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Influence of hydrogen core force shielding on dislocation junctions in iron
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The influence of hydrogen on dislocation junctions has been analyzed by incorporating a hydrogen-dependent
core force into nodal-based discrete dislocation plasticity simulations. Hydrogen reduces the core energy of
dislocations, which reduces the magnitude of the dislocation core force. We refer to this as hydrogen core force
shielding, as it is analogous to hydrogen elastic shielding but occurs at much lower hydrogen concentrations. The
dislocation core energy change due to hydrogen was calibrated at the atomic scale, accounting for the nonlinear
interatomic interactions at the dislocation core, giving the model a sound physical basis. Hydrogen was found
to strengthen binary junctions and promote the nucleation of dislocations from triple junctions. Simulations of
microcantilever bend tests showed hydrogen core force shielding reduced the yield stress followed by increased
strain hardening due to junction strengthening. These simulations demonstrate hydrogen effects at a small bulk
hydrogen concentration, 10 appm, realistic for body-centered cubic iron, allowing micromechanical tests on

hydrogen charged samples to be simulated.
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I. INTRODUCTION

Understanding the effect of hydrogen on dislocations [1]
is essential to understanding how hydrogen reduces ductility
in metals. Using in situ TEM testing, hydrogen has been
observed to enhance dislocation mobility in a variety of ma-
terials [2-4]. Ferreira et al. [5] found that hydrogen decreases
the equilibrium dislocation spacing in a pileup in 310 stainless
steel and Al. The same authors then observed that hydro-
gen suppresses dislocation cross slip, thereby increasing slip
planarity [6]. Motivated by these experimental observations,
Birnbaum and Sofronis [7] used analytic solutions to calculate
the elastic stress field generated by a hydrogen concentration
field that is in equilibrium with an edge dislocation (assuming
plane strain). The elastic interaction between two dislocations
or between a dislocation and a center of dilation (defect) is re-
duced in the presence of hydrogen, leading to reduced spacing
and enhanced mobility. This mechanism is able to partially ac-
count for the experimental observation of hydrogen enhanced
plasticity and is referred to as the hydrogen elastic shielding
mechanism. Based on this mechanism, the effects of hydro-
gen on dislocation nucleation (Frank-Read source operation),
expansion, and cross slip have been discussed [8]. These
theoretical studies focused on dislocation behavior limited to
a single slip plane and considered only the long-range elastic
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stress, which is important for dislocation glide, but neglected
the details of the dislocation core. Consequently, a very high
bulk hydrogen concentration, typically >10* appm [7], has
to be applied to observe any effect of hydrogen through the
hydrogen elastic shielding mechanism. High concentrations
are possible in face-centered cubic (fcc) materials, but because
of the very low solubility of hydrogen in body-centered cubic
(bce) materials such as iron, typical hydrogen concentrations
range between 1 and 10 appm in industrial applications and
up to 100 appm in laboratory charged specimens, and at these
concentrations elastic shielding is negligible. We propose here
that in body-centered cubic (bcc) metals, hydrogen influences
plasticity by reducing the dislocation core energy, which
reduces the dislocation core force. The effects are very similar
to reducing the elastic stress field but they occur at the low
concentrations typical in bcc metals.

A sessile junction forms when a glissile dislocation cuts
through a forest dislocation. This mechanism contributes to
the formation of complex, tangled dislocation arrays during
crystal deformation [9] and is a key source of strain hardening.
Given their importance, dislocation junctions have been exten-
sively studied [10]. Transmission electron microscopy (TEM)
observations of dislocation structures of hydrogen-charged
specimens in bcc Fe show that a homogeneous dislocation
forest in a hydrogen-free sample transforms into cell walls
that partition dislocation-free regions when it is charged with
hydrogen. The cell walls can be regarded as dense dislocation
tangles. TEM images reveal that the area of the dislocation-
free zones and the density in the dislocation tangles increase
with hydrogen concentration in the interval 0-25 appm [11].
The physics underlying dislocation reorganization due to hy-
drogen is not yet well established, but investigations into the
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effect of hydrogen on dislocation junctions provide a useful
starting point for understanding this phenomenon.

It is instructive to observe a single dislocation junction
and study its formation and destruction. This will help predict
and understand the emergent properties of dislocation tangles.
Because of the difficulty in pinpointing and following the de-
velopment of a single junction, only a handful of experimental
observations have been reported in the literature [12-15].
This research investigated the formation and destruction of
Lomer junctions using TEM, in the absence of hydrogen.
Experimental investigation becomes even more challenging
when hydrogen is present. Conditions apart from the hydrogen
concentration ought to be equivalent between the charged and
uncharged experiments, including the initial configuration of
the junction (strictly speaking), its surrounding dislocation
structure, and the loading history. Because of the statisti-
cal nature of dislocation activity, exact comparison between
hydrogen charged and unchanged specimens is out of the
question. Even for in sifu tests, it is extremely difficult, if
not impossible, to keep all the control variables unchanged.
For instance, hydrogen charging will inevitably alter the dis-
location structure, and the loading history will be distinct for
different tests. No experimental observations on the effect
of hydrogen on junctions have been reported for individual
dislocation junctions, and it is questionable whether this will
be achieved in the near future.

In the absence of suitable experiments, modeling can pro-
vide detailed and important information about the develop-
ment of junctions and how they influence cell formation.
Molecular dynamics (MD) [16] and three-dimensional (3D)
discrete dislocation dynamics (DDD) [17] are powerful tools
for simulating dislocation junctions. Rodney and Phillips [18]
employed the quasicontinuum (QC) method, which combines
MD and the finite element method (FEM), to study the for-
mation and destruction of Lomer-Cottrell junctions. Bulatov
et al. and Yamakov et al. [16,19] simulated Lomer-Cottrell
junctions using molecular dynamics simulation. Molecular
statics simulation can also be used to simulate dislocation
locks [20,21]. Atomistic methods are limited to small tem-
poral and spatial scales, compromising their ability to capture
the long-range character of dislocation stress fields [22]; in
general, the results obtained via atomistic methods cannot be
directly implemented in large-scale (e.g., crystal plasticity)
models. DDD is an ideal tool for bridging the gap in space and
timescales between atomistic and continuum models. DDD
has a dislocation line segment as its basic element and uses
analytic solutions for the elastic fields so is able to simulate
the collective behavior of a large array of dislocations. To
date, DDD has been used to study problems ranging from
individual dislocation junctions [23] to large-scale plasticity
arising from the motion of a large number of dislocations [24].
Shenoy et al. [25] performed DDD simulations of a Lomer-
Cottrell junction, reproducing the atomistic results obtained
by Rodney and Phillips [18]. Madec et al. [23] performed sys-
tematic DDD simulations of Lomer-Cottrell junctions cover-
ing all possible initial configurations, and further evaluated the
effect of forest hardening on plasticity using large-scale DDD
simulations. Madec et al. [21] utiliszd the DDD approach
in combination with molecular statics simulations to study
the collinear interaction of dislocations. Bulatov et al. [10]

probed the properties of multijunctions using DDD and Lee
et al. [26] performed DDD simulations of Lomer junctions
in a free-standing thin film. Wu et al. [27] studied binary
junctions in hexagonal close-packed crystals, combining the
line tension model and DD simulations. Good agreement with
the experimental observations was obtained [10,23], verifying
the utility of DDD for simulating dislocation junctions.

