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Abstract
Hydrogen embrittlement (HE) poses a significant challenge to the mechanical integrity of iron and
its alloys. This study explores the influence of hydrogen atoms on two distinct grain boundaries
(GBs), Σ37 and Σ3, in body-centered-cubic (BCC) iron. Using the kinetic activation relaxation
technique , an off-lattice kinetic Monte Carlo approach with an EAM-based potential, extensive
catalogs of activated events for atoms in both H-free and H-saturated GBs were generated.
Studying the diffusion of H, we find that, for these systems, while GB is energetically favorable for
H, this element diffuses more slowly at the GBs than in the bulk. The results further indicate that
the Σ3 GB exhibits higher stability in its pure form compared to the Σ37 GB, with notable
differences in energy barriers and diffusion behaviors. Moreover, with detailed information about
the evolution landscape around the GB, we find that the saturation of a GB with hydrogen both
stabilizes the GB by shifting barriers associated with Fe diffusion to higher energies and reducing
the number of diffusion events. For the Σ37 GB, the presence of hydrogen causes elastic
deformation, affecting the diffusion of Fe atoms both at the GB and in adjacent positions. This
results in new diffusion pathways but with higher diffusion barriers, unlike for the Σ3 GB. These
results indicate that the presence of hydrogen rigidifies the direct GB interface layers while allowing
more atoms to be active for the Σ37 GB. This provides a microscopic basis to support the existence
of competing mechanisms compatible with either plasticity (such as hydrogen enhanced localized
plasticity—HELP) or energy-dominated (hydrogen enhanced decohesion mechanism—HEDE)
embrittlement, with the relative importance of these mechanisms determined by the local
geometry of the GBs.

1. Introduction

Hydrogen (H) has long been recognized as a factor that leads to the deterioration of the mechanical
capabilities of metals, presenting a significant technological hurdle in various industrial applications [1].
Specifically, the diffusion and segregation of hydrogen in iron and its alloys contribute to engineering
challenges related to embrittlement (HE), and deterioration of high-strength steels, and similar components.
Hydrogen, a prevalent impurity in iron-based materials, is integrated into materials during both production
and service, exhibiting notable mobility within the bulk phase. Research further indicates that
microstructural defects in the material, such as vacancies, dislocations, and grain boundaries (GBs), can
effectively trap hydrogen impurities [2–7].

Despite the ambiguity surrounding the precise origin of hydrogen embrittlement (HE) and the diverse
factors that ultimately influence this behavior, four main HE mechanisms have been proposed: (i) hydrogen
enhanced localized plasticity (HELP); (ii) hydrogen enhanced decohesion mechanism (HEDE); (iii)
hydrogen enhanced strain-induced vacancy formation (HESIV); and (iv) adsorption-induced dislocation
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emission [8]. Understanding which HE mechanism contributes to material failure, or whether a synergy of
mechanisms is at play, remains an open question for which numerical methods could provide additional
information and clarity.

The relative importance of these HE mechanisms is believed to depend on several key factors: hydrogen
concentration, crystal structure (body-centered cubic (BCC), FCC, or HCP) and microstructure of the
alloys. In general, HE mechanisms can be divided into two categories: ‘plasticity-mediated’ and
‘hydrogen-impeded plasticity’ [9]. ‘Plasticity-mediated’ HE mechanisms, such as HESIV and HELP, are
activated through the interaction of hydrogen with vacancies and dislocations. In contrast, the HEDE
mechanism falls under ‘hydrogen-impeded plasticity’ and predominantly occurs at GBs, twin boundaries
(TBs), phase interfaces, and matrix/precipitate interfaces.

To better understand hydrogen-induced intergranular cracking, considerable numerical effort has been
dedicated to studying the trapping and diffusion behaviors of hydrogen atoms at microstructural defects,
particularly at GBs. This knowledge is critical for developing materials that are resistant to HE. Numerous
studies [10–13] demonstrate that GBs play a significant role in HE. It is important to study the key role of
GBs in hydrogen diffusion because they can either slow down or speed up hydrogen diffusion depending on
the conditions [14]. This behavior can be explained by two opposing theories: short-circuit diffusion and
boundary-trapping diffusion. Short-circuit diffusion theory suggests that hydrogen atoms can move faster
along GBs than through the lattice, thus accelerating hydrogen transport in metals. By comparing two kinds
of GBs in FCC and BCC structures, Lee et al [15] and Mine et al [16] concluded that GBs in BCC structures
can act as trapping sites for hydrogen atoms, while GBs in FCC structures can serve as fast migration
channels. These observations suggest that in BCC structures, the higher density of GBs increases the
likelihood of hydrogen trapping, while in FCC structures, GBs act as fast migration channels for hydrogen.
However, a DFT (Density functional theory) study by Du et al [17] examining hydrogen interactions with
GB structures in α-and γ-Fe found that none of the examined GBs exhibited fast hydrogen diffusion. In fact,
the hydrogen diffusivity within these GBs was lower compared to diffusion in perfect single-crystalline bulk,
causing these GBs to act as hydrogen traps and lowering the critical strain required for material fracture. The
accommodation of hydrogen depends on the local coordination of interstitial sites, with larger interstitial
sites in the open-grain boundary structures enhancing solubility. This highlights the fact that there is no
consensus on this topic and that further studies are needed to determine the exact impact of GB on hydrogen
atoms.

