International Journal of Hydrogen Energy 87 (2024) 917-927

Contents lists available at ScienceDirect

International Journal of

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

ELSEVIER

Check for

A phenomenological hydrogen induced edge dislocation mobility law for [
bcc Fe obtained by molecular dynamics

Mehmet Furkan Baltacioglu®, Mehmet Fazil Kapci®, J. Christian Schon”, Jaime Marian ©,
Burak Bal*>
& Department of Mechanical Engineering, Abdullah Giil University, 38080 Kayseri, Turkiye

b Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569, Stuttgart, Germany
¢ University of California, 400 Westwood Plaza, Los Angeles, CA, 90095, USA

ARTICLE INFO ABSTRACT

Handling Editor: Dr S Nanda Investigating the interaction between hydrogen and dislocations is essential for understanding the origin of
hydrogen-related fractures, specifically hydrogen embrittlement (HE). This study investigates the effect of
hydrogen on the mobility of /4<111>{110} and '4<111>{112} edge dislocations in body-centered cubic (BCC)
iron (Fe). Specifically, molecular dynamics (MD) simulations are conducted at various stress levels and tem-
peratures for hydrogen-free and hydrogen-containing lattices. The results show that hydrogen significantly re-
duces dislocation velocities due to the pinning effect. Based on the results of MD simulations, phenomenological
mobility laws for both types of dislocations as a function of stress, temperature and hydrogen concentration are
proposed. Current findings provide a comprehensive model for predicting dislocation behavior in hydrogen-
containing BCC lattices, thus enhancing the understanding of HE. Additionally, the mobility laws can be uti-
lized in dislocation dynamics simulations to investigate hydrogen-dislocation interactions on a larger scale,
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aiding in the design of HE-resilient materials for industrial applications.

1. Introduction

Hydrogen embrittlement (HE) is a phenomenon where the presence
of hydrogen in metallic materials leads to unexpected failures [1]. HE
remains a persistent issue affecting a wide range of industrial applica-
tions, ranging from cars, aviation, oil & gas storage and transportation
systems, to high-strength materials for infrastructure applications [2-8].
The reason is that HE leads to a deterioration of the mechanical prop-
erties of metals, both during their manufacturing and while in use [9,
10]. From a variety of sources in the environment, and due to the easy
absorption of hydrogen into the crystal lattice of most metals, the pre-
vention of HE constitutes a great challenge to the materials scientist and
engineer [11]. It is well-known that the degree of HE is sensitive to a
variety of mechanical, environmental and material related factors [9,
12-14], with sometimes rather complex outcomes and dependencies.
For instance, when decreasing the strain rate one would expect that the
effect of foreign atoms like hydrogen on the properties of the material
should be weaker, but such a decrease also allows more time for
hydrogen-dislocation interactions to take place, and thus often increases
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the effective susceptibility of the material to HE [15-17]. In addition,
the susceptibility of HE usually grows with the mechanical strength of a
material, often in a roughly linearly fashion [18]. The effect of these 3
main factors, material, mechanical, environmental on the HE suscepti-
bility of different materials is well-studied [9,12,19]. However, these
studies mostly focus on the changes in the mechanical properties on a
macroscopic level. In order to better understand the underlying atomic
and mesoscopic mechanisms of HE, it is necessary to work on different
time and length scales.

There are various experimental and numerical studies in literature
that aim to understand the nature of HE at the atomic scale, and as a
result of these studies, different mechanisms of HE have been proposed
[12,20]. Among these mechanisms, hydrogen enhanced localized plas-
ticity (HELP) and hydrogen enhanced decohesion (HEDE) have become
the most widely accepted HE mechanisms by the researchers [16,
21-25]. HELP states that hydrogen shields the elastic stress field of
dislocations and thus increases the mobility of dislocations and cause
localized plasticity [12,26]. In contrast, HEDE suggests that hydrogen
within the lattice reduces the cohesive strength of the metal-metal and

Received 12 June 2024; Received in revised form 27 August 2024; Accepted 31 August 2024

Available online 11 September 2024

0360-3199/© 2024 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.


mailto:burak.bal@agu.edu.tr
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2024.08.509
https://doi.org/10.1016/j.ijhydene.2024.08.509
https://doi.org/10.1016/j.ijhydene.2024.08.509
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2024.08.509&domain=pdf

M.F. Baltacioglu et al.

therefore promotes crack growth finally resulting in mechanical [12].
For many years, the formation mechanism of HE has been debated, and
it has generally been assumed that intergranular fracture in systems that
do not form hydrides is due to HEDE [12,27]. However, based on sub-
sequent experimental observations, it has been argued that dislocation
plasticity and, therefore, HELP plays a much more significant role as an
HE mechanism [28]. In the last decade, it has been demonstrated that
both of these mechanisms can be activated individually or simulta-
neously under different conditions [16,21-25]. Despite these extensive
studies, the exact mechanism of HE still remains unclear [29]. Thus, to
understand the nature of HE, interactions between hydrogen and dis-
locations at both atomic and mesoscopic scales need to be further
analyzed, ideally on the quantum mechanical level.

