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Abstract

The interplay between hydrogen and dislocations (e.g., core and elastic energies,
dislocation-dislocation interactions) has implications on hydrogen embrittlement but is poorly
understood. Continuum models of hydrogen enhanced local plasticity have not considered the
effect of hydrogen on dislocation core energies. Energy minimization atomistic simulations can
only resolve dislocation core energies in hydrogen-free systems because hydrogen motion is
omitted so hydrogen atmosphere formation can’t occur. Additionally, previous studies focused
more on face-centered-cubic than body-centered-cubic metals. Discrete dislocation dynamics
studies of hydrogen - dislocation interactions assume isotropic elasticity, but the validity of this
assumption isn’t understood. We perform time-averaged molecular dynamics simulations to study
the effect of hydrogen on dislocation energies in body-centered-cubic iron for several dislocation
character angles. We see atmosphere formation and highly converged dislocation energies. We
find that hydrogen reduces dislocation core energies but can increase or decrease elastic energies
of isolated dislocations and dislocation - dislocation interaction energies depending on character
angle. We also find that isotropic elasticity can be well fit to dislocation energies obtained from
simulations if the isotropic elastic constants are not constrained to their anisotropic counterparts.
These results are relevant to ongoing efforts in understanding hydrogen embrittlement and provide

a foundation for future work in this field.
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I. INTRODUCTION

Hydrogen (H) embrittlement imposes a critical challenge for structural materials used in
hydrogen energy applications [1,2]. In this regard, hydrogen - dislocation interactions remain to
be one of the focal research areas on hydrogen embrittlement because dislocation migration is the
vehicle for plastic deformation and the dislocation strain field can significantly elevate hydrogen
concentration at dislocation core [3]. Traditionally, hydrogen embrittlement has been related to the
hydrogen-enhanced local plasticity (HELP) mechanism [4-6]. As one HELP effect, hydrogen can
“screen” interactions between dislocations, and therefore reduces dislocation spacing in
dislocation pileups to promote coalescence at crack tips leading to fracture [7]. As another HELP
effect, hydrogen increases mobility of local dislocations [8-10], and therefore cause strain
concentration also leading to fracture. Hydrogen - dislocation interactions can be quantified by
hydrogen effects on dislocation energies. Despite extensive studies using both continuum models
[11] and atomistic approaches such as molecular statics [12], Monte Carlo [10], and first-principles
[13] calculations, our current understanding of hydrogen effects on dislocation energies remains
poor. The primary knowledge gaps include: (1) continuum models have not considered the
hydrogen effects on dislocation core energies; (2) previous atomistic simulations mostly treat
hydrogen as frozen atoms whereas hydrogen atoms in experiments always exhibits a “cloud”
nature due to their high mobilities; (3) past studies of dislocation energies are mostly focused on

face-centered-cubic (FCC) materials [14,15] and behavior in body-centered-cubic (BCC) materials
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is relatively less explored [16,17]; and (4) while discrete dislocation dynamics (DDD) [18-20] is
effective to reveal dislocation behavior on a mesoscale, dislocation energies in DDD simulations
are typically constructed from isotropic elasticity theory and the impact of this approximation has
never been explicitly explored.

The objectives of this work are threefold: (1) extend the time-averaged molecular dynamics
(MD) method [21,22] to include hydrogen effects where the cloud nature of hydrogen can be
accurately captured; (2) calculate dislocation energies under a variety system dimensions and
dislocation character angles for an elastically anisotropic a-Fe to quantify the approximation of
isotropic theories in DDD simulations; (3) study effects of hydrogen on dislocation core energies,
dislocation elastic energies, and dislocation interaction energies in the entire range of dislocation
character angles (-90° — 90°); and (4) discuss our results in the context of hydrogen embrittlement.
The a-Fe is chosen for study as it is the basis for the low-cost widely used Fe-C steel, a BCC

metal, and has anisotropic elastic constants.

