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A crack tip in a-Fe presents a preferential trap site for hydrogen, and sufficient concentration of
hydrogen can change the incipient crack tip deformation response, causing a transition from a ductile to a brittle failure mechanism for inherently ductile alloys. In this work, the effect of hydrogen
segregation around the crack tip on deformation in a-Fe was examined using atomistic simulations
and the continuum based Rice-Thompson criterion for various modes of fracture (I, II, and III).
The presence of a hydrogen rich region ahead of the crack tip was found to cause a decrease in the
critical stress intensity factor required for incipient deformation for various crack orientations and
modes of fracture examined here. Furthermore, the triaxial stress state ahead of the crack tip was
found to play a crucial role in determining the effect of hydrogen on the deformation behavior.
Overall, the segregation of hydrogen atoms around the crack tip enhanced both dislocation emission
and cleavage behavior suggesting that hydrogen has a dual role during the deformation in a-Fe.
Published by AIP Publishing. https://doi.org/10.1063/1.5001255
I. INTRODUCTION

Hydrogen embrittlement (HE) is a phenomenon that
affects both the physical and chemical properties of several
intrinsically ductile metals.1–4 In the past, various mechanisms
in the literature including hydrogen-enhanced decohesion,5–9
hydrogen-enhanced local plasticity,10–12 adsorption-induced
hydrogen-enhanced dislocation emission,13,14 and cleavage15–17 have been developed to explain the HE phenomenon
in iron (a-Fe) as well as other crystalline materials. However,
these theories are often divergent, resulting in a lack of
agreement on the underlying mechanism. For instance, first
principles18 and atomistic19,20 calculations of hydrogen (H)
segregation along grain boundaries have reported a significant
increase in the susceptibility for decohesion of grain boundaries. On the other hand, in situ TEM findings10,21,22 suggest
that sufficient concentration of H around dislocations can
result in enhanced dislocation mobility. Furthermore, the theoretical12,23 and experimental10,21,22 evidence shows that the
presence of H atoms can alter the elastic interactions between
the dislocations and microstructural obstacles (shielding
effect), thereby decreasing the resistance to dislocation glide.
Moreover, based on electrochemical nano-indentation experiments,24,25 it was proposed that the presence of H reduces the
defect formation energy, thereby resulting in a decrease in
the stress required for dislocation nucleation.26 Overall, the
enhanced dislocation activity leads to an increased tendency to
form dislocation pileups that could result in void nucleation.27
In general, H permeates the microstructure, either
through rapid diffusion along grain boundary networks or by
ingress through cracks, and migrates along with the dislocations emitted from the crack tip. Thus, it becomes difficult to
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experimentally examine the effect of H on microstructural
features individually, resulting in a lack of comprehensive
understanding of the HE mechanism. This has motivated a
great deal of modelling efforts, particularly molecular
dynamics19,27–30 and quantum mechanics-based31–33 simulations that can accurately describe the interatomic interaction
and provide atomic insights into the HE mechanism. These
studies include hydrogen-dislocation core interactions,30,32
grain boundary (GB) segregation,19,20,34–36 and the effect of
H on crack tip events.28,37 The crack tip presents a preferential trap site for H due to the high hydrostatic stresses ahead
of the crack tip. Therefore, the accumulation of sufficient H
concentration ahead of the crack tip has been reported to
alter the crack tip deformation mechanism.38,39 Furthermore,
during cyclic loading, the presence of a H rich environment
drastically reduces the threshold stress intensity factor,40–42
resulting in a decrease of the functional life of structural
alloys. Hence, a comprehensive understanding of the crack
tip deformation during HE phenomena is critical to the
development of an accurate life prediction tool.43,44
In this work, we examine the influence of H on the incipient crack tip events in a-Fe using atomistic simulations
coupled with the displacement field corresponding to a semiinfinite crack subjected to various levels of applied stress
intensity factor. A range of crack orientations in a-Fe was
investigated to understand the effect of cleavage/slip plane
orientation on the deformation behavior while subjecting
to different modes of fracture. This research article is organized in the following manner. Section II describes the computational methods for studying the incipient crack tip
response and the introduction of equilibrium H concentrations
ahead of the crack tip. Then, we discuss the effect of H on the
crack tip deformation by quantifying the critical stress intensity factor and analyzing the deformation behavior (cleavage
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or dislocation emission) in light of small scale yielding. For
instance, we observed that the presence of H atoms ahead of
the crack tip caused a decrease in the critical stress intensity
factor across the various crack orientations and modes of fracture. However, the cracks subjected to Mode I deformation
observed the largest decrease in the critical stress intensity
factor required for the incipient crack tip events. This clearly
highlights the role of stress triaxiality (in general, the stressstate) in the HE phenomena. Finally, the dual role of H in the
crack tip deformation was observed by examining the incipient crack tip deformation across various crack orientations
and modes of fracture. Overall, the present study provides
novel insights into the hydrogen embrittlement mechanism in
a-Fe and its effect on crack tip deformation.
II. COMPUTATIONAL METHODS
A. Studying the incipient crack tip response with
Modes I, II, and III fracture specimens