Employing ab initio simulations performed at the atomic level,
various problems have been investigated in the past, such as the segre-
gation of hydrogen to interfacial regions [30], hydrogen-vacancy in-
teractions [31], diffusion of hydrogen in different metal phases [32],
and the thermodynamics of hydrogen solubility [33]. However, due to
the limited number of atoms that can be studied on the ab initio level,
dislocation-hydrogen interactions cannot be observed on relevant time
scales, and thus this type of modelling is limited in its explanatory power
regarding the atomic mechanisms underlying HE. Molecular dynamics
(MD) studies using empirical, semi-empirical or effective potentials have
been conducted to examine the atomic origin of HE. These include the
investigation of processes such as hydrogen diffusion and localization
within the lattice, and of the effects of hydrogen on macroscopic me-
chanical properties, microstructure, surface energy and dislocation ve-
locity [20]. From various studies, also showing controversial results, it
was observed that presence of hydrogen decreased the velocity of edge
dislocations; however, once the dislocation speed is decreased hydrogen
can also enhance the dislocation’s velocity and promote the HELP
mechanism [20,34,35]. Similarly, a high hydrogen concentration im-
pedes kink-pair nucleation and migration and decreases the velocity of a
screw dislocation, while a low concentration of hydrogen promotes
kink-pair nucleation and migration and therefore enhances the mobility
of screw dislocations [36]. However, to the best of the authors’ knowl-
edge, no study reveals the effect of hydrogen on the mobility laws of
dislocations. Since the dislocation mobility plays a crucial role in
dictating various aspects of plastic deformation, knowing the precise
impact of hydrogen on dislocation mobility is of utmost significance in
comprehending the nature of HE [20].

Slip takes place within face-centered cubic (FCC) metals on close-
packed {111} planes and <110> directions [37]. Low lattice resis-
tance of FCC and planar core structure of edge dislocation results in
dislocation glide being regulated solely by the applied shear stress [38].
This suggests that, the mobility laws for FCC systems should adhere to
Schmid’s law [38]. In contrast, dislocations experience a great amount
of lattice resistance in body centered cubic (BCC) metals [38]. In BCC
metals, slip mostly occurs on {110} and {112} planes and <111> di-
rections [37]. When the dislocation velocity is much smaller than the
shear wave speed, interaction of phonons with dislocations is the
dominant activation mechanism of edge dislocations [39]. Therefore, in
BCC crystal systems edge dislocations still move very rapidly via phonon
drag, and thermally activated motion of screw dislocations dominates
the plastic deformation [38,39]. In the literature, 4<111>{110} and
14<111>{112} edge dislocation mobility laws in BCC systems have been
studied [39-41] and phenomenological dislocation mobility laws for
BCC have been proposed for both edge and screw dislocations [38]. In
these studies, three main effects were observed: 1) The mobility laws
assume that the velocity of dislocation is linearly proportional to the
applied stress [38]. In the supersonic region, the dislocation velocity
becomes equal to the speed of sound, as relativistic effects and dissipa-
tion mechanisms are neglected [38], 2) The drag coefficient of the
mobility laws depends only on the type of dislocation and the temper-
ature [38,39]. Finally, 3) the motion of the ¥4<111>{110} type of edge
dislocation is very fast, and the nucleation of kinks is a-thermal [39].
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Therefore, this type does not contribute to plastic flow to any large
degree [39]. On the other hand, /4<111>{112} dislocations exhibit both
phonon drag and thermally activated regimes, and thus contribute
noticeably to the plasticity of materials [39]. As a consequence, screw
dislocations are the dominant dislocation type for plastic flow [39].
However, when hydrogen diffuses into the lattice, it tends to concentrate
around edge dislocations and decrease their elastic energy [42]. This
might make the system more likely to promote plastic deformations over
screw dislocations [42]. To clarify this issue and in order to understand
the atomic origin of HE in BCC structures, MD simulations of
hydrogen-free and hydrogen-containing lattices are needed. Further-
more, the effect of hydrogen on the drag has to be analyzed, such that
the laws that govern the corresponding hydrogen enhanced mobility can
be developed. Up to now, there is only one study in literature addressing
this issue [43]. In that study, hydrogen enhanced mobility law of screw
dislocation has been proposed [43]. However, that investigation did not
involve any MD simulations; instead Kinetic Monte Carlo (KMC) simu-
lation were performed and only screw dislocations were studied. To our
knowledge, there is currently no existing literature that explores the
mobility law of edge dislocations under the influence of hydrogen.