II. METHODOLOGY
A. Geometries

Dislocation energy can be calculated from energy difference between systems with and
without dislocations. Systems without dislocations can be easily created. For systems with
dislocations, we study dislocation dipole configurations so that full periodic boundary conditions
can be applied in all three directions. In general, our dislocation dipole configurations and sizes
are schematically illustrated in Fig. 1, where the x, z, and y directions are aligned with the (111)
burgers vector b, the dislocation line &, and the (110) directions respectively. Hence, the x and z

axes can be non-orthogonal, but the y axis is always orthogonal to the x-z slip plane. Such a
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dislocation dipole can be easily created using the previous approach [22] for any designated
character angle B # 0. Under the periodic boundary conditions, Fig. 1 essentially prescribes an
infinite array of dislocation dipoles whose horizontal spacing is S, vertical spacing is Ly, and dipole

distance is d, with dislocation character angle 3 # 0.
y (110)
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Figure 1. Schematic of the simulation cells used in this work. The X, z, and y directions are aligned

with the burgers vector b, the dislocation line &, and the slip plane normal.

Unlike FCC materials, the dislocation character angle in BCC systems is not symmetric
(i.e., £B are not equivalent) [23]. As such, we study 31 different angles between -90° and 90°:
5.77°, 10.02°, 15.79°, 19.47°, 25.24°, 27.21°, 35.26°, 43.31°, 45.29°, 51.06°, 54.74°, 60.50°,
64.76°,70.53°,76.74°, 78.58°, 84.95°,90.00°, -11.42°, -14.42°,-19.47°, -25.24°,-29.50°, -35.26°,
-38.94°, -54.74°, -6.21°, -70.53°, -74.21°, -79.98°, -84.23°. The choice of angles is based on the
required simulation cell size to maintain periodic boundaries for a given angle. We also chose our

system dimensions such that Ly, ~200 A, L, ~60 A, and vary L, to control the dislocation spacing
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S (§ = Lysin ). For hydrogen-containing systems, 0.005 (H/Fe ratio) hydrogen atoms are
randomly placed at interstitial sites. Our systems are on average ~80,000 atoms, giving an averaged
hydrogen loading of ~400 atoms. We find that upon atmosphere formation, the difference in far-
field concentrations to only deviate by ~2.5% amongst each other, so we take this as equivalent
loading conditions (chemical potential) across all systems.
B. Simulation Details

The Fe-C-H bond-order potential [24] was used to simulate our systems. The elastic
parameters of this potential agree with DFT simulations and experiment [25,26]. We use DFT
results as the benchmark as our elastic constants as experimental measurements are often for
polycrystalline samples. We use LAMMPS [27,28] for all MD simulations at zero pressure and
1000 K temperature. After 1 ns equilibration, time-averaged potential energy is calculated for the
next 10 ns. These time-averaged energies are used to calculate dislocation energies. We found
dislocations always migrate back-and-forth during MD simulations [29,30]. To compare
dislocation energies from MD and continuum calculations, stationary dislocations are required. To
ensure stationary dislocations in MD simulations, we fix center of mass (cm) of four local planes
immediate above and below dislocations (see Fig. 1). This has been shown to effectively pin the
positions of dislocations without impacting dislocation core structures [29].
C. Continuum Expression of Dislocation Line Energy

To calculate the dislocation line energy per unit length, I', from simulation data we use:

Ed_Eb(Nd/ N b)
=, (D

Where E4 and E, are the average potential energy of the bulk and dislocation dipole containing

systems. Ny and N, are the number of atoms in the bulk and dislocation dipole containing systems.
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L4 is the length of dislocation line. The factor of two in the denominator is included because our
system is dislocation dipole. MD dislocation energies under periodic boundaries must be fitted to
a continuum elastic energy expression to derive dislocation core energies. Based on the isotropic

elasticity theory, this continuum dislocation energy is given as [21,22,31-33].

B
E,+ Mj‘f v)[ln te (@) + culd 5)]

b%cos? B

r= )

[+ ¢ (dS)+ cu(dS))]

where " is energy per unit of dislocation line, b is Burgers magnitude, E. and r, are dislocation
core energy and core radius, G and v are shear modulus and Poisson’s ratio, 3 is dislocation

character angle, and the four functions c,.o(d,S), cyue(d,S), cuso(d,S), cus(d,S) are expressed as:

Cueo(d,S) = 1In [(L d)d] —In [Ga(Ly; d)] —In [Ga(z _ Liy)] 3)

cuco(d,S) = In [(Ly;yd)d —In [G (=) ]—m [Ga(z —L%)] )
amiscoth (1-)sin? (1) s .