Despite the large literature on modeling the effects of
hydrogen on mechanical properties, across a wide range of
scales, very few have investigated the effect of hydrogen on
dislocation junctions. Hoagland and Baskes [28] studied the
effects of hydrogen on a Lomer-Cottrell lock using Monte
Carlo (MC) calculations. Chen et al. [29] investigated the
effects of a general solute on a Lomer junction, considering
different solute properties, using a kinetic Monte Carlo (kMC)
coupled DDD approach. Hydrogen redistribution during the
destruction of the dislocation junction was not considered
in these works. Recently, Yu et al. [30] utilized a hydrogen
informed discrete dislocation dynamics (DDD) approach to
investigate the influence of hydrogen on Lomer junctions;
hydrogen redistribution was taken into account and various
initial configurations [23] were examined. This could provide
a reference for modeling hydrogen with a crystal plasticity
approach which considers dislocation interactions [31]. Zhao
et al. [32] performed MD simulations of a hydrogen charged
nanoindentation test and discussed the effect of hydrogen on
dislocation entanglement.

Recently, Gu and El-Awady [33] proposed a framework for
incorporating hydrogen into the nonsingular DDD formula-
tion [34]. Hydrogen is treated as an isotropic point dilatation
in an infinite elastic medium, based on which the hydrogen
elastic stress field and its influence on dislocation motion are
evaluated. This formulation accounts only for the linear elastic
contribution of hydrogen residing outside the dislocation core
region, which is consistent with the hydrogen elastic shielding
mechanism. Similar formulations were also proposed in two
dimensions (2D) [35,36]. However, this is only a partial con-
tribution of hydrogen. Considering only the elastic shielding
effect showed no influence of hydrogen at a realistic bulk
hydrogen concentration (<10 appm) [37].

As described by the hydrogen elastic shielding theory, hy-
drogen forms atmospheres around dislocations, reducing the
long-range elastic dislocation-dislocation interactions [7,33].
At high hydrogen concentrations, the hydrogen shielding ef-
fect increases, which could affect the formation of dislocation
structures. Although the elastic shielding effect is often quoted
in the literature as a viable explanation for the reduction
of elastic interactions between dislocations, at realistic bulk
hydrogen concentrations it is unable to explain experimental
observations of hydrogen-induced softening, for instance, in
Ref. [38], where apparent softening in the loading curve was
observed in a microcantilever test. Theoretical studies using
continuum models show that the hydrogen shielding effect is
relatively short ranged and unlikely unless hydrogen concen-
trations are extremely high (>10* appm) [7]. Experiments us-
ing in situ TEM on samples deformed in tension [5] also show
that hydrogen has a significant effect on dislocation spacing
at distances greater than 20 b, indicating that hydrogen elastic
shielding of the dislocation-dislocation interactions cannot, by
itself, account for the observations. Atomistic simulations of
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the effects of hydrogen on 1/2(111) edge dislocation pileups
in bce Fe also indicate that the shielding mechanism is not
operative at hydrogen concentrations lower than 10° appm
[39]. Thus, other mechanisms, such as hydrogen binding in
the dislocation core must be examined in more detail.

To account for the hydrogen core contribution, Yu et al.
[37] implemented a hydrogen-dependent dislocation mobility
law where the velocity of a screw dislocation is increased in
the presence of hydrogen. This law was calibrated atomisti-
cally using kinetic Monte Carlo simulations [40,41], and the
increased mobility is attributed to hydrogen-promoted kink-
pair nucleation in the near core region. Therefore, a hydrogen-
dependent dislocation mobility law, to some extent, accounted
for the effect of hydrogen residing near the dislocation core
and allowed the effect of hydrogen on a microcantilever to be
simulated at a realistic concentration. Hydrogen residing in
the core will not only affect kink-pair formation and migration
but also change the dislocation core energy profile, which is
critical for dislocation line tension and near-field interactions.
Sills and Cai [42] suggested introducing a solute-solute in-
teraction energy term to the hydrogen stress formulation. In
this way, an additional free energy contribution from the near-
core regime is incorporated, and this can be approximated
as a change in the core energy due to hydrogen. With this
method, Sills and Cai [42] were able to observe the effects of
hydrogen on a dislocation loop and a Frank-Read (F-R) source
at realistic bulk concentrations. In particular, a large decrease
in the activation stress of the F-R source was observed,
indicating the importance of the hydrogen core contribution
in the activation of dislocation sources.

The force acting on a dislocation can be partitioned into
two parts [43]: the elastic force and the core force, due to the
dislocation core energy E¢. Hydrogen modifies this core en-
ergy and so contributes an additional hydrogen core force. The
hydrogen core contribution is key in hydrogen-junction inter-
actions, where the dislocation self-force and short-range inter-
actions are crucial. Hydrogen elastic shielding and hydrogen-
dependent dislocation mobility contribute marginally to dis-
location junction formation which is regarded as a quasistatic
process. As a demonstration, we performed DDD simulations
of junction formation at low concentrations (0-60 appm),
considering these contributions, and observed practically no
change in junction length in the presence of hydrogen; see
Sec. IV B for further details. To capture the effect of hydrogen
on dislocation junctions, the hydrogen core force needs to
be incorporated. The approach proposed by Sills and Cai
[42] is a viable one, but as they noted, the near-core con-
tribution was based on the stress field derived from linear
elasticity theory, and the nonlinear interatomic interactions at
the dislocation core were neglected. These nonlinear effects
should be incorporated, which can be achieved by calibrating
the dislocation core energy in the presence of hydrogen with
atomistic simulations.

The main goal of this work is to present discrete dislocation
dynamics simulations utilizing atomistic-level data for the dis-
location core energies with and without hydrogen as input and
investigate any emergent influence on plasticity. We assume
the hydrogen core force arises as a result of hydrogen lowering
the dislocation core energy, which is calibrated based on first
principles density functional theory (DFT) calculations for

bee iron. We show that the effects of hydrogen on dislocation
junctions are dominated by the hydrogen core force. This
highlights the important role of dislocation core energy in
dislocation reactions. This work depicts a more general pic-
ture of how dislocation reactions are influenced by a change
in dislocation core energy, using hydrogen as a medium to
trigger the change.

This paper is organized as follows: Section II presents
the details of the calibration of the hydrogen core energy
using DFT. Section III discusses the effects of the hydrogen
modified core energy on dislocation junction formation in bcc
iron, using a line tension model. Section IV implements a
hydrogen core force in the DDD framework and employs it
to study the influence of hydrogen on dislocation junction
properties. A summary is presented in Sec. V.

