS) software is then used to perform a series of mo-
lecular dynamic (MD) simulations [45], as the bulk models are shown in
the schematic diagram in Fig. 2. In the PAD model, at the traction
boundary along [-110] direction, atoms that are 6 atomistic layers deep
from the upper and lower region were marked to be frozen from thermal
activation. For pure metal Fe, Embedded-Atom Method (EAM) potential
developed by Proville et al. is used, which is particularly suitable for
simulating glide of dislocations [46]. The PAD model is then equili-
brated at 300 K temperature for 10 ps (ps), which was found to be suf-
ficient to relax the pure Fe model. Care is taken not to include the frozen
atoms in the equilibration process.

After the equilibrated configuration is obtained, a shear stress is
applied on upper traction boundary along [—110]. A representative
example of dynamic evolution of dislocation atomic structure and
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dislocation velocity under shear is provided in the Supplemental Mate-
rial. The total shear force is equally distributed among the upper frozen
atoms as per the following equation,

stress

(2)

force=———
Ix Iz % Nggoms

Where, Ix and Iz are the respective dimensions of the model along [111]
and [—1-12], ngms is the number of atoms at the upper portion of the
frozen atoms. The calculated per atoms forces are applied to the upper
portion of the frozen atoms at each time step during the shear simula-
tion. Shear stress varies from 0.1 GPa to 1.5 GPa for the PAD model
keeping the temperature fixed at 300 K and shear simulation time at 150
ps. Due to the close vicinity of the core atoms to the frozen atoms where
the shear force is applied, the applied shear stress gives a good estima-
tion of the effective local shear stress at the dislocation core.

Open Visualization Tool (Ovito) is used to analyze the time-series
data from molecular dynamic simulation [47]. To identify the local
crystal structure, Ovito has two different tools based on distinct algo-
rithms namely, Common Neighbor Analysis (CNA) [48] and Polyhedral
Template Matching (PTM) [49]. CNA is a robust and efficient method
that computes a fingerprint for pairs of atoms. However, CNA is more
reliable for defect free atomistic structure with relaxed configuration. In
the presence of strong thermal fluctuations and strain, the PTM method
is determined to be a more reliable tool for structural identification.
With the help of PTM, the atoms with native BCC crystal structure can be
distinguished from dislocation core atoms with unmatched crystal
structure as can be seen from Fig. lc. The atoms that make up the
dislocation core are marked and the average position of the collection of
dislocation core atoms is recorded at each time step. This average
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Fig. 4. Dislocation velocity with varying applied shear stress in pure Fe.
position of dislocation core atoms is plotted against time to calculate the reported around 0.1 at%, the local H concentration can rise by an order
edge dislocation velocity in pure Fe. To investigate the H effect on edge of magnitude, particularly at the defect sites like dislocation core [50].
dislocation velocity, the PAD model is randomly incorporated with
varying number of H atoms. After creating models with varying con- 2.2. Atomistic modeling and simulation of H effect on dislocation density
centration of H (up to 1.0 at%), the simulation process of equilibration,
shear and dislocation velocity calculation is performed on each model. A bulk model of single crystal BCC Fe with dimension 20 nm x 20
Even though maximum H concentration in the charged sample is  nm x 40 nm is created. The pure Fe bulk model is comprised of
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Fig. 5. Effect of H concentration on dislocation velocity in Fe.

1,372,000 Fe atoms. PBC conditions are applied along all directions to
emulate the condition inside of Fe crystallite. The model was equili-
brated at 300 K for 50 ps. After relaxed configuration is obtained, a fa-
tigue load is applied on the relaxed model by introducing a periodic
strain along the [010] direction. A representative example of dynamic
evolution of dislocation accumulation under cyclic load is provided in
the Supplemental Material. The periodic strain can be represented by the
following equation,

2ﬂn5T)

P

y=ASin ( 3)

where, A denotes the magnitude of applied periodic deformation, n
denotes the number of steps, 6T denotes the timestep and T, denotes the
time period. This periodic strain or fatigue load is applied to the bulk
model for 100 ps keeping the temperature at 300 K.