Cue(d,S) = Zl _ 1[L — (st)jL — (Z,Td) + In [cos2 (ﬂ ) + coth? ( )sin2 Gy)]] (5)

Cus(d,S) = Z?o: n [cos ( ) + coth? ( )sm2 (Zf)] (6)

where Ga is the Gamma function, and Ly, S, and d are dislocation vertical spacing, horizontal
spacing, and dipole distance respectively. Note that when L, — o0 and S — oo with d = L,/2, the
dislocation array shown in Fig. 1 becomes isolated dislocation with infinite elastic energy as

defined by Eq. (2). When L, is finite and S — o with d = L,/2, Egs. (2) — (6) reduce to:

oo m Bt [0 sy () o
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Eq. (7) defines a finite energy because when d is finite, the £ elastic stresses of the opposite
dislocations in the dipole cancel in the far field. Eq. (7) provides a good reference for comparing

dislocation interactions.

III. RESULTS
A. Method Validation

To validate that the effects of hydrogen cloud have been captured, we must demonstrate
that time-averaged MD simulations can produce highly converged dislocation energies in the
presence of hydrogen. As an example, Figs. 2(a) and 2(b) show dislocation energies ( = 64.76°)
as a function of d at fixed L, ~196 A and S ~80 A, and as a function of S at a fixed d = L,/2 ~ 98
A. Results without (red) and with 0.005 hydrogen (blue) are shown as circles for MD values, and

lines are for the continuum fit to be described below.

(a) Effect of dipole distance (b) Effect of spacing
2 4.0

— xH=0.005 -~
s —-= xH=0 P > —~ 3.8
oL ] =64.76"
e \[\3 S 3.6
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()] O 2.8
()] 24' Q 2.6,
c c —_— xH=0005 = ==
= = 2.4{ == =0
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Figure 2. Example results for dislocation energies as a function of (a) dipole distance d and (b)

horizontal dislocation spacing S for dislocations with a character angle of B = 64.76°.
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Fig. 2 indicates that without hydrogen, the MD results of dislocation energies fall almost
exactly on the continuum lines, further confirming the previous results [21,22,33] that the time-
averaged approach is effective for calculating dislocation energies without hydrogen. More
interestingly, Fig. 2 confirms that even with hydrogen, the MD results of dislocation energies still
fall very well on the continuum lines. This validates that the time-averaged MD method not only
enables hydrogen to be simulated as an atmosphere around dislocations, but also enables the
statistical effect of the atmosphere to converge to a single dislocation energy value. Hence, our

method is applicable to studying hydrogen - dislocation interactions.

B. Dislocation Core Energies and Justification of Isotropic Elasticity Theory

Our molecular statics simulations indicated that for the potential we used, the hydrogen-
free a-Fe has elastic constants of C;; =218.033 GPa, C1, = 141.941 GPa, and C44 = 129.828 GPa,
giving an anisotropic ratio of A = 2C4/(C11-Cy,) = 3.412. At a first sight, it appears that the
isotropic theory, Egs. (1) — (5), may not be suitable to describe this anisotropic system. However,
the only criterion for the applicability of Egs. (1) — (5) is if they can be well fitted to the MD
dislocation energy data obtained from a variety of dislocation spacings. This appears likely since
the elastic constants used in Egs. (1) — (5) do not have to be bounded by Cy;, C;,, and Cy4, and Egs.
(1) — (5) additionally involve other fitting parameters such as dislocation core energies E.. To
employ our results in larger scale DDD simulations, the results from isotropic theory are required
as DDD is built on isotropic theory. We fitted Egs. (1) — (5) to all our MD results of dislocation
energies at a chosen dislocation core radius of r, = 2.5 A where dislocation core energies are
allowed to vary at different character angles but a single set of elastic constants G and v are
obtained for systems with and without hydrogen respectively. Note that an arbitrarily chosen

dislocation core radius does not impact results as it is correspondingly corrected by the core
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energies [21,22,33]. We found that G = 0.774 eV/A3? and v = 0.413 for hydrogen-free systems, and
G = 0.749 eV/A? and v = 0.434 for systems containing 0.005 hydrogen. Hence, hydrogen was
found to reduce shear modulus.