In the present study, the effects of hydrogen on the mobility laws of
edge dislocations have been investigated for %<111>{110} and
¥%,<111>{112} dislocations in a-Fe. For this purpose, MD simulations of
length 1 ns were conducted for lattices both without and with hydrogen.
The simulations for /4<111>{110} dislocations were carried out using 4
different hydrogen concentrations (%0 H/Fe, %0.1 H/Fe, %0.25 H/Fe
and %0.5 H/Fe) and 5 different temperatures (50 K, 100 K, 200 K, 300 K
and 400 K); in addition, for pure iron (%0 H/Fe), simulations at a
temperature of 500 K were performed. On the other hand, the simula-
tions for 4<111>{112} dislocations were conducted at 5 different
temperature values (100 K, 200 K, 300 K, 400 K and 500 K) for (%0 H/
Fe, %0.1 H/Fe, %0.25 H/Fe and %0.5 H/Fe) hydrogen concentration
values. The effect of hydrogen on the measured stress and displacement
as function of time and velocity-stress relationship for both hydrogen-
free and hydrogen-containing lattices have been investigated. It was
observed that hydrogen impeded the movement of dislocations.
Furthermore, a formula for the effect of hydrogen on the drag coefficient
has been developed, and corresponding closed-form laws for the
hydrogen enhanced mobility have been obtained. These mobility laws
then can be used for discrete dislocation dynamics simulation in order to
investigate hydrogen-dislocation interactions at micro scale.

2. Method

The MD simulations were performed using the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) code. The simulations
employed the embedded atom method (EAM) potential presented by M.
Wen [44]. The potential effectively defines the interatomic potentials of
H-H and Fe-H in the a-Fe structure, encompassing H-dislocation in-
teractions and other defects [44]. This potential yields more reliable
results than the Mendelev potential [45] for the simulation of hydrogen
rich cells since it captures the repulsive effect of H-H interactions below
0.45 A, that cannot be accounted for by the Mendelev potential. The
hydrogen concentrations were selected as %0 H/Fe, %0.1 H/Fe, %0.25
H/Fe, and %0.5 H/Fe and the effects of the hydrogen concentration on
the mobility of »<111>{110} and »<111>{112} edge dislocations
were investigated under shear loading. The cell dimensions were spec-
ified as 29.6 nm x 20.2 nm x 28.3 nm. These dimensions were chosen
for the following reasons: 1) The X-axis was long enough to allow acti-
vation of the kink-nucleation mechanisms, 2) the length of the Y-axis
was chosen to minimize the image forces along the glide plane, 3) the
length of the Z-axis was chosen to ensure the distribution of mechanical
work done during dislocation slip, indirect heat production without the
periodic boundary conditions being met, and 4) to be compatible with
the literature [39] as far as similar calculations have been performed.
Within this simulation cell, about 1.5 million Fe atoms were employed
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for the pure case (%0 H/Fe). All simulations were conducted using PPS
(Periodic-Periodic-Shrink) boundary conditions in the x, y, and z axes.
Along the x and y axes, periodic boundary conditions were applied to
facilitate dislocation motion, while along the z-axis, a shrink-wrapped
boundary condition was employed to maintain atoms at their specified
positions. The simulations were conducted using the NVE (number of
atoms, volume, and energy constant) ensemble and Langevin thermostat
was employed to control the temperature within the region delineated
by two layers in Fig. 1. In particular, whole MD simulation consists of
many short pieces of NVE-type parts, between these one periodically
adjusts both the volume and temperature, in order to keep the pressure
and temperature at or close to the prescribed values. The configuration
efficiently conserved enthalpy during the simulation, as given by H = E
+ pV. Fig. 1 illustrates the x, y, z axes, the initial position of the dislo-
cation, the glide plane, the fixed atom layer, and the volume where the
shear force was applied. In this configuration, hydrogen atoms were
initially randomly placed but only up to a certain distance (7,1 nm) to
the endpoints along the z-axis, in order to prevent hydrogen accumu-
lation in these regions. Supplementary Figs. 1 and 2 illustrate the effect
of relaxation time on hydrogen distribution. The results indicate that
longer waiting does not alter the hydrogen distribution, with a random
distribution of hydrogen atoms consistently observed. Supplementary
Figures 3 through 16 illustrate that the distribution of hydrogen, both
before and after relaxation, does not concentrate at the dislocation core
and remains random at various hydrogen concentrations and tempera-
tures. Additionally, during the motion of dislocation, hydrogen distri-
bution is random as indicated in Supplementary Fig 17 through 19. As
far as the placement of the hydrogen atoms in the x and y directions was
concerned, no restrictions were employed. Thus, the (x,y,z) coordinates
of the hydrogen atoms could take on random values within the lengths of
Lx, Ly, Lz/2, and the allowed region where hydrogen was added con-
stitutes half of the total cell volume. Of course, during the subsequent
simulations, the hydrogen atoms moved into the previously hydrogen
empty region of the simulation cell. The simulation cells underwent
minimization before load applications, with a defined output time step
of 0.2 ps? The systems were minimized until reaching equilibration
temperatures of 50 K, 100 K, 200 K, 300 K, 400 K, and 500 K for all
simulations. As depicted in Fig. 1, the simulation cell comprises three
distinct regions. The first one, presented in blue, is where shear stress
was applied. The shear stress is applied in the x-axis direction. The black
region represents the fixed atom layers. The glide plane is presented in
green, and the dislocation exhibits motion on this plane in the x-direc-
tion and the edge dislocation takes place in y axis. All atoms in the
uncolored regions are free to move in response to the shear stress. The
dislocations have a planar core structure. The simulations were con-
ducted for a duration of 1 ns with a timestep of 1 fs? This time step is
widely reported in the literature [46-55]. Subsequent to the MD simu-
lations, the systems were visualized using OVITO software [56], and the
dislocation’s mobility was analyzed using the Dislocation Extraction
Algorithm (DXA) [57]. Moreover, atomic stress calculations were