A parallel molecular dynamics code (large-scale atomic/
molecular massively parallel simulator, LAMMPS45) with a
semi-empirical embedded atom method (EAM)46 potential
was used to study the role of H in the incipient crack tip
deformation for various orientations in a-Fe (refer to Table I
for details). However, it is essential to understand the limitations of atomistic simulations for studying various material
phenomena/properties.47–51 For instance, as discussed in the
study by Adlakha et al.,52 for a small-scale yielding, the
domain of K-dominance (K is the stress intensity factor)
around a crack tip is a fraction of the crack length, i.e., in the
atomistic simulations, if the crack is on the order of nanometers then the K-dominant region will be on the order of a
few angstroms. Thus, if a dislocation is emitted from such a
small crack, it will be pushed into a non-K region of the
specimen and in that region its final position is controlled by
the entire specimen geometry and loading (non K-dominated
region). Furthermore, the new emitted dislocation will exert
image stresses on the crack tip which will influence subsequent growth behavior.53,54 Therefore, no events beyond the
first emission can possibly be properly/accurately captured
through such simulations with K based displacement boundary conditions. Hence, in the present work, only the incipient
crack tip deformation event is discussed as opposed to the
subsequent events leading up to the crack growth.
In this work, we employed the EAM potential of
Ramasubramaniam et al.55 to describe the Fe-H system, which
is based on the Fe EAM potential of Hepburn and Ackland.56
The Fe-H potential was parameterized using an extensive database of energies and configurations from density functional

theory (DFT) calculations of the dissolution and diffusion of H
in bulk a-Fe, the binding of H to free surfaces, vacancies, and
dislocations as well as other cross interactions between H and
Fe. Moreover, the binding and the formation energies corresponding to multiple H-segregations to bulk a-Fe are consistent with the values predicted using ab initio calculations and
experimentation.57 This potential has been used to study Hdislocation core interactions,30,32,37 GB segregation,19,20 and
subsequent decohesion19 as well as the effect of H on generalized stacking fault energies58 and surface energies.55,59 In particular, Solanki et al.19 have used the Fe-H potential and
showed that the local atomic arrangements within the grain
boundary region and the resulting structural units have a significant influence on the magnitude of the binding energies of
H atoms, which was further verified by Wang et al. in their
recent effort.35 Similarly, Bhatia et al.30 have shown that the
dislocation interaction with a H vacancy complex has a significant influence on obstacle strength, which was further validated by Tehranchi et al.60 in their recent work. Overall, this
potential has been shown to be in good agreement with DFT
results. Therefore, in this work the aforementioned potential
was deemed appropriate for studying the role of H in the crack
tip deformation.
Molecular statics (0 K) fracture simulations were performed using the displacement field corresponding to a semiinfinite crack subjected to the appropriate stress intensity
factor, i.e., KI, KII, and KIII at infinity (Fig. 1). These simulations were used to quantify the critical stress intensity factor
for the incipient crack tip deformation and to corroborate with
the Rice-Thompson (RT) predictions61 (see Appendix A).
The minimum dimension for the entire specimen at equilibrium was approximately 200 Å in radius and was 40 Å thick
along the Z direction (approximately 300 000 atoms). An
atomistically sharp through crack of length 40 Å was introduced by deleting atoms within a small region (Fig. 1). A free
boundary condition was prescribed along the X and Y direction (crack plane normal), while the Z direction (crack front
direction) was modelled using periodic boundary conditions.
The atoms within 10 Å of the cylindrical surface were defined
as boundary atoms (grey region in Fig. 1). The cylindrical
specimens were loaded by prescribing displacements along
the X(u), Y(v), and Z(w) directions using the following
boundary conditions to model the various modes of fracture.

