
Full length article

Multiscale modeling of hydrogen enhanced homogeneous dislocation
nucleation

G.P.M. Leyson*, Blazej Grabowski, J€org Neugebauer
Max-Planck-Institut für Eisenforschung GmbH, Düsseldorf 40237, Germany

a r t i c l e i n f o

Article history:
Received 22 September 2015
Received in revised form
14 January 2016
Accepted 17 January 2016
Available online xxx

Keywords:
Homogenous dislocation nucleation
Nanoindentation
Hydrogenhydrogen interaction
Dislocations

a b s t r a c t

A multiscale approach is proposed to predict how the presence of hydrogen influences the onset of
homogeneous dislocation nucleation (HDN) and thus of plasticity. The model takes inputs that can be
solely obtained from atomistic calculations, such as dislocation core structure, stacking fault energy and
hydrogenehydrogen interaction. The equilibrium hydrogen concentration around the dislocation loop is
calculated using a recently developed self-consistent iterative method [1]. The complex nature of the
dislocation field, as well as the equilibrium hydrogen concentration around the loops, is taken into ac-
count. The onset of HDN as a function of bulk hydrogen concentration and temperature is quantitatively
predicted and is consistent with nano-indentation experiments on hydrogen loaded samples. Applying
the approach to Ni, we find that even low hydrogen concentrations of about 1 at-% result in largely
reduced HDN energy barriers and thus largely reduce the critical shear stress.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen embrittlement is a century-old problem [2] that is
known to occur in a wide range of materials [3e14]. This phe-
nomenon is particularly severe in ferritic high strength steels due to
the high mobility of hydrogen solutes in bcc iron. However, despite
the growing interest in the topic, the underlying mechanisms that
cause hydrogen embrittlement are not well-understood. The diffi-
culty is rooted in the different time- and length-scales associated
with the phenomenon. Hydrogen diffusion at relevant tempera-
tures is fast relative to experimental time-scales, but not fast
enough to be easily simulated using current computational tech-
nology. On the other hand, both atomic and mesoscopic length-
scales are relevant due to nontrivial soluteesolute interactions
and defects such as dislocations and cracks with long-range elastic
fields.

Several conceptual frameworks have been proposed to explain
hydrogen embrittlement, including hydride formation and cleavage
[10,15], hydrogen enhanced decohesion (HEDE) [5e7,13,16e18],
and hydrogen enhanced local plasticity (HELP) [3,4,8,11,12,19e24].
In particular, the HELP mechanism is based on the localization of
hydrogen around dislocations. Once this happens, it is thought that

the hydrogen modifies the interaction of dislocations with other
defects (such as other dislocations) and results in local plasticity
that is macroscopically similar in fracture appearance to brittle
fracture. While various aspects of this mechanism have been
extensively studied, a quantitative connection between the
hydrogen localization around dislocations and the actual brittle-
like macroscopic behavior has yet to be made. In order to make
this connection, the interaction between the hydrogen solutes and
dislocations must be accurately quantified and understood.

A powerful experimental methodology to study this interaction
is through in situ electrochemical nanoindentation experiments
charged with hydrogen [25]. In these experiments, homogeneous
dislocation nucleation (HDN) in hydrogen-charged metal samples
is initiated by a nanoindenter. These experiments have the advan-
tage of having awell-defined system that facilitates the comparison
between experiments and theory. Due to the small sampling vol-
ume, grain boundaries and other hard-to-characterize and describe
defects (i.e. forest dislocations) do not affect the results, and one
can reasonably assume that the region at which the nucleation
occurs locally resembles a perfect crystal. The system also cir-
cumvents the common problem when describing the energy of
systems containing dislocations. A straight dislocation has a long-
range stress field which scales like 1/r. This means that, in princi-
ple, the interaction with solutes very far away from the dislocation
cannot be ignored. Dislocation loops, however, do not have a long-
range field and only solutes close to the dislocation are relevant in
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the analysis. Finally, analytic solutions to the stress field under-
neath the indenter prior to dislocation nucleation are well-defined
[2].

The effect of hydrogen on nanoindentation experiments has
been attributed to changes in the shear modulus, dislocation core
structure and/or stacking fault energy due to hydrogen [25,26].
These changes were treated as fitting parameters for the experi-
mental data and the localization of hydrogen around the disloca-
tionwas not explicitly taken into account. More recently, Kirchheim
[27] proposed a thermodynamic frameworkwherein hydrogen acts
to lower the dislocation line energy through favorable interaction
with the dislocation. To quantitatively evaluate this effect, one has
to know how much hydrogen is localized around the dislocation
loops as well as determine the strength of the interactions. Apart
from the solute-dislocation interaction, hydrogenehydrogen
interaction also plays a crucial role and may even lead to the for-
mation and stabilization of hydrides around dislocations [1,28].