Glide Plane
Dislocation
Fixed Atom Layers

Fig. 1. Representative schematic of Simulation Cell. (unit: nm).
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conducted via the virial stress theorem.
3. Results and discussion
3.1. Edge dislocation mobility on (110) plane

Fig. 2 displays stress vs. time graphs of simulations at 100 K tem-
perature, encompassing pure iron, %0.1 H/Fe concentration, %0.25 H/
Fe concentration, and %0.5 H/Fe concentration on (110) plane. All the
simulations were conducted stress-controlled to minimize the stress
fluctuations inside the simulation cell [58]. Additionally,
stress-controlled simulations give dislocation velocities that are not
bound to a specific strain rate, as the velocity calculations in these cir-
cumstances are unaffected by the size of the simulation box utilized.
Notably, there is an increase in stress values until 0.5 ns? This increment
is attributed to the fact that the stress was gradually raised from 0 MPa to
the desired stress value during this period. Subsequently, between 0.5 ns
and 1 ns, the stress values stabilize in comparison to the initial stages.
The applied stress values from the upper part of the cell were higher than
the corresponding graphic stress values, except for the stresses where
dislocation motions could not be observed. Due to friction and the loss of
energy caused by atom motion in the system, some of this stress value is
consumed, resulting in a decrease in the observed stress values in the
graphs. Another result is that periodic fluctuations in stress values in
hydrogen-free simulations start at lower stress levels compared to those
in hydrogen-containing simulations. The reason behind this is that we
could not observe any sustained motion under fluctuating stress values,
but just some vibration-like motion of the dislocation. Starting from
fluctuated stresses, the dislocation starts its motion. After the motion
becomes stable, the stress also becomes stable; hence, the region of
lower stress shortly before stable dislocation movement was considered
as the transition region. The result can be interpreted in the following
way: if the stress value is just large enough for initiating the motion of
the dislocation, stress fluctuations become dominant, but if the stress
value is greater than this value, the stress fluctuations decrease and the
movement of the dislocation becomes smooth. Moreover, due to the
dislocation pinning effect of hydrogen [20], the transition occurs at
greater stresses with the addition of hydrogen to pure iron and our re-
sults agree well with literature [59,60]. This clearly shows the effect of
hydrogen on the system dynamics. Fig. 2 presents simulations at 100 K,
while the results for other temperatures can be accessed in. Supple-
mentary Figures 20 through 23

Fig. 3 shows the dislocation core displacement vs time graphs of the
hydrogen free lattice at temperatures at 50 K, 100 K, 200 K, 300 K, 400 K
and 500 K temperatures. It can be observed that increasing stress values
resulted in greater displacement. It had been previously reported that
the migration of an edge dislocation on (111) plane occurs without any
kink formation and alteration of the core structure in the absence of
hydrogen [61]. In addition, the motion of an edge dislocation is not
thermally activated; instead, phonon drag is the main mechanism of the
edge dislocation glide [39]. Therefore, dislocations could move at low
stress values in the absence of hydrogen, and our results correspond well
with previous studies in the literature [39]. At low applied stress values,
the lattice resistance could affect the dislocation motion (Fig. 3d-f at
100 MPa) but at higher stress values the lattice resistance is mostly
insignificant and the displacement vs time relation becomes linear.
Therefore, dislocation velocities at each temperature and applied stress
can be extracted from linear fits to the second half of the displacement vs
time curves. Fig. 3 presents simulations of hydrogen-free cases at
different temperatures and stress values, while the results for
hydrogen-containing lattices can be accessed in the Supplementary
Figures 24 through 26.