II. ATOMIC CALIBRATION

The line energy, E, of a dislocation can be partitioned into
two parts [43],

E = E°+E°, 1

the elastic energy E° and the core energy E€. E¢ can be
calculated with linear elasticity theory whereas E¢ is the
energy contained within the dislocation core, typically within
5b from the dislocation line, where b is the magnitude of the
Burgers vector. In an isotropic crystal, the elastic energy per
unit length of a straight dislocation line is

2
o= M <§)(1 — vcos?h), )
4 (1 —v) C
w is the shear modulus, v is Poisson’s ratio, R and r. are
the outer and inner cutoff radii, and 6 is the character angle
between the dislocation’s Burgers vector and line direction.
Material parameters for iron are used in this work: a =
2.856 A is the lattice parameter, u = 82 GPa, and v = 0.29.
Core energies in bcc Fe were determined in Refs. [44—46],
which obtained values of E{ = 0.219 eV/A for a 1/2(111)
screw, ES = 0.286 eV/A fora 1/2(111){110} edge, and E€ =
0.62 eV/A for a (100) edge dislocation, calculated with core
radii r.,0f 3,2.45,and 5.16 A, respectively. We will notionally
divide the hydrogen atoms into those which are trapped at
distances greater than the core radius and usually referred to
as forming an “atmosphere,” and those which occupy deep
traps within the dislocation core. In the case of the hydrogen
in the atmosphere, these occupy sites that we will assume to
be equivalent to sites in an undistorted tetrahedral interstice
and since these sites are not regular tetrahedra the associated
strain is not purely dilatational. According to calculations
using the density functional theory [47], the strain field of a
single hydrogen atom in bcc Fe is

e 0 0 0.014 0 0
=10 e&i o= 0 0.041 0 |. 3
0 0 et 0 0  0.041

The interaction energy per unit dislocation length, between a
hydrogen in the atmosphere and a straight dislocation can then
be determined following the continuum approach developed
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in Ref. [48]. The interaction energy is

E'(ry=a’) oy(r)el, (4
ij
where a is the lattice constant and o;; is the stress field
generated by the straight dislocation expressed in the same
coordinate system as . The total interaction energy per unit
dislocation length between the hydrogen atmosphere and a
straight dislocation is

2 Ry
E" (x0) = / / Cowx (9 VE (@, Mrdrdg,  (5)
0 ry

where ryg and Ry are the inner and outer cutoff radii of
the hydrogen atmosphere centered at the dislocation. yg is
the nominal number of hydrogen atoms per iron atom; the
concentration of hydrogen in atomic parts per million (appm)
is thereby ¢y = 10° xo. Cmay is the maximum solute concentra-
tion for the solid (in solutes per unit volume), and x = C/Cpx
is the fraction of available lattice sites that are occupied by
hydrogen [42].

Turning now to the hydrogen atoms trapped within the
core, their binding energies, E®, can be calculated using
atomistic simulations [49,50]. These show that 1/2(111){110}
edge dislocations generate seven inequivalent hydrogen trap
sites in the plane perpendicular to the dislocation line, with
binding energies more negative than —0.1 eV (one with
binding energy EV = —0.34¢eV, two with binding energies
E2b = —-0.40eV, E3b = —0.27¢V, Ef = —0.12eV). We note
that magnetism is included in the calculated trap energies
since these are taken from calculations within the local spin
density approximation to the density functional theory [49].
The effect of trapped hydrogen is to reduce the dislocation
line tension by the amount

G"(x0) =Y x/ (x0)E!, (6)

where the sum is over all the binding sites i along the dis-
location line. The probability that a trap site is occupied by
hydrogen is calculated from the McLean isotherm [51-53],

X~b_ éx()exp(Eib/kBT)
" 14 txoexp (EP/ksT)’

where the factor 1/6 accounts for there being six tetrahedral
sites per iron atom. The McLean equation expresses the
dynamic equilibrium established at temperature, T', between
hydrogen atoms dissolved in tetrahedral interstices and those
trapped at defect sites i having a potential energy El.b . Alterna-
tively interpreted, it describes the distribution of hydrogen that
dictates that the chemical potential of hydrogen is constant
across the microstructure. It is a valid approximation if we
allow that hydrogen diffusion is the fastest of all the processes
under consideration in the simulation [33,37]. The change in
dislocation core energy per unit length, E<* (xo), is then

1 \/Ea
EC,H _ H [ _
LG (o). {\/ga/Z

where L is the periodic spacing along the dislocation line.
The hydrogen concentration that we use in this work ranges
between zero and 60 appm; typical concentrations found in

(N

edge
screw’

®)

industrial applications are 1-10 appm, whereas specimens
charged in the laboratory may reach 100 appm. In this range,
the contribution to the total hydrogen-dislocation interaction
energy from the near-core deep binding sites dominates. For
instance, for a 1/2(111){110} edge dislocation with co =
30 appm, the contribution to the total binding energy per
unit dislocation length due to “core” hydrogen calculated
from Eq. (6) is 0.153 eV/A, while the far-field elastic energy
calculated from Eq. (5) with inner cutoff radius ry = a and
outer cutoff radii Ry = 100a and Ry = 1000a are respec-
tively 1.8 and 2.2 meV/A. Apparently, divergence of the
total energy with increasing outer cutoff radius Ry is very
slow. We take Ry = 100a for subsequent discussions, and
we further approximate the total hydrogen binding energy as
the hydrogen core energy. In the case of the 1/2(111) screw
dislocation, we use the deep near-core hydrogen binding sites
calculated in Ref. [49]. Because the strain field is purely
deviatoric in linear elasticity, the change in energy due to the
hydrogen atmosphere is smaller than for the edge dislocation.
In contrast to 1/2(111) dislocations, the binding behavior
of hydrogen atoms at the core of (100) dislocations has not
been studied in detail with atomistic methods. Therefore, we
determine the interaction energy between hydrogen and a
straight (100) dislocation following the continuum approach
[Eq. (5)] developed in Ref. [48]. As an approximation, we
require the continuum approach [Eq. (5)] to yield the atom-
istically calibrated binding energy. Under this condition, the
inner cutoff radius we determine at ¢y = 30 appm is ry =
0.435a for a 1/2(111) edge dislocation. We further assume
that the inner cutoff radius ry determined fora 1/2(111) edge
dislocation also holds for a (100) edge dislocation. We then
calculate the interaction energy of the hydrogen atmosphere
and a (100) straight edge dislocation following Eq. (4), with
the stress and strain fields provided in Ref. [54].