To study the diffusion of GBs in the presence of H, it is crucial to consider the effect of H atoms on the
diffusion of atoms within GBs. However, much less atomistic simulation work, has focused on how the
presence of hydrogen can alter the diffusivity of the GB itself by changing the potential energy surface, which
is related to deformations around the GB. It is understood that the strength, deformability, and fracture
toughness of structural materials such as iron and iron alloys are likely influenced by GBs. Although
experimental findings suggest that hydrogen can affect dislocation plasticity and the transition of fracture
modes, delving into nanoscale interaction mechanisms between hydrogen and GBs has been more
appropriately addressed through theoretical simulations [18]. The observations of intergranular fracture
surfaces suggest that hydrogen weakens GB strength, with higher hydrogen concentrations at the GBs
correlating with lower GB cohesion. The activation of the HEDE mechanism and the initiation/propagation
of hydrogen-assisted cracks are controlled by reaching a critical local hydrogen concentration, which weakens
the interatomic forces. However, the precise quantitative relationship between the local hydrogen
concentration and the consequent reduction in GB strength remains experimentally elusive [9, 19, 20].
Simultaneously, experimental investigations reveal localized plastic deformation fracture characteristics and
underscore that the mobile interaction between hydrogen and deformation is not an inherent prerequisite for
hydrogen-induced intergranular fracture [21–23]. These fracture surfaces indicate the role of plasticity in HE
and the synergistic activity of HELP and HEDE mechanisms. The HELP-mediated HEDE model [9] explains
this synergy, suggesting that hydrogen interacts with dislocations and facilitates local dislocation formation
during deformation. Hydrogen then migrates towards the GBs through an enhanced dislocation movement
(HELP mechanism). As dislocations accumulate at the GBs, stress concentration and hydrogen enrichment
occur, leading to IG-like cracking when critical hydrogen levels are reached [9, 24]. Therefore, it is crucial to
examine the impact of hydrogen on GBs, particularly under conditions with a sufficient concentration of
hydrogen atoms. This understanding is essential for elucidating the exact mechanism of HEDE, which
significantly affects the mechanical properties of the materials. While the trapping and diffusion behavior of
hydrogen at GBs has been explored [12, 17, 25–32], the reciprocal effect—how hydrogen affects the mobility
and kinetics of Fe atoms at GBs—has not been thoroughly investigated. This knowledge is crucial because it
is the alteration in Fe atom mobility that determines the mechanical properties and fracture behaviors
associated with HE. While much is known about hydrogen’s interaction with GBs, the role of sufficient H in
altering the kinetics of Fe atoms, particularly in relation to energy barriers at these interfaces, has not been
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sufficiently investigated. Mai et al, in their investigation of multiple H-GB interactions in FCC nickel and
their role in GB decohesion, demonstrate the importance of hydrogen concentration on GB integrity and the
need for better understanding the impact of H on the metal’s kinetics [33]. Here, we address this gap by
focusing on the effect of hydrogen on the atomic-scale kinetics of Fe atoms at GBs in BCC iron.

More specifically, we concentrate on the effect of hydrogen on the kinetics of the Fe atoms at the GB, an
aspect that has received relatively little attention from computer simulations over the years. To do so, we
perform atomistic simulations on two GBs using empirical potentials with the kinetic Activation Relaxation
Technique (k-ART), an off-lattice kinetic Monte-Carlo algorithm with on-the-fly construction of the event
catalog. This technique allows us to observe long-time kinetics and obtain a detailed mapping of the energy
landscape around GBs, capturing rare events and diffusion mechanisms that are inaccessible to traditional
molecular dynamics simulations. These results help to understand the intricate dynamics of hydrogen
incorporation and its influence on the behavior of Fe at the GBs.

The organization of this paper is as follows. We begin with an overview of the methodologies employed
in this study, as well as detailed simulation details (section 2). Section 3 presents the migration energies of Fe
atoms across two different GB types, together with an examination of the impact of hydrogen atoms on these
boundaries. Finally, we discuss the results and their significance in the context of hydrogen-assisted defect
mobility.

2. Methodology

2.1. Models of GBs
Our study focuses on two separate GBs each in a box with periodic boundary conditions using crystalline
BCC Fe and relaxed at zero pressure at T= 0 K. These configurations feature two symmetric tilt GBs, with
〈100〉 or 〈110〉 axes of rotation parallel to the GB plane, constituting high-angle boundaries with
misorientations exceeding 15◦. The first sample is of the 〈100〉 family, type Σ37(160)θ = 18.93◦, and the
second GB belongs to the 〈110〉 family, type Σ3(112)θ = 70.53◦.

To maintain consistency with the existing literature, cells containing GBs are selected from [34]. For the
18.93◦ 〈100〉model, the cell box dimensions are 17.140× 51.878× 51.686 Å3 with 3924 atoms; for the
70.53◦ 〈110〉model, the box measures 36.318× 34.557× 37.367 Å3 with 4032 atoms. To ensure adherence to
the periodic boundary conditions in all directions, the two GBs are positioned at a distance equivalent to half
the box size along the z-direction.

The 18.93◦ 〈100〉 structure represents a general GB with medium GB energies (γGB = 61.05 meVÅ−2),
chosen for its distinct structural characteristics and potential to trap H atoms; the 70.53◦ 〈110〉 GB with
γGB = 16.22 meVÅ−2, extensively studied experimentally [35], features a unique configuration belonging to
Σ3GBs, because of its singular structural unit, it results in a pronounced decrease in GB energy.

2.2. Computing the energy of a grain boundary and interatomic potential
The energy of a GB (γGB) is determined by subtracting the total energy of a supercell with the GB (EGBtot ) from
the reference energy of the same number of atoms in the bulk (Ebulktot ). This reference energy is calculated
using a bulk unit cell or a supercell oriented similar to the GB, which represents the energy change caused by
the presence of the GB in the system. To find the energy per unit area of the GB, the energy difference is
divided by twice the area of the GB plane (2A), because there are two GBs in the simulation box to have a
periodic structure in all three directions:

γGB =
EGBtot − Ebulktot

2A
. (1)

Note that this quantity plays an important, but not unique, role in defining the stability and behavior of GBs.
The solution energy of an interstitial solute atom in the GB or bulk (calculated using equation (2)) refers

to the energy required to incorporate a solute atom into a specific structure. The solution energy in a GB is
represented by EGBsol and, in the bulk, by EBulksol . It represents the difference in energy between the GB or bulk
with the interstitial solute atom and the pristine GB (or bulk) without it. This energy arises because of the
distortion of the GB structure and the interactions between the solute atom and the surrounding atoms in
the GB:

EGB/Bulksol =
E+nH
tot −

(
Epuretot +NxµH

)

Nx
. (2)

In this equation, E+nH
tot denotes the overall energy of either the bulk or the system with GB, augmented by

‘n’ instances of the solute atom H. Epuretot represents the complete energy of the bulk or of the pristine GB
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structure, where only the matrix atoms contribute. Finally, ‘µH ’ denotes the reference chemical potential,
computed for the solute atom H, and Nx represents the number of H atoms.