Fig. 4a Presents the velocity of dislocation in the hydrogen-free lat-
tice as a function of the applied stress at different temperatures, where,
in general, the velocities increase monotonically with applied stress. It
can be observed from Fig. 4a that the velocity of an edge dislocation
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Fig. 2. Stress vs time graphs of 100 K temperature for (110) plane. Here, a) shows the pure iron case (%0 H/Fe), b) shows %0.1 H/Fe concentration, c) shows %0.25

H/Fe concentration d) shows %0.5 H/Fe concentration.
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Fig. 3. Displacement vs time graphs of pure iron simulations. Here, starting from a) to f), graphs show the simulation results of 50 K, 100 K, 200 K, 300 K, 400 K, 500

K correspondingly.

increases in an approximately linear fashion with the applied stress and
monotonically decreases with temperature. This behavior is attributed
to phonon drag dynamics, and our results are consistent with those in
the existing literature [39,58]. In particular, for a velocity of dislocation
small compared to the speed of sound in a metal lattice,
phonon-dislocation interactions provide a drag force that is approxi-
mately nearly proportional to the dislocation speed [38]. At higher
temperatures, phonons can interact more effectively with defects such as
dislocations within the crystal structure [62-64]. This increased inter-
action can hinder dislocation mobility, thereby decreasing overall
dislocation mobility in the material [62-64]. Fig. 4b through 4f show the
effect of hydrogen on the dislocation velocity in hydrogen-free and
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hydrogen-containing lattices at 50 K, 100 K, 200 K, 300 K and 500 K. At
all temperatures, the velocity of dislocation is linearly proportional to
the applied stress and the pure iron systems exhibit higher dislocation
velocity values compared to the simulations with non-zero hydrogen
concentration. It has been previously reported that dislocation velocity
increases at higher stress values [39]. In addition, an increasing
hydrogen content resulted in a lower dislocation velocity at all tem-
peratures. Table 1 summarizes whether the dislocation is glissile (mo-
bile) or sessile (immobile) at a given temperature and applied stress.
These results clearly indicate the pinning effect of hydrogen. Specif-
ically, if the speed of dislocation is higher than the hydrogen diffusion
rate, hydrogen atoms/clusters act as a barrier to the motion of
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Fig. 4. Stress vs dislocation velocity graphs of a) Pure iron cell simulation results at different temperatures, b) Hydrogen-induced lattice at 50 K, ¢) Hydrogen-
induced lattice at 100 K, d) Hydrogen-induced lattice at 200 K, e) Hydrogen-induced lattice at 300 K, f) Hydrogen-induced lattice at 400 K temperature.

Table 1
Effect of hydrogen on the dislocation mobility. g: glissile dislocation, s: sessile dislocation, N/A: Not available.
H/Fe (%) 100 MPa 200 MPa
50 K 100 K 200 K 300 K 400 K 50 K 100 K 200 K 300 K 400 K
0 8 s s 8 8 8 8 8 8 8
0.1 H s s H s g g g H s
0.25 s s s s s g s s s s
0.5 H s s H s g s s H s
H/Fe (%) 300 MPa 400 MPa
50K 100 K 200 K 300 K 400 K 50 K 100 K 200 K 300 K 400 K
0 8 8 8 g 8 8 8 8 8 8
0.1 g g g s g g g g g g
0.25 g s s s s g g g s s
0.5 g s H H s g g s H s

dislocation and decrease its mobility [65]. If the speed of dislocation is
comparable to the hydrogen diffusion rate, hydrogen atoms/clusters can
be swept at the core of the dislocation [65]. During this synchronized
motion of dislocation with hydrogen, hydrogen can shield the stress field
of dislocation and increase its mobility (HELP mechanism). For the
transition speeds, one can observe the pinning of the dislocation by
hydrogen, depinning and being caught up by hydrogen again [65]. In
our simulations, the speed of dislocation is always greater than the
hydrogen diffusion rate; therefore, the pinning effect of hydrogen was
observed, and our results correspond well with the literature [20,34,66].
Even at higher temperatures, the effect of hydrogen on the dislocation
mobility is dominant. For instance, the dislocation motion could be
activated at 200 MPa for all hydrogen concentrations at 50 K, while 300
MPa, 600 MPa and 1000 MPa were required to activate the edge
dislocation core at 400 K for 0.1% H/Fe, 0.25% H/Fe and 0.5% H/Fe
hydrogen concentrations, respectively. Therefore, increasing both the
hydrogen concentration and the temperature increases the critical stress
level required to mobilize the edge dislocation core for a motion.

In the literature, for the hydrogen-free lattice, the dislocation ve-
locity as a function of applied and critical stress, drag coefficient and
burgers vector is typically written as Eq. (1), denoted as the mobility law
[39].Ineq. (1), vis the dislocation velocity, 7 is the resolved shear stress,
that is the difference between applied shear stress and critical stress (z =
Tapp — Teritical (T €)), b is burgers vector and B(T) is the drag coefficient,
where T is the temperature and c is the hydrogen concentration [38].
Critical stress is the very first stress that activates the dislocation motion.
For a hydrogen-free lattice, the lattice resistance for an edge dislocation
is very low and the applied stress can be regarded as the resolved stress
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consistent with a phonon drag mechanism. Therefore, the mobility law
for a hydrogen-free lattice has been formulated using B(T) = By + B; T in
the equation. According to our pure a-iron simulation results, By is 10~*
[Pa x s] and By is 4 x 1072 [Pa x s/K]. These constants are quite close to
the values that are reported by G. Po et al. [38] who determined By as
4.26 x 1074 [Pa x s] and By as 8.7 x 1077 [Pa x s/K] and S. Queyreau
et al. where B(T) value was determined as 6.7 x 10~*T [Pa x s] [39].