The core interaction energies, £ eH a5 functions of nom-
inal hydrogen concentration, ¢y are shown in Fig. 1. The
hydrogen core energy is negative and so will reduce the total
core energy and total core force. It is noted that the magnitude
of hydrogen core energies predicted for edge dislocations

.
V
1
i -0.1 i q
> ! A A A A
[
—-02r! 1
& ‘| -£-1/2[111] edge
£-03F1 1/2[111] screw -
E o -0-[001] edge
=R -#-[001] screw i
F - -
S el TT-e--__ B
© -05 e____e_____()
0.6 s s s s s
0 10 20 30 40 50 60

hydrogen concentration (appm)

FIG. 1. The calibrated hydrogen core energy for 1/2(111) and
(100) dislocations. The hydrogen core energy is negative and so will
reduce the total core energy and total core force. We refer to this as
hydrogen core force shielding, as it is analogous to hydrogen elastic
shielding [7].
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agrees with the dislocation trap binding energies commonly
seen in the literature [55]. It is also noted that the hydrogen
binding energy for a 1/2(111) screw dislocation is nonzero.
This is because hydrogen has a tetragonal misfit strain which
couples with the shear field of the 1/2(111) screw dislocation
to produce a nonzero interaction energy. In contrast, the
hydrogen binding energy for a (100) screw dislocation is zero,
because the hydrogen misfit strain does not couple with the
elastic field in this case.

When two dislocation segments attract and intersect to
form a junction, the dislocation lines rotate, resulting in a
change in the angles between the Burgers vectors and line
directions (the character angle, 6). The change in the character
angle leads to rearrangement of hydrogen atoms around the
dislocation which changes the interaction energy. The contin-
uum method [Eq. (5)] can be used to calculate the interaction
energy between the hydrogen atmosphere and a mixed straight
dislocation. However, the inner cutoff radius depends on the
character angle in reality, so accurate determination of the
core interaction energy between hydrogen and a mixed dis-
location is not feasible with the continuum approach without
using reliable data for the inner cutoff radius, ry, as a function
of the character angle. In this study, we approximate the
interaction energy E (6) between a hydrogen atmosphere and a
mixed 1/2(111) dislocation segment with a character angle 6
as an interpolation between the interaction energies E and
ESH for the screw and edge segments calculated atomistically.
E“H has an approximately sinusoidal dependence on 6, and so
the interpolation function in Refs. [42] and [56] is used,

E“" = ESH sin? 0 + E cos® 6. ©)

This interpolation is not unique; any number of schemes
which enable a smooth transition from E“¥(0) = E;’H to
EH (7 /2) = ESH could be used. We tested other interpola-
tion schemes, including a linear interpolation, in the line ten-
sion model, and found that the influence of the interpolation
scheme on dislocation junction formation is limited.

The atomic calibration presented in this section is based
on certain simplifications and assumptions. A continuum
approach was used for the (100) case. This was due to a
lack of atomistic data in the literature on hydrogen binding
to (100) dislocations in bcc metals. The key features of the
hydrogen binding energy profile are that (i) the binding energy
is more negative for edge than screw dislocations; (ii) the
binding energy is small but nonzero for a 1/2(111) screw
and zero for a (100) screw; and (iii) a (100) edge dislo-
cation possesses a more negative hydrogen binding energy
than a 1/2(111) edge dislocation. Point (iii) requires further
discussion, since the core energy for a (100) edge dislocation
was determined from an approximate continuum analysis.
This trend is, however, physically reasonable as the (100)
edge dislocation has a significantly higher core energy and
produces more severe lattice distortion [57], providing more
energetically favorable sites for hydrogen. Although hydrogen
binding to (100) dislocations has not been reported in the
literature, the binding behavior of carbon, also an interstitial
solute, to 1/2(111) and (100) dislocation loops in bcc iron
has been investigated in several atomistic studies. According
to Refs. [58,59], the binding energy is more than 50% more
negative for (100) compared to 1/2(111) dislocations. As

shown in Fig. 1, the hydrogen binding energy of a (100)
edge dislocation is predicted by continuum elasticity to be
over twice that for a 1/2(111) edge dislocation. The exact
(100) edge binding energy could differ from the continuum
prediction, but it should still be larger in magnitude than the
1/2(111) edge binding energy.

In the following sections, we employ the core energies in
Fig. 1, but to examine how sensitive the results are to the (100)
edge binding energy, a parametric study was also performed
and is provided in the Appendix. We observe the same trends
in behavior as reported below. The main effect of reducing
the (100) edge binding energy is to decrease the length and
strength of binary junctions (Fig. 14), while remaining larger
than the hydrogen-free values. The screw triple junction is,
however, insensitive to the variation of the (100) edge binding
energy.

III. LINE TENSION MODEL OF JUNCTION FORMATION

To investigate the role of hydrogen trapped in the disloca-
tion core on the formation of dislocation junctions, we investi-
gate the intersection between straight dislocations moving on
different glide planes. Our aim here is to evaluate hydrogen
core effects on dislocation reactions and ignore the external
stress and elastic interactions between dislocations. In bcc
materials, both binary and triple junctions are important in
plasticity [10]. Binary junctions result from the interaction
of two dislocations on different slip systems and can influ-
ence the yield stress and early stages of work hardening,
whereas triple junctions result from the interaction of three
dislocations and are important during the late stages of work
hardening. Triple junctions are strong anchors for dislocation
entanglements and are potentially important in the formation
of dislocation cell structures [10].

The binary junction geometry is illustrated in Fig. 2.
Consider two straight dislocation line segments, with Burgers
vectors b; and b,. Both segments are bound by a pair of
pinning points.

The dislocation segments are in the slip planes with nor-
mals n; and n, and intersect at their midpoint, which is on
the line of intersection of the two slip planes, L = n; x n| =
[001]. The dislocations are at angles ¢ and ¢, to L. A junction
(a straight dislocation segment along L) with a Burgers vector
b3 = by + b, will form if it reduces the energy of the system.
If E,, E,, and E; are respectively the line energies of the
reacting dislocations and junction, a junction will form if the
following criterion is fulfilled [60]

E|cos¢, + E;cos ¢, > Ejs. (10)

The energy of the configuration is a minimum when the
condition

Eycosy; + Eycosy, —E3 =0 (11)

is satisfied with equilibrium angles v, and ¥, as illustrated
in Fig. 2(b).

In order to evaluate the effect of hydrogen on junction
formation, we consider the interaction between two 1/2(111)
edge dislocations, namely 1/2[111](110) and 1/2[111](110),
as illustrated in Fig. 2. The dislocations are of length
ly =1, =200b, and initially intersect at their midpoint.
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FIG. 2. Illustration of the binary junction geometry: (a) the initial configuration and (b) the junction formed after relaxation. The initial

dislocations and the junction are of pure edge type.

The dislocati9ns attract each other and their intersection re-
sults in an [010](100) edge junction:

1/2[111](110) + 1/2[111](110) — [010](100).  (12)

After including the dislocation core energy change due to
hydrogen E<# (shown in Fig. 1) into Eq. (1), the energy per
unit dislocation length in the presence of hydrogen is

E=E°4+E‘+E". (13)

To evaluate the elastic contribution to the dislocation energy,
Eq. (2) is used, with r, =3 A for a 1/2(111) screw dis-
location, r, = 2.45 A for a 1/2(111) edge dislocation, and
r. =5.16 A for a (100) dislocation; the outer cutoff radius
is selected as R = 100a. As discussed in Sec. II, the far-field
elastic energy due to hydrogen is neglected. To evaluate the
effect of hydrogen on the dislocation reaction, at different bulk
hydrogen concentrations, we determine the junction length
which minimizes the energy of the configuration; by substi-
tuting the energies determined in Sec. II into Eq. (11). The
calculations show an increase in binary junction length but
almost no change in the triple junction length due to hydrogen.
Since a (100) edge dislocation generates deeper binding sites
(compared to a 1/2(111) edge segment), the junction gener-
ated by the reaction traps more hydrogen atoms, reducing the
energy of the system, and increasing the equilibrium binary
junction length, as shown in Fig. 3.