The segregation energy can be derived by calculating the solution energies of both the bulk and GB
structures. Negative segregation energies indicate that impurity atoms tend to segregate towards the GB
plane,

γGB
seg = EGBsol − EBulksol . (3)

In the case of interatomic potentials, Fe–H models incorporating FeH and H–H components are
generally based on Mendelev’s adaptation of the embedded atom method (EAM) potential for Fe [36, 37].
Due to their focus on elemental hydrogen, some of these H potentials can lead to the nonphysical clustering
of interstitial H atoms [38]. To avoid these issues, we select a Finnis–Sinclair type EAM potential for this
study, with Fe-H parameters taken from Song et al [32] and Ramasubramanian et al [38]. These parameters
were adjusted to accurately simulate the Fe-H interactions in bulk Fe while minimizing the unphysical
aggregation of H atoms. The forces and energies are calculated from LAMMPS’ implementation of these
potentials [39, 40] and are linked to k-ART by treating LAMMPS’s as a library. Our previous study [41]
found that while this potential introduces a shallow metastable state along the defect diffusion pathway [42],
other defect related properties [32] are well reproduced, as confirmed by ab initio calculations [41].

2.3. The k-ART
Computational approaches and atomistic simulations play a crucial role in understanding the microscopic
processes linked to atomic diffusion, with advancements in methodologies and increased computing
capabilities.

The simulations in this study were carried out using the k-ART [43, 44], an off-lattice kinetic Monte
Carlo method (KMC) that generated activated events around certain configurations using the
activation-relaxation technique nouveau (ARTn) method [45–47], and NAUTY, a topological analysis
package, as the generic classification method [48]. Using NAUTY, a topological analysis tool developed by
McKay [48], within a locally relaxed system, we determined the local topology surrounding each atom. This
involved generating a graph encompassing all atoms within, for these systems, a 6 Å radius of the central
atom, corresponding to a cutoff between the 6th and 7th neighboring shell and including approximately 65
atoms, with vertices connecting atoms within 2.7 Å of each other, a distance between the first and the second
neighbor shell. Subsequently, this constructed connectivity graph underwent analysis by NAUTY, which
provided a unique identifier that characterized its automorphic group, inclusive of its chemical identity.
Atoms that shared the same topological environment exhibited similar activated mechanisms [44]. This
hypothesis was examined and corrected by adjusting in various thresholds as needed. For each topology, an
adequate number of ARTn searches were performed to detect associated events [44–46, 49]. This process
involved deforming the local environment surrounding a selected atom in an arbitrary direction until the
system partially relaxed, as indicated by the lowest eigenvalue of the Hessian matrix becoming negative.
Following this, the configuration was pushed along the direction of negative curvature until a first-order
saddle point was reached, which was characterized by the total force falling below a predefined threshold
value near zero. Subsequently, the system was pushed over the saddle point and relaxed into a new minimum.
All events were checked for connectivity, meaning that before adding the event to the catalog, we ensured
that the saddle point was also connected to the initial minimum.

In this study, each new topology started with 50 independent ARTn searches. To ensure that frequently
found environments were well sampled, the number of searches launched increased proportionally to the
logarithm of the number of times a topology was encountered, as follows:

Nsearch =max [SF (1+ log10C)−A,0] (4)

where Nsearch defined the number of new searches, SF was the basic number of searches (here, 50), C
represented the number of times the topology had been observed, and A referred to the previous number of
attempted event searches initiated. This logarithmic search function ensured that the topologies encountered
more frequently were subjected to additional search. When an event was added to the database, it was also
included in the binary tree of the events and histograms. After the catalog was fully updated and the tree was
constructed for the current atomistic configuration, generic events were ranked according to their rate:

Γ(i) = ν0exp

(
−Eb (i)

kBT

)
, (5)

where Eb(i) represented the activation (barrier) energy for event i, which was measured as the difference
between the transition state and the initial minimum, and ν0 denoted the attempt frequency (prefactor).
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While k-ART could compute this prefactor for each event using the harmonic approximation, we found
previously that the prefactor did not vary much for H in Fe [41] and we fixed it at 1013 Hz in the simulations
presented here.

Events were sorted based on the initial rate assessment, and those exceeding a minimum probability
threshold (in this case, 1 in 10 000 or higher) underwent complete specific reconstruction and reconvergence
to include local and nonlocal elastic deformations. Following this process, the total rate was reassessed.

KMC time steps were determined based on a Poisson distribution,

t=− lnµ∑
i Γi

, (6)

where µ was a uniformly random number distributed between [0,1] and Γi, which was the rate of each event
attainable within the configuration.

In this study, all simulations were performed at a constant temperature of 300K for kinetic Monte Carlo
evaluation. The energy landscape remained unaffected by temperature variations when barriers were
significantly higher than the temperature; therefore the temperature selection only impacted the selected
barriers and not the event catalog.

3. Results

We first establish the behavior of the two symmetric Σ37 and Σ3 GBs in the absence of H. Initially, we
examine the behavior of the GB in the absence of hydrogen. Subsequently, we analyze the kinetics of a single
hydrogen atom within the GB. Finally, we investigate the kinetics of Fe atoms surrounding the GB after
saturation with H atoms.