In this paper, we derive and employ a multiscale approach that
allows us to describe the full complexity of forming and stabilizing
a dislocation loop both in the absence and presence of hydrogen.
Specifically, we develop an analytic model that is informed by
atomistic inputs, such as hydrogenehydrogen interaction and the
geometry of the dislocation core, and takes into account the
discrete nature of the system. The model calculates the equilibrium
hydrogen concentration around a dislocation at finite temperature
and quantitatively predicts the onset of HDN as function of applied
shear stress.

2. Computational methods

A schematic representation of our simulation box is shown in
Fig. 1. An orthagonal supercell is created with principal directions
corresponding to the ½110�ð111Þ slip system. The size of the simu-
lation box is 63.5 Å � 72.1 Å � 63.9 Å, containing 28080 Ni atoms.
The size of the simulation box was chosen such that the elastic
energy of the largest dislocation loop considered is converged with
respect to system size to within 0.1%. Faulted hexagonal loops with
partial Burgers vector bp ¼ aNi=6½121� are considered, where aNi is
the lattice parameter of Ni. This is because, at small loop radii that
are relevant to nucleation, faulted hexagonal loops are energetically
more favorable than full dislocation loops in fcc metals [29].
Hydrogen atoms are assumed to occupy only the octahedral sites in
the system.

The energetics of the system is described using an analytic

model that takes key inputs from atomistic calculations, such as
local hydrogenehydrogen interaction and dislocation core struc-
ture. In the analytic model, the system is assumed to be an isotropic
linear elastic material. The hydrogen solutes are approximated as
point dilatational sources. Since the most important interaction in
the system is that of the hydrogen solutes and the stress fields, the
elastic constants chosen are the bulk modulus K and the Poisson
ratio n in the coordinate system above.

The atomistic calculations were performed using a modified
semi-empirical embedded atom method (EAM) potential based on
a potential developed by Angelo et al. [30]. The modification of the
original potential was done in Ref. [28] by increasing the cut-off
radius rcut of the NieH interaction from 4.83 Å to 4.92 Å in order
to remove elastic instabilities arising from a negative C44 of the
rocksalt NieH structure without affecting other relevant properties
of the system. The materials properties that are obtained using this
potential are summarized in Table 1.

3. Energetics

To determine when the homogeneous dislocation nucleation
can spontaneously occur, the free energy of the system at finite
temperature must be considered. Consider a system coupled to a
hydrogen reservoir with chemical potential mH. The temperature T
along with mH determines the equilibrium bulk hydrogen concen-
tration cbulkH . We define the bulk hydrogen concentration as the
ratio between the actual number of hydrogen atoms in the defect
free, unstressed bulk and the maximum number of available bulk
interstitial sites they can be incorporated. The latter number is
identical to the number of Ni atoms. When the bulk hydrogen
concentration cbulkH ≪1, the free energy f+ per host atom is,

f + ¼ eNi þ cbulkH

h
ðeH � mHÞ þ kT ln cbulkH

i
; (1)

where eNi is the energy of pure fcc Ni per atom, eH is the energy of
inserting one H atom in the Ni matrix in the dilute limit. Hydro-
genehydrogen interaction is assumed to be negligible in Eq. (1),
since cbulkH is small in typical experimental conditions. It should be
emphasized that cbulkH refers specifically to the concentration of
hydrogen in the unstressed bulk. The local concentration of
hydrogen can be significantly higher in regions with large tensile
stresses. The term eH is determined by molecular static calculations
using 5 � 5 � 5 conventional supercells,

eH ¼ E1Htot � Ebulktot ; (2)

where E1Htot is the energy of the supercell containing one H atom and
Ebulktot is the total energy of the supercell without any H atoms. The
equilibrium bulk hydrogen concentration can be determined by
minimizing Eq. (1) with respect to cbulkH ,

cbulkH ¼ exp
�
� eH � mH

kT

�
: (3)

When a dislocation loop is introduced in the system, the stress
gradient induced by the loop changes the local hydrogen concen-
tration around the loop. The change in free energy with respect to
the perfect bulk is,

DF loop ¼
XNoct

i

�
Df fi þ Df lbi þ Df Si

�
þ DFdisl; (4)

where

Fig. 1. A schematic representation of the simulation cell used to model Homogeneous
Dislocation Nucelation (HDN). A faulted hexagonal dislocation loop (solid red line) with Bur-
gers vector bp ¼ aNi=6½121� is introduced to the system. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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