In the triple junction case, we adopt the same configuration
as in Ref. [10]. Three (111){110} edge dislocations intersect
at their midpoint and a 1/2(111) screw-type triple junction is
formed,

1/2[1117(01T) + 1/2[1111(10T) + 1/2[111](110)
— 1/2(111). (14)

In this case, hydrogen atoms released during the reduction
of the lengths of the reacting edge dislocations increases the
energy of the configuration, and the magnitude of this is larger

than the energy reduction caused by hydrogen atoms binding
to the screw junction. This leads to a reduction in the final
screw junction length with hydrogen, as shown in Fig. 3.
This reduction is very slight, since the energy change due to
hydrogen is small compared to the total energy change during
the formation of the triple junction.

The line tension model is a static approach for evaluating
hydrogen core effects on dislocation reactions. It is applicable
only for straight dislocation segments, while the external
stress and dislocation interactions are ignored. In reality,
under an applied stress, the dislocation segments will bow
out. To study the effects of hydrogen on the intersection of
curved dislocations requires including both the long-range
elastic interaction due to hydrogen and the short-range inter-
action between dislocations and hydrogen at the core. Discrete
dislocation dynamics (DDD) simulations on the effects of
hydrogen on dislocation junctions are performed subsequently

200
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O L L L L L
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FIG. 3. Variation of junction length with hydrogen concentration
calculated via the line tension (LT) model.
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FIG. 4. (a) Variation of junction length with hydrogen concentration calculated via DDD without considering hydrogen core force shielding

and (b) with hydrogen core force shielding.

for this purpose. Furthermore, DDD can be used to determine
the junction strength, which is not possible with the line
tension model.

IV. DDD SIMULATION WITH HYDROGEN CORE FORCE

Hydrogen influences dislocation plasticity by exerting elas-
tic shielding and core force shielding and modifying the
dislocation mobility. Long-range hydrogen elastic shielding
and a hydrogen-dependent mobility law were implemented in
Ref. [37]. However, the model was not able to capture the
effect of hydrogen on dislocation junction formation, due to
the short-range and quasistatic nature of the process. To some
extent, this was implied in our recent work on the influence
of hydrogen on Lomer junctions [30], where unrealistically
high bulk concentrations were required for hydrogen to in-
fluence junction formation in the absence of hydrogen core
effects. DDD simulations of binary and triple junctions are
performed here, considering only hydrogen elastic shielding
and a hydrogen-dependent mobility. The initial dislocation
configurations are the same as for the line tension model in
Sec. III. As shown in Fig. 4(a), the effect of hydrogen on
junction length is not captured at these low concentrations.
Comparison to the line tension model results (Fig. 3) indicates
that hydrogen core force shielding dominates in the influence
of hydrogen on junction formation.

A. Formulation

In the DDD simulation, dislocations are represented by
discrete straight segments. The dislocation nodal velocity V.
is determined by balancing the drag force with the nodal
driving force F; on node k at position X;. The nodal force
is evaluated based on the nonsingular continuum theory of
dislocations developed by Ref. [34]. In general, it consists of
five parts in the presence of hydrogen

+sz+ S i

szZl: Z;‘ Z

=Fk+Fk+F,f+F,f’H+ﬁk, (15)

where f,] = f,](Xx) is the interaction force at node k, due
to segment i — j integrated along segment k — [; this is
summed over all segments i — j inside the domain, including
the self-force due to segment k — /, this is then summed over

all nodes / which are connected to node k. Similarly, f,d =

sz (Xx) is the hydrogen elastic shielding force evaluated at
node k, implemented following the formulation proposed by
Ref. [33 fkl = f;(Xk) is the dislocation core force and

,le = f5"(X;) is the hydrogen core shielding force (that
is missing in previous simulations). fk, = f,d (X%) is the cor-
rective elastic force for the finite boundary value problem,
which is evaluated with the finite element method using
the superposition principle [61]. An underlying assumption
of this formulation is that hydrogen is always in chemical
equilibrium with dislocation stress field, which is also adopted
in the calibration of hydrogen core energies. This is valid if
hydrogen moves faster than dislocations which can be easily
satisfied in bec Fe [33] provided the stress is not too high
[t < (B/b)y/D/At ~ (1074/10719),/10-4/10~10 ~ 1 GPa].

In the presence of hydrogen, the core energy is
ES(0) = EC(0) + E“M(0) = E“(9) — |[E“"(0)]
=sin” 0(ES — |[ES"|) + cos® 0 (ES — |[ECT

), (16)

where E{ and E{ are the edge and screw dislocation core
energies in the absence of hydrogen and ES# and E&¥ are
the hydrogen core binding energies presented in Fig. 1. Note
that the hydrogen core binding energies are negative, and
therefore, hydrogen reduces the core energy of dislocations.
The core force in the presence of hydrogen is then

dES.(0) [ b
o+ 57 = ES Oy + ;f;()<|k‘|>, a7

where 6 is the angle between i, the line direction and Burgers
vector of segment k — [ with length L. b, is the edge
component of the Burgers vector. This is the core force on
dislocation node k due to its connection to node [/, derived
based on the core force being the first derivative of the
total core energy of the discretized dislocation network with
respect to the nodal positions. Further details can be found in
Refs. [43] and [42]. The first term on the right-hand side
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acts along the line direction to shrink the segment, while
the second term is a moment tending to rotate the segment
to the orientation with lowest core energy; in the absence
of hydrogen this is the screw orientation. As discussed in
Sec. 11, different dislocation core radii and hydrogen free core
energies were used for the 1/2(111) and (100) dislocations
in the atomistic calibration. To be consistent, the dislocation
types were detected during the DDD simulation and assigned
the core radii and hydrogen free core energies accordingly.
For 1/2(111) dislocations, a core radius of 3 A was used [44],
whereas a core radius of 5.16 A was used for (100) dislo-
cations [46]. In this way, the dislocation elastic energy and
core energy are fully accounted for. Hu et al. [56] pointed out
that the application of the core cutoff radius in conventional
DDD modeling overlooks a considerable amount of elastic
energy in the region between the real core radius and the
cutoff radius used when evaluating the nonsingular elastic
fields. To solve this issue, they extrapolated back from the
cutoff radius to the real core radius and added the missing
part of the elastic energy to the core energy term in the DDD
simulation. Here, an equivalent result is achieved by setting
the core cutoff radius in the DDD simulations equal to the
core radius used in our atomistic calculations so that no elastic
energy is omitted. It is noted that the core radius for 1/2(111)
edge dislocations should be 2.45 10\, while the same core
radius of 3 A was used for all 1 /2(111) dislocations for the
ease of implementation in DDD. This slightly underestimates
the elastic energy [Eq. (2)] of 1/2(111) edge dislocations,
but the difference is less than 5%. The hydrogen-free core
energies for 1/2(111) edge and screw dislocations are respec-
tively E¢ = 0.286 eV/A and E¢ = 0.219 eV/A [44,45]; for
(100) edge dislocation the value is E; = 0.62 eV/A [46].
To the best of our knowledge, the dislocation core energy
for (100) screw dislocation in iron has not been reported
in the literature; therefore, the core energy for this case is
approximated assuming E{ = (1 — v)E{ = 0.44 eV/A. The
atomistically determined core energies in the 1/2(111) cases
also follow this relation (0.219/0.286 = 0.766 =~ 1 — v). The
validity of the treatment of dislocation core radii and energies
is verified in Fig. 4(b), where good agreement is achieved in
predicting the hydrogen-free junction lengths using the two
different methods: the line tension model and DDD. This
implementation of the hydrogen core force in [Eq. (17)] is
applicable to other materials, provided the hydrogen core
binding energies are properly calibrated.