3.1.Σ37 GB
The Σ37(160) symmetric tilt GB studied here is characterized by a tilt angle of 18.93◦. Figure 1(a) presents
an atomistic depiction of the GB that represents its structural features.

The structural stability of the Σ37 GB in the absence of hydrogen was previously explored by Restrepo
et al [50] using k-ART. This work confirmed that the 18.93◦〈100〉 GB system is very stable at room
temperature, with a dynamics dominated by transitions between the ground state and less stable higher
energy configurations situated 1.4–1.6 eV above the ground state. Notably, these higher-energy states were
found to be inherently unstable and necessitated overcoming a minor energy barrier to revert to the
ground-state arrangement.

The application of k-ART allows the generation of a large set of activated mechanisms that are necessary
to characterize the behavior of Fe atoms surrounding the GB through a detailed classification of their
dynamics. Using k-ART, we generate an extensive event catalog that offers insights into the intricate interplay
between Fe atoms in the GB environment, helping to understand how the presence of H alters the kinetics of
Fe atoms within this context. The purpose of this study is to document the various diffusion mechanisms of
Fe atoms within the GB region, providing a solid foundation for further analysis of the kinetics of Fe and H.

First, we inset a single H atom within the Σ37 GB. GBs represent particularly favorable environments for
H accumulation because of their non-crystalline nature. We initiate the simulation by placing a single H
atom in the bulk, at the center of the simulation box, where there is neither elastic deformation nor GB
influence. This allows us to observe the diffusion of H within the box and its eventual trapping within the
GB. The pathway for H atom diffusion and trapping in GB is described in figure 2. The initial phase, shown
in figure 2, focuses on the last steps of H diffusion from the bulk into the GB. As in [41], H diffusion in the
bulk is controlled by a 0.04 eV barrier. The effects of the GB on H are short-range and become noticeable
only in the third-neighbor position. For H to become fully trapped within the GB, it must overcome barriers
of 0.055 eV, 0.178 eV, and 0.077 eV successively. Although a lower barrier for bulk diffusion may seem
preferable for insertion into the GB, these barriers are still accessible even at room temperature, as indicated
by their respective event rates: 1.169× 1012 Hz for 0.055 eV, 1.032× 1010 Hz for 0.178 eV, and 4.954× 1011

Hz for 0.077 eV.
As shown in figure 3, the Σ37GB exhibits a repeating structural pattern. As the H atom diffuses through

the GB, it must overcome several of these barriers, moving between equivalent sites within the repeating
pattern of the boundary. This periodicity enables the H atom to diffuse along the grain boundary through a
series of predictable steps, each associated with distinct but recurring energy barriers.

After analyzing the entire event catalog for steps 6 through 12, we find that detrapping can occur at any of
these steps, with barriers ranging from 0.384 to 0.656 eV, as detailed in table 1. Additionally, the diffusion
pathway depicted in figure 2 represents the most favorable path for H diffusion along the GB, determined
after launching several simulations. As a result, H diffusion mechanisms within the Σ37 GB can be effectively
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Figure 1. Representation of the pure (a)Σ37 and (b)Σ3 GB structures. Blue atoms denote iron (Fe) atoms arranged in a
body-centered cubic (BCC) structure, while white atoms represent Fe atoms associated with the GB without a BCC structure.

Figure 2. Illustration of the potential energy surface of a single hydrogen atom within and surrounding the Σ37 GB. Three
successive steps are required for hydrogen trapping within the GB from the bulk.
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Figure 3. Diffusion of H along theΣ37 GB, illustrating the periodic diffusion barriers as the H atom moves through the repeating
atomic GB structure. The distinct diffusion mechanisms Hi

GB, H
ii
GB, and Hiii

GB are shown, with varying barrier heights. Despite this
variation, the repeating GB structure creates a predictable, periodic diffusion pathway for the H atom. The blue atoms represent
Fe, while the red atom represents H atom.

Table 1. List of the barriers for the diffusion of a H atom in the theΣ37 GB structure (see text for the definition of the various events).
The barrier is calculated as the energy difference between the saddle point and the initial state (Eb = Esad − Einit). The inverse barrier
represents the energy difference between the final state and the saddle point(Einv = Efinal − Esad). Rates are computed using equation (5).
Root-mean square displacement dsi (dfi) between the saddle point (final minimum) and the initial state are also indicated.

Diffusion mechanism barrier (eV) Inverse barrier (eV) Γ if (Hz) dsi (Å) dfi (Å)

Hi
GB 0.166 0.201 1.593× 10+10 0.764 1.657

Hii
GB 0.201 0.166 4.191× 10+09 0.930 1.657

Hiii
GB 0.024 0.077 3.925× 10+12 0.514 1.388

Hi
Detrapp 0.384 0.052 3.476× 10+06 1.312 1.73

Hii
Detrapp 0.442 0.052 3.650× 10+05 1.415 1.747

Hiii
Detrapp 0.520 0.178 1.494× 10+04 1.889 2.592

Hiv
Detrapp 0.656 0.163 9.644× 10+01 1.365 1.99

classified into two distinct groups: those associated with tunnel diffusion within the GB (Hi
GB, H

ii
GB and Hiii

GB)
and those linked to detrapping from the GB (Hi

Detrapp, H
ii
Detrapp, H

iii
Detrapp and Hiv

Detrapp). As shown in table 1,

the barriers observed for the Hi
GB—Hii

GB—Hiii
GB mechanisms exhibit smaller magnitudes at 0.166, 0.201, and

0.024 eV, for an effective diffusion barrier of 0.22 eV the GB. Detrapping occurs through a multiple-step
process characterized by higher effective barriers, at 0.384, 0.442, 0.52 and 0.655 eV; therefore, the rates are
lower. Although all of these barriers are accessible at room temperature, the smaller ones are notably more
likely to occur, indicating that, statistically, H diffuses within the GB before it hops back into the bulk. Note
that hydrogen moves significantly slower within this GB than in the bulk.