The fitted dislocation core energies as a function of dislocation character angles are shown
in Fig. 3. The dislocation core energies in the + angle ranges are not strictly symmetric (assuming
that numerical errors are too small to bias the observation), in agreement with the previous work
[23]. Interestingly, hydrogen reduces core energies, which is consistent with the notion that
hydrogen segregation at dislocation cores is driven by energy minimization. More interestingly,
the difference in core energies with and without 0.005 hydrogen seems to follow a cos? function,
in agreement with previous continuum models [20]. This means that hydrogen reduces more
significantly edge dislocation core energies than screw dislocation core energies. This can be
understood because the swelling of hydrogen atoms can mitigate the tensile strains at the edge

dislocation core whereas screw dislocations do not create tensile strains.
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Figure 3. Dislocation core energy E. as a function of dislocation character angle B for systems
without and with 0.005 hydrogen. The hydrogen-induced difference in edge (E, ) and screw (E ;)

core energies shows a cos?-like relationship with character angle.

Previous theoretical work [20] found that the difference in Gibbs energy of the core upon

also changes with character angle. For similar loading conditions they

AG,
loading with hydrogen, b

AGc,edge - AGc,screW

find e

~ -0.02 when H-H interactions are ignored. Taking AE,. = E. (xg = 0.005) - E,

(xg = 0) as an approximation for AG., we fit our MD data to a cos? function. We see a good fit

AEc,edge - AEc,scr‘ew

(Fig. 5 black dashed line), with e

~ —0.05 for our systems. H-H interactions will

Ge

A
lower the value of Ly Soour result is reasonable in comparison to previous theoretical work.

Fig. 4 compares our MD dislocation energies with isotropic theory predictions using a
parity plot. Both hydrogen-free and hydrogen-containing systems match well to the line. This
shows that the isotropic expression is sufficient to describe the MD dislocation energies obtained
from our a-Fe systems, otherwise we’d expect larger errors. It provides a strong foundation for

DDD methods which usually assume an isotropic approximation.
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Figure 4. Parity plot between dislocation energies obtained from MD and isotropic theory for both

hydrogen-free and hydrogen-containing systems.

C. Dislocation Interaction Energies

The screening of dislocation stress fields by hydrogen is one key aspect of the proposed
HELP mechanism [4-6]. The screening would mean a reduction of dislocation interaction energies.
Dislocation interaction energy is defined as the relative energy of interacting dislocations with
respect to a reference energy where dislocations are far separated, i.e., E; = ' — T'\ef Where [ 1s
the dislocation line energy calculated from Eq. (7) using a chosen reference state. As pointed out
above, infinitely separated dislocations have infinite energies. However, if dislocations have
infinite separation distance S but finite separation distance d = L,/2, dislocation energies converge
to Eq. (6). As a result, we use the dislocation energies at d = L,/2 = 1000 A and S = o as our

reference state. In Fig. 5 we plot the interaction energy between the dislocation dipole for d = L,/2
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~98 A and S ~80 A across character angle, with and without hydrogen. Interestingly, interaction
energies at xg = 0.0, and 0.005 are similar, suggesting minor hydrogen effects as opposed to a
simple screening effect. In fact, the interaction energy only appears to slightly decrease for edge-
like dislocations (f ~ £90°) and slightly increase for screw-like dislocations (B ~ 0°). This is
consistent with the fitted shear moduli and Poisson’s ratios. The interaction energy of screw
dislocations is proportional to shear modulus G and hydrogen reduces G from 0.774 eV/A3 to
0.749 eV/A3 so that the 0.005 hydrogen should reduce the interaction energy by ~1%. The
interaction energy of edge dislocations is proportional to G/(1-v) and hydrogen increases G/(1-v)
from 1.319 eV/A3 to 1.323 eV/A3 so that the 0.005 hydrogen should increase the interaction energy
by ~1%. While the character angle dependent hydrogen effects on dislocation interaction energy
may be specific to the anisotropic system we explored, the minor hydrogen screening effect may

be general and should be considered when interpreting the HELP mechanism in future studies.
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Figure 5. Dislocation interaction energy as a function of character angle [ for systems with and
without 0.005 hydrogen. Values are obtained at d = L,/2 ~ 98 A and S ~80 A with respect to a
reference of d =L,/2 ~ 1000 A and S = oo.