A linear dislocation mobility law [37,43] is used. For each
segment kl, a drag tensor By; is determined according to the
segment character, the nodal velocity V; at node k is then
obtained using

-1
1
|:§ Zllekl:| F, =V, (18)
/

where the sum is over all nodes / connected to node k, and F
is the nodal force determined with Eq. (15). The mobility of
a dislocation segment is anisotropic with respect to glide and
climb and line, for example, an edge segment drag tensor has
the form

By = B,(my; @ my;) + By @ myy) + Bi(ly @ by),  (19)

where B, and B. are the drag coefficients for glide and
climb, respectively. The unit vectors are the plane normal
m; and glide direction my;. Full details are in Ref. [43].
The dislocation mobility is inversely proportional to the drag
coefficient. In bcc materials, the mobility of a pure edge
segment should be greater than that of a pure screw segment,
which is accounted for by assigning B,, < By. In the absence
of hydrogen, the edge and screw drag coefficients are B,, =
5x 107*Pas and B, = 1 x 1072 Pa s as used by Wang and
Beyerlein [62]. The glide drag coefficient for a mixed segment
is determined by interpolation between the screw and edge
values using

B, = [B;2sin’(0) + B; > cos*(©)] "%,

(20)
The drag coefficient for climb is set sufficiently high, B, =
1 x 10°B,,, so that only glide occurs and the line drag coeffi-
cient is sufficiently low, B; = 1 x 107*B,,, to allow nodes to
move freely along the dislocation line.

Cross slip of screw segments is considered in a very
simplified manner. For a screw segment, all possible cross-slip
planes are checked and the plane with the maximum resolved
shear stress is used as the cross-slip plane. The motion of the
screw segment is then limited to this plane. For example, in
the triple junction case, a 1/2(111) screw junction is formed,
whose possible cross-slip planes are the (110), (101), and
(011) planes. Under uniaxial tension applied along (100), the
screw junction will cross slip on the (110) plane.

eg»

B. DDD modeling of dislocation junctions
1. Binary junction

The hydrogen elastic shielding and hydrogen-dependent
mobility law were found to be unimportant over the range
of concentrations considered here. Therefore, only hydrogen
core force shielding is implemented unless stated otherwise.

Using the binary junction model in Sec. III, the effect
of hydrogen on junction length is studied with DDD. The
results are plotted against the line tension model predictions
in Fig. 4(b). In contrast to Fig. 4(a), a significant hydrogen
effect is captured, indicating the dominant role of hydrogen
core force shielding in dislocation junctions. Good agreement
is achieved between the DDD and line tension model. Some
discrepancy is expected, as DDD accounts for the elastic
interactions between segments, which is neglected in the line
tension calculations.

A binary junction can be destroyed under an applied stress.
The nonjunction segments can bow out, unzipping the junc-
tion and restoring the initial configuration. After a sufficient
relaxation time, we apply a uniaxial tensile stress along
(100). As the magnitude of the stress gradually increases, the
junction will be unzipped, reducing the junction length. We
take the stress o, at which the junction length first becomes
zero as the strength of the binary junction. We simulate a
hydrogen concentration of ¢y = 10.0 appm. The initial dis-
location length is varied from Iy = 200b to Iy = 800b. The
junction length and strength are shown in Fig. 5. Increasing
the initial dislocation length increases the junction length (to
obtain the equilibrium angles V| = W, & 53.5° without hy-
drogen and W = W, &~ 56.5° with hydrogen) and reduces the
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FIG. 5. The effect of hydrogen on binary junction (a) length and (b) strength.

junction strength. Consistent with the observation in Fig. 4,
hydrogen increases the junction length, independently of the
initial dislocation length. Hydrogen increases the strength of
the junction for mixed initial segments and with initial edge
segments the effect is negligible. The effect of hydrogen is
dependent on the initial orientation of the intersecting disloca-
tions, even if the line direction of the junction is fixed [30]. To
be systematic, we rotated the initial dislocations inside their
slip plane, changing their angles (¢, ¢,) with respect to the
line direction of the junction ([001]); we tested all the cases
with ¢; = ¢, and found that hydrogen increases the strength
of the [001] junctions. A typical example with initially mixed
segments at ¢; = ¢, = 20° is shown in Fig. 5.

It might be assumed that hydrogen increases the junction
strength by increasing the junction length, thus shortening
the initial segments and making it more difficult for them
to bow out and unzip the junction. However, in Fig. 5(a),
a large difference in junction length is observed between
the two initial configurations in the absence of hydrogen;

in Fig. 5(b), however, the corresponding junction strengths
are identical. This indicates the increase in junction strength
due to hydrogen is not attributed to the hydrogen increased
junction length but to some other mechanism.