With the knowledge of the energy landscape of a single H, we now turn to the H-saturated GB. To
establish the saturation concentration for H atoms within the GB, we perform NVT molecular dynamics
simulations at room temperature for 30 ns using LAMMPS [40], relaxing the initial and final configurations
with different H concentrations to zero pressure. The concentration of H was progressively increased until
saturation within the GB is reached. Our results reveal that the optimal saturation level is achieved when
hydrogen atoms make up 3.54 at.% (144H atoms for 3924 Fe) of the total structure; as additional H atoms
are introduced, H atoms show barrierless detrapping from the GB and diffuse almost immediately into the
bulk. Our results show an atomic hydrogen concentration of 6.72× 10−5 appm for the Σ37 GB, derived
from GB trapping energy. This indicates a high hydrogen concentration at the GB while the bulk
concentration remains minimal, demonstrating strong hydrogen trapping at the GB. This result is consistent
with anticipated values for similar systems, supporting the chosen GB concentration in our simulation.

The interface energy of the GB, the solution energy of hydrogen atoms throughout the bulk and GB, and
the segregation energy of the GB are presented in table 2. The H segregation energy is negative for the Σ37
GB, indicating a propensity for atom segregation towards the GB interface.

To understand the impact of H-saturation on the stability of the G, we first establish a baseline by
examining the kinetics of the Fe atoms around the GB in the pure system, and then proceed to the
H-saturated system.
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Table 2. The GB interface energy, hydrogen atom solution energy in bulk and at GBs, and segregation energy of GB calculated for the
two GBs studied here.

Interface energy

γGB (eVÅ
−2

) EGBsol eV) EBulksol (eV)
Segregation

energy γGB
seg (eV)

Σ37 GB 0.061 0.925 1.307 −0.382
Σ3 GB 0.162 2.291 1.307 0.980

Figure 4. Energy-barrier distribution of the 21 482 events centered on Fe generated in the pureΣ37 GB and of the 8368 events
also centered on Fe but generated in the H-saturated GB as a function of the energy barrier. Diffusion barriers for Fe atoms in the
pure system are represented in blue, while red represent barriers for the H-saturated GB. Inset: zoom on the lowest energy part of
the distribution.

Using k-ART, we identify the activated barriers for all 3924 Fe atoms within the Σ37 GB, that is, all those
that are not in a BCC environment. As discussed in the method, for every identified topology label, k-ART
initiated 50 sets of ART nouveau searches to detect all activated occurrences, increasing the number of
searches as certain topologies become more prevalent. In the absence of hydrogen, we observe 60 distinct
topologies in the initial structure, including crystalline topologies, whereas 182 unique topologies were
distinguished in the hydrogen-saturated system.

Figure 4 presents the distribution of the Fe diffusion barriers for pure GB in blue. Launching searches
from 60 initial topologies, generated 21 482 different events. In red, we show the distribution of the 8368
events with Fe-dominated diffusion of the H-saturated GB (events where H moves with significant Fe
diffusion are ignored here).

Although the difference in the number of events found is difficult to link to specific physical effects,
referring to the distribution shown in figure 4, we note a number of changes. First, the total number of events
is significantly reduced. Second, the barrier distribution shifts to a higher energy when the GB is saturated
and modified. Focusing on the low-energy spectrum, from 1.4 to 2.2 eV (see Inset), for example, the
lowest-energy Fe-diffusion mechanisms in the pure system, at 1.49 eV and around 1.64 eV, are pushed to
higher energy: that the lowest energy barrier, at 1.49 eV, disappears in the H-saturated system, while those
between 1.63- and 1.68 eV appear are much less probable and are shifted in energy. A more detailed look at
specific mechanisms shows that the first really diffusive barrier for Fe in the H-saturated GB is at 1.74 eV, a
shift of 0.25 eV with respect to the pure system. The topologies associated with this event in both systems are
illustrated in figure 5. In this figure, the atom whose barrier is affected is marked with an asterisk (∗). This
indicates that the saturation of H atoms in the system alters the diffusion barrier for Fe atoms.

In the presence of H, we observe a number of barriers distributed between 1.6 and 1.9 eV that are
associated with a broader spectrum of energies, indicating that the specific position of H atoms in the GB
finely impacts the energy landscape. Most of these events are associated with the rearrangement of Fe atoms
in the second and third-neighbor positions with respect to the GB. Figure 6 shows two event topologies as
examples from our comprehensive catalog, to offer deeper insights into the barriers that emerge when our
GB is saturated with H atoms, which illustrates how the presence of saturated H leads to the diffusion of iron
atoms over even greater distances from the GB. A detailed summary of these events is provided in table 3. In
the figure, the blue balls represent iron atoms and the red balls represent hydrogen atoms. The central
diffusion Fe atom is marked with an asterisk (∗), as shown in the previous figure. When hydrogen saturates
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Figure 5. This figure illustrates the topology of the same atoms for the pure GB and the GB saturated with hydrogen (H). Iron
atoms are depicted as blue spheres, while hydrogen atoms are represented by red spheres. The barrier associated with the
displaced iron atom is denoted with an asterisk (∗). The barrier is shifted when comparing these two scenarios.

Figure 6. Two examples of the low energy barrier mechanisms(between 1.6 and 2 eV) extracted from our extensive catalog. Iron
atoms are depicted as blue spheres, while hydrogen atoms are represented by red spheres. Across all three topologies, the barrier
linked to the displaced iron atom is denoted with an asterisk (∗).

Table 3. Details of the events depicted in figure 6. Barrier, event rate, and Root-mean square displacement computed as in table 1.