b
“BD) (€]
In the current study, the drag coefficient depends on both temperature
and the hydrogen content and the resolved stress is not equal to the
applied stress for the lattice containing hydrogen, and mobility law was
formulated using Eq. (2) and Eq. (3) below. Critical stresses were
determined from stress-time responses for all conditions and the drag
coefficients of hydrogen-induced lattices were calculated by dividing the
difference between applied stress and critical stress by the dislocation
velocity (Fig. 4) by means of Eq. (3) for all hydrogen concentrations at
different temperatures. Supplementary Fig. 27 represent the relation-
ship of difference between applied and critical stress and velocity of
dislocation at different temperatures. These figures were used to derive
drag coefficients for hydrogen-induced lattices. The results are given on
a logarithmic scale.

Fig. 5a shows the relationship between temperature and the drag
coefficient at different hydrogen concentration values. The drag coeffi-
cient increases with both temperature and hydrogen concentration.
Since there is an approximately linear relationship, the hydrogen and
temperature dependent drag coefficient can be formulated as Eq. (2) and
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Fig. 5. Temperature vs Drag coefficient change.

the phenomenological hydrogen induced dislocation mobility of an edge
dislocation can be formulated as Eq. (3):

B(T,c)=Bo(c) +Bi(c)* T ()]
(Tapp - Tcn'tical(T-, C))b

V= B(T,c)

3

Fig. 5b and c¢ shows hydrogen concentration vs By and hydrogen
concentration vs By graphs, respectively. They are also linearly pro-
portional with one another via straight line. Therefore, By(c) and B;(c)
can be expressed for low hydrogen concentrations as:

Bo(C) =B, xc+ Bs 4)

B, (C) =Bs *xc+ Bs 5)
Here, the values for Bo—Bs were calculated from linear fits to the plots in
Fig. 5b and c and are listed in Table 2. The drag coefficient of the
hydrogen-containing lattice can be found for any hydrogen concentra-
tion and any temperature using these parameters (Table 2) and equa-
tions (Egs. (2), (4) and (5)).

In order to complete the phenomenological description of the
hydrogen induced dislocation mobility of an edge dislocation the
dependence of the critical stress as function of hydrogen concentration
and temperature should also be investigated and cast into a simple
analytical expression. Fig. 6a shows the change of the critical stress
values according to the given hydrogen concentrations. The critical
stress, that activates the dislocation motion, increases monotonically
with both temperature and hydrogen concentration. As there is a
roughly linear relationship between these two (Fig. 6a), the hydrogen
and temperature dependent drag coefficient can be described to a first
approximation according to Eq. (6).

Teritical (T, €) = Ao (T) + Ax(T) * € Q)]

Fig. 6b presents the dependence of A, the critical shear stress at zero
hydrogen concentration, on temperature. The change in Ay is clearly not
monotonic with respect to the employed temperature; therefore, it was
considered constant in the temperature interval from 50 K to 400 K,
where we computed the average value of Ayg(T) within for all tempera-
tures and assigned this value to be the constant value A in equation (6),
given in Table 2. Fig. 6¢ presents the dependence of A;, the slope of
hydrogen concentration — critical stress response, on temperature.
Again, the increase with temperature is not monotonic, but shows a
roughly overall increase. For the purpose of equation (6), A; was

Table 2
A and B values for the dislocation mobility of {110} glide plane.
B, [Pa x s/ B3 B, [Pa Bs [Pa x Ay A, [MPa/  Ag
(%H/Fe)] [Pa x x s/(K* s/K] [MPa] (K*%H/ [MPa/%
s] %H/ Fe)l H/Fe]
Fe)]
—6*107* 1x 8 x —4*1077 48,97  3,8483 420,91
10*  10°°
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assumed to change linearly with the given temperature values and thus
was essentially interpolated using Eq. (7). From the linear fit to
Fig. 6¢-A2, the slope of the fit, and A3, the constant of the equation,
were extracted and are given in Table 2.

)

Table 2 provides all the values necessary to determine the
phenomenological hydrogen-induced %<111>{110} edge dislocation
mobility law.