The driving force for dislocation motion is partitioned
into the hydrogen core force shielding term, F H and the
hydrogen free forces, Fj 4+ F, + F¢, as shown in Fig. 6. Finite
boundary conditions were not considered in the junction
simulations so F; =0 in Fig. 6(a) and only accounts for
the uniformly applied stress in Fig. 6(b). During formation,
hydrogen lowers the core energy of the (100) junction. The
hydrogen core forces act to stretch the junction, reducing
the total core force and increasing the junction length. The
destruction of the junction is realised via a procedure similar
to the operation of a F-R source. A 1/2(111) arm which is
pinned at one end and constrained to move along the line of
the junction at the other end is activated and bows out, which
drives the mobile node along the line, unzipping the junction.
The hydrogen core force tends to impede the expansion of

= dislocation line

100 -

-100

x/b

(a)

== H core forces

other forces

100

(b)

FIG. 6. The nodal force partitioned into hydrogen, F# (blue arrows), and nonhydrogen parts F;, + Fy+ F¢ (green arrows). (a) Formation
(zipping) of a [001] junction. (b) Destruction (unzipping) of the junction. The end points of the junction are marked with red circles; note F“#

has been scaled 5x for clarity.
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FIG. 7. A screw triple junction operating as a F-R source. (a) Initial triple junction before bow out; (b) Interaction between the 1/2(111)
(black) dislocation loop and the 1/2[111] (green) arm on the left, forming a [001] sessile dislocation (red): 1/2[111](110) + 1/2[111](110) —
[001](110); (c) 1/2(111) loop has bowed back, restoring the 1/2[111] arm, and the process then occurs on the right. (d) Moment just before
the emission of a full loop, restoring the triple junction as in panel (a), and the process repeats.

this F-R source, making the destruction of the junction more
difficult. Finally, it should be noted that the opposite was
observed in fcc materials where hydrogen elastic shielding
weakens Lomer junctions [30].

2. Triple junction

Triple junctions are stronger than binary junctions. In
Ref. [10], the authors observed more pronounced strain hard-
ening in the presence of triple junctions and attributed the
phenomenon to the propensity of these junctions to form
additional dislocation sources. Triple junctions occur at a
late stage of loading, serving as strong anchors which form
complex dislocation networks which impede dislocation mo-
tion. Unlike the (001) binary junctions, which are sessile, the
1/2(111) triple junctions are glissile and considerably longer
than the other 1/2(111) arms. As a result, the junction (rather
than the nonjunction segments) will bow out under an external

stress, meaning rather than unzipping, the junction operates
like a F-R source.

Therefore, the strength of a triple junction is defined here
as the stress required to nucleate a loop. After the pure screw
triple junction is formed, out-of-plane pure shear is applied
to one of its possible cross slip planes, the (110) plane, and
the motion of the 1/2(111) screw dislocation is limited to
this plane.

When the applied stress is sufficiently high, the triple
junction will bow out and generate dislocation loops, as shown
in Fig. 7. This procedure is similar to the F-R operation
but has some unique features which have not been discussed
before. On each of the possible cross-slip planes (i.e., the
possible F-R operation planes), there lie a pair of 1/2(111)
arms formed during the relaxation process. The bowing-out
loop will inevitably interact with one of these pairs during
the operation. In the case selected here, it is the 1/2[111]
(green) pair. As shown in Fig. 7(b), the junction encounters
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FIG. 8. Variation of (a) triple junction length and (b) strength with initial dislocation length, with and without hydrogen.

the arm on the left as soon as it bows out, which yields a ses-
sile [001] segment (red): 1/2[111](110) 4 1/2[111](110) —
[001](110). Note that the line direction of the junction is
opposite to the 1/2[111] arm when they first interact. This
impedes the expansion of the loop on the left and leads
to the asymmetric development of the loop as shown in
Fig. 7(b). As expansion continues, the loop will eventually
bypass the pinning point, bow sharply back, and wrap around
the now sessile arm (red), restoring it back to its initial state
(green): [001](110) + 1/2(111)(110) — 1/2[111](110). The
same process, where a temporary sessile [001] segment is
formed, then occurs on the other pinning point, as shown on
the right of Fig. 7(c).

During the activation of a F-R source and similarly of the
triple junction, there exists a certain geometric configuration
beyond which the dislocation line becomes unstable and keeps
growing and emits loops. During the simulation, the magni-
tude of the applied stress is gradually increased until the triple
junction starts to operate and reaches the critical geometry
[42], and thus the critical activation stress 7., i.e., junction
strength, is determined. We have verified that the predicted ac-
tivation stresses obtained for pure screw F-R sources in the ab-
sence of hydrogen agree with the % ub/L relation expected by
theoretical calculation [54]. The formation length and destruc-
tion strength of the triple junctions of varying length with and
without hydrogen (cp = 10.0 appm) are shown in Fig. 8. Con-
sistent with the results in Fig. 4(b), the hydrogen core force
slightly reduces the length and strength of the triple junction.
However, the effect is negligible as it is a second-order effect.
Hydrogen was observed to impede the bowing out of an edge
dislocation, consistent with the solute drag mechanism [63].
This is in contrast to the results shown here; however, here
we are looking at the bowing out of a screw dislocation sub-
jected to steady-state hydrogen redistribution under constant
chemical potential, while in Ref. [63] the initial hydrogen
concentration was an order of magnitude higher and the total
amount of hydrogen was constant during the simulation.

The nodal forces are shown in Fig. 9. In Fig. 9(a),
the hydrogen core force tends to shrink the triple junction.

During the activation of the triple junction, as shown in
Fig. 9(b), the hydrogen core force tends to enhance bowing
out of the mixed dislocation segments while impeding the
edge segments, which facilitates the bow out and nucleation
of a loop. This accounts for the slight reduction in stress with
hydrogen in Fig. 8(b). A hydrogen-dependent mobility law
[37] was not incorporated in the current simulations. A signif-
icant enhancement in the operation of the triple junction/F-R
source is expected if hydrogen-enhanced screw mobility is
implemented.

It is hard to anticipate the consequence of hydrogen on
the mechanical response by analysis of individual junctions.
For this purpose, hydrogen-junction interactions should be
discussed in the context of a complex dislocation network
formed in a volume of material under an applied load.

C. Microcantilever simulation with hydrogen core
force shielding

To examine if hydrogen core force shielding could affect
mechanical properties, we performed DDD simulations of
a microcantilever bend test. The beam is aligned along the
(100) crystallographic axes and has dimensions of 12 x 3 x
3 um with u(0, y, z) = [0, 0, 0], u(Ly, y, L;) = [0, 0, U] with
an applied displacement of U = —0.08 um, and the remain-
ing surfaces are traction free. Fully integrated linear brick
finite elements, 0.24 um in size, were used to solve for the
corrective elastic fields at every time increment [37]. The
initial dislocation structure consisted of 40 square prismatic
loops with a length of 0.39 um randomly generated from
the three slip systems of interest in Eq. (14), 1/2[111](011),
1/2[111](101), and 1/2[111](110), positioned randomly in
the high-stress region near the fixed end x < 4 um. This
enables the formation of binary junctions as well as triple
and higher order junctions referred to here as multijunctions.
A hydrogen concentration of 10 appm was applied when
computing the core force, apart from this the simulations with
and without hydrogen were identical. The evolution of the
total dislocation density, together with the load-displacement
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FIG. 9. The nodal force partitioned into hydrogen core force, F“# (blue arrows), and nonhydrogen parts Fj + F, (green arrows).
(a) Formation of the triple junction. (b) Bow out of the junction. The ending points of the junction in panel (a) are marked with red circles;

note F*" has been scaled 20x with respect to Fy 4+ Fy for clarity.

curves, are plotted in Fig. 10. During the early loading stage
(30 < U < 70 nm), the dislocation density is slightly higher
in the presence of hydrogen and yielding seems to occur
earlier with hydrogen, but the effect is not pronounced, com-
pared to the hydrogen softening effect observed in Ref. [37],
where hydrogen enhanced screw dislocation mobility was
considered. This indicates that the influence of hydrogen core
force shielding on yielding is limited but is important during
dislocation interactions and junction formation.