Dislocation Extraction Algorithm (DXA) is applied to the timeseries
data of the MD simulation result [51]. Through this method, line rep-
resentation of the individual dislocation is identified for different types
of dislocations, and the length of these dislocations are also measured.
The same MD simulation procedures are then repeated for models with
0.25 at%, 0.5 at%, 0.75 at% and 1.0 at% H and subsequent dislocation
density is quantified.

3. Results and Discussions
3.1. H effect on dislocation mobility

The effect of H on the edge dislocation core at zero temperature is
previously reported by Wang et al. where Peierls stress, shear modulus
and dislocation core energy are computed at various H concentration
[52]. Edge dislocation core energy is reported to show a steady decrease
with the increase of H concentration from 0 to 0.08 at%. In the present
work the effect of edge dislocation core configuration is computed at
room temperature (300 K). Furthermore, to model H effect on Fe, the
EAM potential developed by Wen [53] is used here as opposed to the
Mendelev [54] potential as the former captures the repulsive effect of
H-H interactions below 0.45 A which is appropriate for modeling the
behavior of H rich dislocation core.

Again, in the atomistic model, dislocation core atoms are identified
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using the PTM method. The dislocation core energy then can be
computed as the model is allowed to be equilibrated for 100 ps. Dislo-
cation core atoms are at a higher energy compared to the rest due to the
lattice mismatch. Fig. 3a and b shows that addition of H affects the
energy distribution of the core and Fig. 3c shows that H atoms also affect
the average energy of the core atoms. During equilibration, the average
dislocation core energy of pure Fe remains constant but for the models
with H atoms, dislocation core energy progressively reduces. This result
shows the H atoms stabilize the dislocation core of Fe and the rate of
stabilization directly correlates to the H concentration. Atomistic visu-
alization reveals that the H atoms occupies the dislocation core inter-
stitial position, reducing the lattice mismatch at the edge dislocation
core which explains the reduction in core energy. The continuous
reduction in core energy also confirms the progressive accumulation of
H atom at the dislocation core.

The effect of this H induced stabilization of dislocation core on the
mobility of dislocation is studied by analyzing the MD simulation result
of application of shear load on the equilibrated models. The applied
shear stress in the simulation is varied from 50 MPa to 1500 MPa
whereas the H concentration varied from 0.25 % to 1.00 %. Table 1
shows the shear stress and H concentration at which the edge dislocation
was able to mobilize. In pure Fe, the dislocation observed to be able to
move at 50 MPa shear stress. However, with as little as 0.25 % presence
of H, the dislocation is rendered immobile below 900 MPa shear stress.
At 1.00 % H concentration, edge dislocation can only move at and above
1200 MPa applied shear.

At the applied shear and H concentration where dislocation can
move, dislocation velocity is calculated from the slope of average
dislocation core position against time curve. Fig. 4 shows how disloca-
tion velocity changes with the increasing applied shear in pure Fe model.
It can be noted that at lower applied shear stress, the dislocation core
movement is non-linear, but as the applied shear increases, core
movement becomes nearly linear. At low applied shear, atomistic lat-
tices resist the core movement which then becomes insignificant with
the increase of applied shear. This observation justifies the linear
approximation to calculate dislocation velocity.

Even a small concentration of H dramatically modifies the disloca-
tion core behavior as is observed from Table 1. Fig. 5 shows the effect of
H concentration on dislocation velocity. While increase of H
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Fig. 6. Evolution of dislocation accumulation: (a), (b) and (c) show total
dislocation length, cyclic average dislocation length and average dislocation
length at varying H concentration, respectively.

concentration increases the shear stress level required to mobilize an
edge dislocation core, it also eases the initial lattice resistance when the
level of shear stress is relatively low, enhancing the dislocation velocity
compared to dislocation core in pure Fe. However, since at higher shear
stress level (>900 MPa) lattice resistance does not play a significant
part, this enhancement also becomes insignificant. Above 900 MPa
shear stress, increasing H concentration starts to impede dislocation
velocity. This can be explained by the fact that under high shear and
larger dislocation velocity, lattice resistance is already small and thus, H
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atoms only add to the viscus or phonon drag [55] on dislocation
movement. Our modeling results on the H effect on dislocation mobility
and other behaviors are in reasonable agreement with the reported
experimental findings especially those obtained from electron micro-
scopic studies [56-60].