Event Barrier (eV) Γ if (Hz) dsi (Å)

Event 1 1.630 4.190×10−15 1.944
Event 2 1.897 1.328×10−19 2.291

the GB region, it becomes more difficult for Fe atoms to move within the GB, leading to an increased
diffusion barrier, as mentioned previously. However, Fe atoms located in the second and third
nearest-neighbor positions to the GB can still move towards it. These movements require crossing
lower-energy barriers compared to Fe atoms within the GB, resulting in a higher rate of occurrence.

3.2.Σ3 GB
We now focus on the Σ3 GB, specifically the symmetric Σ3(112)θ = 70.53◦ tilt GB (figure 1(b)). This
particular GB configuration, characterized by a tilt angle of 70.53◦, has been studied experimentally [35].
Experimental studies have focused on the 70.53◦ 〈110〉 GB due to its unique structural properties, notably
featuring a single structural unit that results in a sharp minimum in the GB energy [35]. This distinctive
characteristic makes the Σ3 GB an excellent subject for further exploration of the influence of hydrogen on
GBs.
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Figure 7. Energy landscape for a single H atom diffusing from the bulk toΣ3 GB and within it. We observe only minimal elastic
deformation around this type of GB. Motion of H within the GB or jumping out of it is achieved through a similar 0.24 eV energy,
while bulk diffusion takes place by jumping over a 0.04 eV barrier from the second nearest neighbour.

As for the Σ37 GB, we first characterize the GB’s stability in its pure form without hydrogen to validate
previous work, such as [50]. Pure iron 70.53◦ 〈110〉 GB demonstrates a higher stability than the Σ37 GB and
is characterized by∼4 eV energy barriers for Fe atoms within the GB. Crossing these barriers leads to shallow
metastable minima with inverse barriers of approximately 0.1 eV, favoring a return to the initial
configuration of the ground state and improving the overall stability of the structure.

To examine the behaviour of H, we first examine the diffusion of a single H atom within this GB. H
diffuses across barriers between 0.04 eV and 0.24 eV (figure 7). Our study identifies 0.24 eV as the dominant
barrier for H diffusion within Σ3 GB. We note little elastic deformation near the GB, and the diffusion
barriers vary little as H moves towards the GB, with a maximum barrier of 0.054 eV in the second-neighbor
position. Trapping stabilizes the H by approximately 0.2 eV. However, from this position, a similar energy
barrier (0.24 eV) must be overcome for H to move into the GB or through the bulk. This suggests that
H-diffusion takes place through the bulk and that, while the energetics favor H being trapped in the GB, the
absence of long-range deformations favors H moving rapidly into the GB.

As for the first GB, we launch LAMMPS MD simulations to establish its H saturation levels. The
saturation point occurs with 504H atoms, representing 11.1 at% atomic percent within the total structure
with an atomic H concentration of 0.293 appm, derived from GB trapping energy. This represents a higher
concentration of H atoms than for the Σ37 GB. The interface energy of the GB, the solution energy of the H
atoms in both the bulk and the GB, and the segregation energy are presented in table 2. In contrast to the
Σ37 GB, the segregation energy for the Σ3 GB is positive for the saturated system, indicating a propensity for
H at high concentrations to segregate away from the GB interface.

Similar to our study of the Σ37 GB, starting from this saturated structure, we explore the diffusion
mechanisms for Fe atoms surrounding the GB. For this geometry, each atom in the initial structure of the
pure GB is associated with one of the five topologies, whereas we identify eight different topologies for the
H-saturated system. As in previous work [50], we find that without hydrogen atoms present, the diffusion
barriers for Fe atoms range from 4.36 to 4.92 eV. Focusing on Fe atoms, with the same parameters, k-ART
generates 9070 events in the pure system and 1512 Fe-dominated events in the H-saturated system.

As for the Σ3 GB, the presence of H brings important changes to the energy landscape (figure 8): the
lowest-energy barrier, at 4.36 eV disappears, along with a few others below 5 eV, with a clear rigidification of
the system: the barriers are shifted to higher values, with the lowest mechanism now at 4.65 eV.

The nature of these diffusion events is significantly altered by the presence of hydrogen at the GB. For a
pure GB without hydrogen, each event offers a wide variety of diffusion pathways, with up to 11 different
possibilities for Fe atom migration. These pathways exhibit a broad range of inverse barriers, with values
ranging from as high as 4.8 eV to as low as 0.26 eV, reflecting the complex and varied energy landscape that
Fe atoms must navigate. The substantial disparity between the forward and inverse barriers highlights the
asymmetry and complexity of Fe atom migration in the absence of hydrogen, where the lower inverse
barriers facilitate easier backward migration. However, this situation changes dramatically when hydrogen
atoms are introduced and saturate the grain boundary. In the H-saturated system, the complexity of the
diffusion process is reduced, and the only possible diffusion barrier for Fe atoms becomes symmetric. This
implies that both forward and reverse migration pathways require nearly identical amounts of energy,
effectively eliminating the pronounced asymmetry seen in the pure GB case. This shift towards symmetry in
the energy barriers is illustrated in figure 9, which depicts the energy pathways for the lowest energy events in
both the pure and hydrogen-saturated systems. The introduction of hydrogen thus not only modifies the
energy landscape but also simplifies the diffusion process, creating a more uniform and predictable
environment for Fe atom migration.
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Figure 8. Energy-barrier distribution of the 9070 events centered on Fe generated in the pureΣ3 GB and of the 1512 events also
centered on Fe but generated in the H-saturated GB as a function of energy barrier. Diffusion barriers for Fe atoms in the pure
system are represented in blue, whereas red represents barriers for the H-saturated GB.