The evolution of the binary and multijunction densities
with and without hydrogen are shown in Fig. 11. During
the entire loading history, binary junctions are the dominant
junction type. The density of binary junctions is significantly
higher in the presence of hydrogen, as shown in Fig. 11(a).
This is consistent with hydrogen increasing the length and
strength of binary junctions, as discussed earlier. In Fig. 11(b),
hydrogen also increases the proportion of multijunctions,
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which usually form when a mobile dislocation interacts with
a binary junction to form a triple junction.

The increased junction density with hydrogen eventually
reduces the mobile density production rate leading to subse-
quent hardening, as evident in Fig. 10(a) for U > 0.07 um.
This corresponds to the mobile density with hydrogen drop-
ping below that without hydrogen. A snap shot (at U =
—0.0524 pm) of the dislocation structure in the initial (hydro-
gen softening) stage is shown in Fig. 12. The 1/2[111](101)
and 1/2[111](110) slip systems have the highest Schmid
factor and so are the most active and make up the majority of
the mobile density. The higher binary junction density (red)
with hydrogen is also visible in Fig. 12(b).

The dislocation structure at the end of the simulation (U =
—90 nm) is shown in Fig. 13. Figure 13(a), compared with
Fig. 12(a), shows an increase in the mobile density (green and
blue) in the absence of hydrogen. Comparing Fig. 13(b) with
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FIG. 10. (a) The load-displacement curve; (b) the evolution of the total dislocation density.
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FIG. 11. (a) The evolution of binary dislocation junction density; (b) the evolution of multiple dislocation junction density.

Fig. 13(a) shows the higher junction density and lower mobile
density with hydrogen.

Hydrogen significantly increases the density of junctions,
leading to more complicated dislocation tangles, which will
impede the motion of dislocations as loading increases. There-
fore, hydrogen core force shielding is expected produce a
hardening effect as loading increases. Recently, Wang et al.
[64] observed that hydrogen increases strain hardening in an
fcc twinning-induced plasticity (TWIP) steel and hydrogen
hardening was observed in bcc iron, both experimentally
[65] and numerically [66]. It should also be noted that the
increased strain hardening mechanism revealed here is due
to the interaction of hydrogen with dislocation junctions and
is different from the solute strengthening mechanism based
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on the bowing out of the F-R source like dislocations in
Refs. [67,68].

In the future, we will simulate and interpret real micro-
cantilever bend tests. However, the hydrogen-enhanced dislo-
cation mobility, which is omitted here for clarity, should be
taken into account and the specimen geometry should include
a notch to initiate fracture, as is common experimentally [38].

V. SUMMARY

In this work, a hydrogen core force shielding mecha-
nism was proposed; i.e., hydrogen “shields “the dislocation
core force by decreasing the dislocation core energy. Atomic
calibration and implementation of this mechanism in DDD
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FIG. 12. Dislocation structure in the initial loading stage U = —50 nm: (a) without hydrogen and (b) with hydrogen. The dislocations
belonging to the three initial slip systems are 1/2[111](011) (black), 1/2[111](101) (blue), and 1/2[111](110) (green) with binary junctions

(red) and multiple dislocation junctions (magenta).
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FIG. 13. Dislocation structure at U = —90 nm: (a) without hydrogen and (b) with hydrogen. With the same color coding as Fig. 12.

simulations were performed. The main conclusions are sum-
marized below.

(1) With the hydrogen core force shielding mechanism,
hydrogen-induced softening was reproduced at a realistic bulk
concentration commonly seen in experiments. In contrast, no
influence of hydrogen was predicted with the hydrogen elastic
shielding mechanism at similar concentrations [37].

(2) Due to its short-range nature, the hydrogen core force
shielding mechanism has a pronounced influence on the activ-
ity of dislocation junctions. Hydrogen was found to increase
the length and strength of (100) binary edge junctions. For
certain configurations, the enhancement in strength can be as
much as 30%. The increased binary junction strength could
lead to a significant increase in the number of junctions
forming in large-scale simulations, limiting the motion of
dislocations.

(3) In microcantilever plasticity simulations, the hydro-
gen core force shielding mechanism caused an increase
in the density of dislocation junctions, resulting in an in-

100

-A-binary junction, HDDD 110%
70} -&-binary junction, HDDD 100%
-A-binary junction, HDDD 80%
-£-binary junction, HDDD 60%

Junction Length (b)

60 ; '
0 20 40 60
Bulk hydrogen concentration (appm)

(a)

crease in strain hardening visible in the load-displacement
curve.

Other contributions such as the hydrogen effect on dis-
location mobility [37] were not considered. In the future,
larger scale DDD simulations should be performed to interpret
experimental data and to inform larger scale crystal plasticity
models incorporating hydrogen.
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FIG. 14. Variation of the (a) length and (b) strength of binary junctions with different (100) binding energies. The three cases +10%,
—20%, and —40% and the original case are shown. These figures correspond to Figs. 4(b) and 5(b), respectively.
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APPENDIX: SENSITIVITY ANALYSIS WITH RESPECT TO
VARIOUS (100) BINDING ENERGIES

A sensitivity study of the simulation results with respect
to the (100) binding energy is required, since a continuum
approach [Eq. (5)] of unknown accuracy was employed to de-
termine the (100) binding energy. For this purpose, the (100)
binding energy was varied and the junction formation and
destruction simulations were repeated. The magnitude of the
(100) edge binding energy should not fall below the 1/2(111)
edge binding energy, nor should it exceed the hydrogen free
core energy of the dislocation. Based on these principles,
three cases were selected, +10%, —20%, and —40% with
respect to the original (100) binding energy curve calibrated
in Fig. 1.

The binary junction length is sensitive to the variation in
the (100) binding energy, as shown in Fig. 14. The theoretical
calculation of binary junction length using the line tension
model gives a picture very similar to Fig. 14(a) and so is

not presented. The binary junction length and strength are
increased when hydrogen is present in all the cases analyzed.
The extent of the strengthening is dependent on the magnitude
of the (100) binding energy. Both the theoretical calculation
and the DDD simulation show negligible change in the triple
junction length and strength with the variation in the (100)
binding energy (figures not presented here). This is because
hydrogen has a limited effect on the triple junctions, as shown
in Figs. 4(b) and 8(b).

The conclusions in the main text regarding the effects of
hydrogen on microcantilever plasticity also hold qualitatively.
The DDD simulation of a microcantilever is repeated with
the (100) binding energy reduced by 20%. As shown in
Fig. 15(b), the binary junction density is slightly reduced but
still higher than the hydrogen free case, which is consistent
with the observation in Fig. 14. The dislocation structure at
the end of the simulation is very similar to that shown in
Fig. 13(b) and is not presented here.
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