IV. DISCUSSIONS

Deformation in BCC metals is often limited by screw dislocation mobility because these
dislocations can have non-planar core structures and are therefore less mobile than edge
dislocations [34]. Thus, understanding how hydrogen interacts differently with screw and edge
dislocations is important. Our work provides an opportunity to address this by examining the
hydrogen population around both types of dislocations. Because we could not study = 0°, we
compare results between a near-screw (3 = 5.77°) case with an edge case (B = 90°). Based on the
time-averaged MD approach [21,22], we calculated the hydrogen concentration field around the
two types of dislocations, and the results are shown in Figs. 6(a) and 6(b) for B = 5.77° and 3 =
90°, respectively. The plotted concentrations are normalized such that the average across all voxels
is 1. Several observations can be made: (1) Hydrogen concentration is elevated at dislocations
cores, forming hydrogen Cottrell atmosphere. This occurs not only in edge dislocations, but also
in the near-screw dislocations despite that screw dislocations do not have tensile strain field which
is the main driving force for hydrogen segregation; (2) the peak hydrogen concentration at
dislocation cores is higher in the edge dislocation case than the near-screw case, consistent with
the tensile strain of the edge dislocation; (3) the size of the H-segregated zone is smaller in the
near-screw case than in the edge case, and the increased size in the edge case occurs exclusively
in the x direction (i.e., on the slip plane); and (4) while hydrogen seems to be everywhere in the

near-screw case, hydrogen mostly lies between 48 A <y < 146 A in the edge case (i.e., tensile
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region). These features should be considered when explaining hydrogen effects on screw and edge

dislocation migration.

(a) B=5.77°
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Figure 6. Concentration maps of H for (a) near-screw ( =5.77°) and (b) edge ( = 90.00°) systems.

Our results show that hydrogen reduces dislocation core energies. Interestingly, hydrogen
causes more significant core energy reduction when dislocation character angle approaches edge
value (90°). Conventionally, the migration of screw dislocations in BCC metals is believed to
proceed through a kink-pair mechanism [35]. The significant reduction of core energy of edge
dislocations is hypothesized to give a lower barrier to form kink-pairs and therefore a higher kink-
pair density, suggesting that hydrogen will increase screw dislocation mobility. However, care
should be taken because hydrogen also imposes a drag force on the dislocation migration [36,37].
This interplay between kink-pair density and dislocation drag was investigated by Katzarov, et. al.

using a kinetic Monte Carlo model [10]. They found that depending on the model parameters, the
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dislocation velocity can increase by 3 orders of magnitude or decrease by an order of magnitude.
One significance of our work is that we can provide calculated parameters rather than assumptions.
We found that 0.005 hydrogen would cause about -0.078 eV/A more core energy reduction for
edge dislocation than screw dislocation, which can be used to estimate the kink-pair nucleation
barrier required by their model. We also note that their model assumes that hydrogen atoms are
“in front” of the moving dislocation. Our simulations do not require this assumption. Direct studies
of hydrogen effects on screw dislocation mobility are beyond the scope of the present work but

will be explored in the future.

V. CONCLUSIONS
Molecular dynamics simulations performed in this work have resulted in the following
conclusions:

1. The time-averaged approach can be used to compute hydrogen effects on dislocation energies
in body-centered-cubic metals as a function of dislocation character angle. This success opens
new opportunities to study hydrogen effects in BCC metals [38-40].

2. The isotropic elasticity theory can satisfactorily describe dislocation energy as a function of
dislocation character angle even for anisotropic systems.

3. Hydrogen reduces dislocation core energies and modulates dislocation elastic energies in the
entire dislocation character angle range -90° — 90°. However, the energy reduction is more
significant for near edge dislocations than for near-screw dislocations. This means that
hydrogen may promote mobility of screw dislocations via kink-pair nucleation.

4. The hydrogen-induced modification of dislocation interaction energy is minor, raising

questions about the hydrogen screening mechanism of HELP [5,6].
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VI.
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The hydrogen Cottrell atmosphere around edge-like dislocations show greater enrichment in

hydrogen concentration as compared to screw-like dislocations.
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