Figure 9. Energy pathways for the Fe diffusion mechanisms present in this figure. The solid lines represent the possible energy
barriers of Fe-event without H, while the dashed red line represents the energy barrier of Fe atom in the H-saturated system. In
the pure GB, each event can have up to 11 possible pathways, with inverse barriers ranging from as high as 4.8 eV to as low as
0.26 eV. However, when H atoms are introduced, the lowest barrier for Fe atom diffusion, at 4.65 eV, becomes almost symmetric,
leading to a slightly more stable state, 0.19 eV below.

4. Discussion and conclusion

In this study, we investigate the impact of hydrogen on the kinetics of iron atoms at two distinct GBs in BCC
iron: Σ37 and Σ3. Our aim is to understand the microscopic mechanisms underlying HE, with a special
focus on highlighting the potential link between these mechanisms and the HEDE [51, 52] and HELP [53]
frameworks. Previous studies have shown that hydrogen can significantly influence grain boundary cohesion
and facilitate intergranular fracture in iron [12, 54, 55]. Using the k-ART [43, 44] with an EAM [32]
potential, we generate extensive catalogs of activated events for all atoms in these GBs, both in the absence
and presence of hydrogen. Our previous work demonstrates that this empirical potential provides results
comparable to ab initio calculations, lending confidence to our findings [41].

To assess the role of hydrogen, we first establish the stability of the two GBs in the absence of hydrogen.
Next, we characterize the diffusion and behavior of a single hydrogen atom within these GBs. Finally, we
investigate the impact of fully hydrogen-saturated GBs, validating the critical hydrogen concentration using
molecular dynamics simulations.

Our observations are consistent with previous studies that emphasize the importance of grain boundary
structure on hydrogen trapping and diffusion. He et al [27] conducted ab initio investigations showing that
hydrogen affects the mechanical properties of GBs in iron, highlighting the role of specific GB geometries.
Adlakha and Solanki [56] examined different grain boundary structures and their influence on HE, noting
that certain GBs are more susceptible to hydrogen effects.

The first GB studied is a Σ37 system, a structurally stable configuration, with dynamics predominantly
characterized by transitions between the ground state and less stable higher energy configurations, typically
situated 1.4 to 1.6 eV above the ground state. Building on this groundwork, we then turn to the diffusion
behavior of a single H atom within this GB. As we previously determined [41], the barrier for bulk diffusion
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to be 0.04 eV. Σ37, the trapping of the H, at 0.394 eV below the bulk, requires the atom to overcome
successive barriers of 0.055 eV, 0.178 eV, and 0.077 eV (figure 2).

For its part, the Σ3 exhibits higher stability in its pure form without hydrogen compared to the Σ37 GB,
with energy barriers for Fe atoms within the GB characterized by approximately 4 eV. By studying the
diffusion of the H at this GB, the Σ3 GB system imposes very limited elastic deformations on the crystal.
Therefore, the H-diffusion barriers near the GB are almost identical to those in the bulk. The highest barrier
on the path to trapping, at 0.198 eV below the bulk, is only 0.054 eV as shown in figure 7.

The barrier for a H atom to detach from a vacancy is nearly the same (0.54 eV) as the barrier for
detaching from the Σ37 GB (0.52 eV) [41]. However, once in the GB, H diffuses along the GB by crossing an
effective barrier of 0.22 eV, which is a low-barrier at room temperature, but is still much higher than that in
the bulk. In the case of the Σ3 GB, the barrier for H to detrap from the GB is 0.24 eV, significantly lower than
the barrier observed for H trapping in the vacancy. Moreover, the detrapping barrier has the same height as
that in GB diffusion. The restraining effect observed in the interaction between vacancies and H is therefore
similar for the Σ37 case, where H tends to remain trapped, whereas the second GB (Σ3) is less constrained,
allowing hydrogen to detach and diffuse more readily into the bulk.

After establishing the optimal hydrogen saturation level in the GB, we turn to assessing the effect of this
high concentration of H on the kinetics of the GB by comparing the activated mechanisms for Fe atoms in
pure and H-saturated GBs.

The two GBs show very different energy landscapes. Limiting the analysis to barriers below 5 eV, the pure
Σ37 GB shows a rich landscape, with hundreds of different mechanisms distributed almost continuously
between 1.48 and 5 eV, while the pure Σ3 GB, which is much more stable, displays limited activated
mechanisms, with barriers between 4.36 and 4.92 eV. However, the effect of H saturation on these energy
landscapes is similar for both the GBs (figures 4 and 8). First, by rigidifying the local environment,
H-saturation shifts the activation barriers for Fe-dominated events to higher energies, thereby stabilizing the
GB configuration. For the Σ37 GB, the lowest-energy Fe-dominated real diffusion mechanism found in the
pure system at 1.48 eV [50] is pushed to 1.74 eV. Similarly, for the Σ3 GB, the lowest barrier shifted from
4.36 to 4.65 eV. Beyond energy shifts, saturating the GBs greatly reduces the number of activation
mechanisms available: from 21 482 to 8368 events in the case of the Σ37 GB, 62% drop; and from 9070 to
1512 events, a 82% reduction for the Σ3 GB. This reduction is associated with the disappearance of
mechanisms leading to metastable states, effectively smoothing the energy landscape and leaving more
symmetric and predominantly diffusive mechanisms. It should be noted that, this comprehensive
exploration of the energy landscape is significantly beyond the capacity of ab initio calculations, which are
typically limited to covering only a few diffusion barriers and mechanisms due to computational constraints.

Despite these similarities, the two GBs exhibit distinct behaviors in the presence of hydrogen due to their
structural differences:

•
∑
37 GB This GB has a more open structure, allowing hydrogen to introduce new diffusion pathways and

affect the diffusion of iron atoms not only directly at the GB but also in neighboring layers. Hydrogen atoms
cause significant deformation around the GB, increasing the frequency of diffusion barriers within certain
energy ranges.