3.2. H effect on dislocation nucleation and accumulation

Cyclic loading on the Fe bulk model with various H concentrations is
simulated through MD simulation and DXA algorithm is used to study
how H atoms affect dislocation accumulation. The motivation behind
using cyclic loading as opposed to monotonic loading is to investigate
the long-term dislocation accumulation in the model. During tension
cycles, primarily dislocation nucleation occurs whereas during the
subsequent compression cycle dislocation annihilation primarily takes
place and thus, the accumulated dislocation is studied. In each simula-
tion, the bulk model is subjected to tension for 20 ps and compression for
20 ps. A total of 5 tension-compression cycles are applied to quantify the
dislocation accumulation pattern.

Fig. 6a shows the evolution of dislocation under the cyclic loading.
Each peak dislocation count after the first cycle is associated with ten-
sion or compression state. It is observed that the peak dislocation length
becomes progressively higher after each cycle. The inclusion of H
initially (from 0.00 at%.to 0.75 at%) enhances maximum number of
dislocations, resulting in higher peaks. However, at around 0.75-1.00 at
% H concentration, the peak height of dislocation length decreased.
Fig. 6b and c show the average accumulation of dislocation length over
each cycle and 5 cycles (200 ps), respectively. It is observed that H
concentration has a negative correlation with dislocation accumulation
where with increasing H, dislocation accumulation gets suppressed.

The above observation can be explained by the fact that H atoms
occupies the interstitial position of the BCC lattice, increasing its rigidity
and suppressing dislocation nucleation. Dislocation nucleation is the
critical mechanism under the cyclic loading as dislocation nucleation
and annihilation occurs during subsequent tension and compression
cycle, respectively. As a result, newly nucleated dislocation makes up
bulk of the dislocation line. This is different to monotonic loading where
dislocation propagation and multiplication contribute to most existing
dislocation. At lower H concentration, there are enough H-sparse re-
gions where dislocation can be nucleated. The lattice misfit at the H-rich
region acts as a significant obstacle that localizes the added stress during
tension and compression. This led to enhancement in dislocation
nucleation during tension and compression. As the H concentration is
increased to around 0.75-1.00 at%, not enough H-sparse dislocation
nucleation region remains which leads to suppression of the dislocation
nucleation. The reduction of dislocation accumulation with increasing H
concentration is explained by the suppression of dislocation nucleation
at the H-rich region. It should be noted that the Kirchheim’s defactant
[61] theory which is rooted in the thermodynamic framework of
solute-defect interactions posits that the inclusion of an external defac-
tant like hydrogen increases the energy of the H charged free matrix
consequently reducing the formation energy of the dislocation. While
Kirchheim’s theory represents a homogenized perspective, the atomistic
suppression of dislocation nucleation revealed in the present study
pertains to localized atomistic interactions.

Fig. 7a and b shows stress in response to the cycling loading. Addi-
tion of H significantly affects the stress response particularly in
compression. The cyclic stress-strain curve shows that the stress-strain
path shrinks over time signifying expected loss of strain energy to
nucleate new dislocation. The addition of H further reduces the strain
energy over time as it imposes an additional energy barrier to nucleate
dislocation.

4. Conclusions

In conclusion, this study employs two separate sets of atomistic
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Fig. 7. Effect of H on stress response: (a) shows H effect on time evolution of stress response whereas (b) shows H effect on stress-strain relation.

simulations to probe the complex effects of hydrogen on dislocation
mobility and density in iron. Key findings reveal a multifaceted influ-
ence of hydrogen atoms. First, they stabilize the edge dislocation core,
thereby increasing the shear stress necessary for dislocation mobiliza-
tion. Second, their impact on dislocation mobility is velocity-dependent:
hydrogen facilitates mobility at low velocities by reducing lattice
resistance but hampers it at high velocities due to increased viscus drag.
Finally, dislocation nucleation varies with hydrogen concentrations,
being suppressed in hydrogen-rich regions while amplified in areas with
lower hydrogen levels. These nuanced insights offer a comprehensive
understanding of how hydrogen interacts with dislocations, setting the
stage for further research in this critical area.

Data availability
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