A](T):Az * T+A3

3.2. Edge dislocation mobility on (112) plane

Fig. 7 shows the time versus stress graph of the edge dislocation on
the (112) plane at 100 K for pure Fe and Fe with 0.1%, 0.25%, and 0.5%
hydrogen concentrations. The applied stress was gradually increased
from 0 MPa to the desired stress value within 0.5 ns and thereafter, a
constant stress is applied to the system. According to the figure, with the
presence of hydrogen and increasing hydrogen concentration, the
dislocation motion initiates at higher stress values. Fluctuations in the
time versus stress graphs are more pronounced when the stress is near
the critical stress value, indicating a transition region. When the stress is
just sufficient to induce the dislocation motion, stress fluctuations are
more dominant. Conversely, when the stress is more than adequate, the
fluctuations are reduced. This occurs because dislocation motion within
the cell alters the cell’s energy. Stress, being a form of energy applied to
the system, undergoes stabilization, leading to stress fluctuations. As the
stress value increases, this stabilization process occurs more quickly,
resulting in a smoother process. Time versus stress graphs at other
temperatures are provided in the Supplementary Figures 28 through 31.

Fig. 8 presents the dislocation core displacement versus time graph
for pure hydrogen-free simulations at temperatures of 100 K, 200 K, 300
K, 400 K, and 500 K, while the results for hydrogen-containing lattices
are given in Supplementary Figures 32 through 34. The lowest stress
values, where the dislocation motion starts, cause core displacement
fluctuations due to the stress being close to the critical stress value,
similar to the observation in Fig. 7. In addition, increasing the stress
resulted in a greater core displacement at all temperatures. After
applying linear fits to the dislocation time versus displacement graphs
after 0.5 ns, the velocities of these dislocations have been calculated, as
depicted in Fig. 9.

Fig. 9a—e shows the effect of hydrogen on the dislocation velocity in
hydrogen-free and hydrogen-containing lattices at different tempera-
tures and Fig. 9f shows the comparison of {110} and {112} glide planes
at 100 K. At all temperatures, the dislocation velocity increases mono-
tonically with the applied stress. The simulation cells of pure iron exhibit
higher dislocation velocities compared to those with hydrogen. In
addition, increasing the hydrogen content resulted in lower dislocation
velocities at all temperatures (Fig. 9a—e) since hydrogen pins the dislo-
cation and greater amount of energy is required to overcome this bar-
rier. Our results correspond well with those in the literature [20].
Table 3 summarizes whether the dislocation is glissile or not at a given
temperature and applied stress. Similar to the dislocation simulations on
{110}, hydrogen also pinned the dislocation along the {112} plane due
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Table 3
Effect of hydrogen on the dislocation mobility. g: glissile dislocation, s: sessile dislocation, N/A: Not available.
H/Fe (%) 100 MPa 200 MPa
100 K 200 K 300K 400 K 500 K 100 K 200 K 300K 400 K 500 K
0 s g g s g g g g g g
0.1 H H H s s s s H H s
0.25 s H H s s s s H H s
0.5 s H H s s s s N N s
H/Fe (%) 300 MPa 400 MPa
100K 200 K 300 K 400 K 500 K 100 K 200 K 300 K 400 K 500 K
Y g g g g g g g g g g
0.1 8 8 8 s 8 8 8 8 8 8
0.25 g H H s s g s H H s
0.5 H H H s s H H s H s

to the speed of dislocation. Changing the dislocation glide plane from
{110} to {112} decreases the velocity of dislocation at the same applied
stress (Fig. 9f) and this result agrees well with those in the literature. It
was reported that, dislocations on {110} glide planes have very low kink
energies and exhibit faster kink pair formation and, furthermore, move
according to the phonon drag mechanism [20]. Conversely, dislocations
on {112} glide planes tend to advance through the nucleation of kink
pairs in greater numbers and maintain kink formation for longer dura-
tions [20]. In addition, the 5 <111>{112} dislocation has an asym-
metrical core structure, which is harder to move compared to the planar
core structure. Therefore, the Peierls stress for the » <111>{112}
dislocation is greater than the one for the %2 <111>{110} dislocation
[20]. In addition, at low stress values, the motion of the 2 <111>{112}
dislocation is governed by thermally activated mechanisms, while at
higher stress values, viscous damping dynamics predominate, similar to
the behavior observed in their /2 <111>{110} counterparts. Conse-
quently, the glide of the dislocation {112} plane occurs significantly
more slowly at low stress and temperature compared to the {110} plane.
But this difference decreases at higher stress and temperature values
(Fig. 9f) and this result agrees well the previous studies [20,39,40]. This
result, has also been attributed to the observation that the velocity
response exhibits a directional asymmetry on the {112} plane, aligning
with the twinning-anti twinning (TD-AT) asymmetry [39,40]. Simula-
tions involving hydrogen have shown that, the hydrogen environment
promotes kink pair nucleation, which is more pronounced on the {112}
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glide plane [20].

An analytical relation for the dislocation mobility on the {112} glide
plane for pure a-iron simulation can again be cast in the formula (T) =
By + B1 T, similar to the formulation for the {110} glide plane. Here, the
Bo and B, values were determined as 9 x 107 °[Pa x s]and 10~/ [Pa x s/
K], respectively. These values were derived for hydrogen free case (c =
0) in order to compare them with literature. In the literature, the
mobility law for the {112} edge dislocation has been written as v(;12) =
5.51,—1307.0 before [39] we note this expression would also fit well
with our results.