•
∑
3 GB This GB is more stable and less perturbed by hydrogen. The presence of hydrogen leads to fewer

changes in diffusionmechanisms, and hydrogen is less likely to remain trapped due to its positive segregation
energy (table 2). Therefore, the Σ3 GB allows hydrogen to detach and diffuse more readily into the bulk
compared to the Σ37 GB.

Although a clear experimental validation of the effect of hydrogen on atomic cohesion remains difficult to
obtain, numerical studies have concluded that the presence of H reduces the cohesion energy within diverse
GBs, with large differences in impact. For example, Momida et al [57], reported a 4% decrease in the
Σ3(112) ideal strength, a result supported by Tahir et al [58] who observed a 6% reduction in strength with a
monolayer of H at a coverage of one H atom per structural unit of the Σ5 GB. On the other hand, Katzarov
and Paxton [19] calculated a much more substantial decrease from 33 GPa to 22 GPa with increasing H
concentration, similar to that obtained by Wang et al’s [31] comprehensive modeling, utilizing an empirical
EAM potential across a spectrum of GBs, which predicted a significant 37% drop in cohesive energy under
conditions leading to intergranular fracture, thus supporting a contribution to decohesion. While this drop
in cohesive energy is consistent with the HEDE, other mechanisms can be at play that involve plasticity, such
as the postulated HELP mechanism.

Here, at comprehensive exploration of all potential pathways with k-ART generates detailed information
that complements previous simulations and helps enrich these two proposed mechanisms. First, in both
types of GBs, which were investigated in this study, hydrogen encounters higher diffusion barriers compared
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to the bulk material, indicating that hydrogen has lower diffusivity within these GBs than in the bulk. While
many studies have postulated that GBs are conduits for fast hydrogen diffusion [15, 59, 60], our work
supports other recent analyses that show a strong dependence on the specific local geometry of the GBs [14].

More importantly, for the purpose of embrittlement, the microscopic understanding gained here is about
the evolution of Fe diffusion barriers at the grain boundary. Both the HEDE and HELP focused on the net
macroscopic effect of H at the GBs. Our findings have important implications for understanding HE
mechanisms. The hydrogen-induced increase in activation barriers and reduction in available diffusion
mechanisms suggest that hydrogen saturation rigidifies the GBs, making atomic motion more difficult. This
could contribute to the HEDE mechanism by decreasing GB cohesion and facilitating decohesion under
stress. At the same time, the introduction of new diffusion pathways and the activation of atomic layers
around the GB may influence local deformation mechanisms and potentially contribute to changes in
plasticity. However, to establish a definitive link between hydrogen-induced changes at the grain boundary
and macroscopic plasticity, further investigation is required.

These observations indicate that both HEDE and HELP mechanisms are intertwined at the microscopic
level and that the balance between plasticity and decohesion energy depends on the specific GB geometry.
The Σ37 GB, being more susceptible to hydrogen effects, may exhibit a higher tendency toward decohesion
and plasticity enhancement, while the Σ3 GB remains relatively unaffected.

In conclusion, this study provides the first detailed examination of the changes in the energy landscape of
GBs in BCC Fe in the presence of H. By capturing the microscopic interactions between hydrogen and GBs,
we offer insights into the mechanisms of HE. Our results emphasize the importance of considering the
specific GB structure when evaluating hydrogen’s influence on GB properties and contribute to a deeper
understanding of the interplay between HEDE and HELP mechanisms. This knowledge forms the basis for
future work linking microscopic evolution with the overall mechanical properties of iron in the presence of
hydrogen.
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Appendix. Supplementary data

In addition to investigating the structural properties of the GB with and without H atoms, our study
examines the behavior of H atoms within these boundaries. Our main objective is to determine whether the
movement of Fe atoms during H-dominated events can lead to the diffusion of Fe atoms. For each event,
which can involve up to 65 atoms, we calculate the displacement of the atom that moves the most during
each event. We also calculate the displacement of all the Fe atoms from the initial to the saddle and from the
initial to the final positions for these H-dominated events. The results are shown in figure 10 for Σ37. In the
upper panel, the displacement from the initial position to the saddle position is represented by gray, whereas
the displacement from the initial position to the final position is indicated by violet. As shown, the H event
with the largest Fe motion involves only a small Fe displacement, with the largest being approximately 0.25 Å.
The total displacement summed over all the involved Fe atoms is also shown at the bottom part of this figure.
Although the largest total displacement is close to 1.97 Å, this event involves a large number of Fe atoms that
are shifted from their initial position without any barrier crossing. These findings indicate that, as H atoms
move around the GB, they may involve considerable local relaxation of the surrounding Fe atoms.
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Figure 10.Maximum and total atomic displacement for H-dominated events in the H-saturatedΣ37 GB. These figures show the
subset of H-dominated events with the highest displacement for an Fe. Top panel: maximum displacement (in Å) for a Fe atom
between the initial and saddle point (grey bars) and the initial and final point (purple bars). Bottom panel: total displacement of
Fe atoms.

Figure 11.Maximum and total atomic displacement for H-dominated events in the H-saturatedΣ3 GB. These figures shows the
subset of H-dominated events with the highest displacement for an Fe. Top panel: maximum displacement (in Å) for a Fe atom
between the initial and saddle point (grey bars) and the initial and final point (purple bars). Bottom panel: total displacement of
Fe atoms.

As with the Σ37, we study H-events to determine whether the movement of Fe atoms during these events
leads to the diffusion of H atoms. Our results are shown in figure 11. The Fe atom that moves the most
displaces around 0.37 Å. The total displacement for all Fe atoms in each event is also shown, with the highest
total displacement reaching approximately 2.55 Å. Similar to our findings for the previous GB, H-based
events cause subtle movements and rearrangements of Fe atoms within the GB, without significant diffusion.
Comparing these displacements with those observed inΣ37, we notice slightly more deviations in theΣ3 GB.
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