In the current study, the drag coefficient (B) depends on both tem-
perature and the hydrogen content. To extract a mobility law from the
data, the same methodology presented above for the {110} case, was
followed to derive the various parameters in the equations. The change
in the drag coefficient B (T,c) according to the given temperature and
hydrogen concentration is presented in Fig. 10a. According to the figure,
Eq. (2) can be utilized to describe the change in the drag coefficient for
the {112} glide plane as well. Fig. 10b and ¢ shows hydrogen concen-
tration vs By and hydrogen concentration vs B; graphs, respectively. The
change in By is not monotonic with respect to the hydrogen concentra-
tion (Fig. 10b); therefore, as done for the {110} plane, By(T) was
considered constant and the mean value of Bo(T) was taken as a constant
Bp, to use in the equations. The change in B; with respect to the
hydrogen concentration, shown in Fig. 10c, shows a monotonic increase,
and is roughly approximated by straight line, such that this dependence
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Fig. 10. Graph illustrating the change in drag coefficient with temperature for pure iron and edge dislocation on the (112) glide plane.

on hydrogen concentration can be expressed as:
Bi(c)=By*c+Bs (8

Fig. 11a shows the hydrogen concentration versus critical stress
graphs for the edge dislocation on the {112} glide plane. The change in
critical stress according to the given hydrogen concentration and tem-
perature can also be formulated using Eq. (6). Here, the change in Ay
with respect to temperature is not monotonic (Fig. 11b), and thus again
the mean value of Ag is used. On the other hand, the change in A; with
respect to temperature is roughly linear (Fig. 11c), as observed in the
results for the {110} glide plane. Therefore, we perform a linear fit
analogous to the one used for Eq. (7). The parameters for the description
of the drag coefficients of /4 <111>{110} dislocation are given in
Table 4.

According to Tables 1 and 3, on both the {110} and {112} glide
planes, an analogous relationship between applied stress and dislocation
mobility has been observed. This means that the dislocation mobility
increases with stress. On the other hand, the dislocation mobility de-
creases with increasing temperature, which has been attributed to the
phonon drag mechanism previously [39]. The A value, which pertains to
the critical stress value calculations, is positive. This indicates that the
critical stress value at which the dislocation starts to move increases
with higher temperature and hydrogen concentration values.

4. Conclusion

In this study, the dependence of mobility for 4<111>{110} and
5<111>{112} edge dislocations on the presence of hydrogen was
investigated and new phenomenological formulas for the analytical
description of this relationship were proposed. To achieve this, molec-
ular dynamics simulations were performed using the LAMMPS code to
observe the dislocation dynamics in detail, with and without hydrogen
in BCC iron, at different temperature and stress values. The following
conclusions can be drawn from the study.

e Hydrogen decreases the mobility of both %<111>{110} and
%<111>{112} edge dislocations via pinning effect.

e Kink pair formation and propagation is very fast for the edge dislo-
cation along {110} plane so it moves with phonon drag mechanism,

Table 4
A and B values for the edge dislocation mobility on (112) glide plane.

B [Pa By [Pa x s/(K* Bs[Pax A Ay [MPa/(K*% A

x s] %H/Fe)] s/K] [MPa] H/Fe)] [MPa]

7,5 x 4x10°° 2x1077 63,4257  2,7387 645,34
10°°

whereas, both thermally activated mechanisms and viscous damping
dynamics constitute the motion of the /4 <111>{112} dislocation.

o Peierls stress for the 2 <111>{112} dislocation is greater than that
for the ¥» <111>{110} dislocation.

o Hydrogen-induced mobility laws were proposed for both > <111>
{110} and » <111>{112} edge dislocations. In particular, the closed
form of the hydrogen-induced mobility laws of 4<111>{110} and
¥%<111>{112} edge dislocations are given is Eq. (9) and Eq. (10),
respectively. One can easily calculate the velocity of dislocations at
any given applied stress, temperature, and hydrogen concentration.
As these mobility laws are derived using four different hydrogen
concentrations (0% H/Fe, 0.1% H/Fe, 0.25% H/Fe, and 0.5% H/Fe)
and five different temperatures (50 K, 100 K, 200 K, 300 K, and 400
K), more accurate results are expected via interpolation. However,
different mechanics and dynamics might be observed when extrap-
olating these values. Nonetheless, these mobility laws will still pro-
vide a very useful basis for discussion during extrapolation.

y _ (Tapp—(48,97+(3,8483+T+420,91) ) xb
Y2(111){110} ™ (26410 “xc+ 110 #) + (8410 6xc+—4+107) +T
)]

(tapp — (63,4257 + (2,7387 + T + 645,34) x ¢)) % b

10
7,5%106 4+ (45106 xc+2%107) « T G0

Vi<111>{112) =
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