TABLE I. The different crystallographic orientations employed in the
Modes I, II, and III specimen.

Orientation-A
Orientation-B
Orientation-C
Orientation-D

X

Y

Z

½100
½110
½100
½111

½010
½110
½011
½112

½001
½001
½011
½110

FIG. 1. A schematic representation of the fracture specimen that was subjected to various modes of fracture by displacing boundary atoms (grey)
within the atomistic framework to study the effect of H on the incipient
crack tip deformation.
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where KI ; KII , and KIII are the stress intensity factors for
Mode I, II, and III loading, respectively, # is the Poisson’s
ratio (# ¼ 0.3), E is the Young’s modulus, and the equations
are in polar coordinates with r and h corresponding to the
position of atoms within the boundary region with origin
defined at the crack tip as shown in Fig. 1. The displacement
fields were varied by incrementallypchanging
the stress intenﬃﬃﬃﬃ
sity factor (DK ¼ 1.5  103 MPa m);62,63 each incremental
displacement was followed by a nonlinear conjugate gradient
energy minimization process.
B. Introduction of H around the crack tip

The influence of H on the incipient crack tip deformation behavior was examined by introducing H atoms around
the crack tip. The H occupancy at a tetrahedral site (hi ) is
dependent on the H binding energy (Eib ) and the temperature
(T), which can be expressed in the following manner:64
 i
E
b
hi
hbulk
(4)
¼
exp kB T ;
1  hi 1  hbulk
where hbulk is the atomic fraction of H for the whole system,
and kB is the Boltzmann constant. Note that the H atomic
fraction of approximately 4  104 was chosen based on previous experimental works (see Refs. 35, 64, and 65) The
binding energy indicates the energetic preference of a H
atom to occupy an interstitial site in the vicinity of the crack
tip as compared to a bulk lattice site. The binding energy for
H to occupy a tetrahedral site near the crack tip can be
approximated by evaluating the elastic energy contribution
rim DV . Here, rim is the atomic hydrostatic stress around
site i and DV is the atomic misfit volume due to the presence
of a H atom. Hydrogen atoms were initially placed around
the crack tip based on the occupation probability [Eq. (4)].
Furthermore, the Monte-Carlo (MC) method was employed
to obtain a realistic H distribution around the GB at a finite

temperature (300 K) for 2 ns. In order to study incipient crack
tip events, the atomic structure obtained at the end of the
MC method was deformed using the methodology described
earlier (refer Sec. III A).
III. RESULTS AND DISCUSSION

In this section, we examine the incipient crack tip event
along four different crack orientations as tabulated in Table I,
under the Mode I, Mode II, and Mode III loading conditions.
Note that since the K-dominant region will be on the order of
a few angstroms, no crack tip events beyond the first event
(emission versus cleave) were quantified; see more details in
Refs. 51 and 52. Furthermore, the observed atomistic behaviors are then compared with the theoretical prediction based
on the work of Rice-Thompson (RT)61 (see Appendix A). In
order to understand the effect of H on the atomic scale crack
tip deformation, a nominal concentration of H (4  104) was
introduced ahead of the crack tip. The incipient crack tip
deformation mechanism (cleavage/dislocation nucleation) and
the corresponding stress intensity factor ðKIc Þ were compiled
and compared for the two different environments (H free and
H rich) across a wide range of crack orientations and loading
conditions. The findings presented in this work aid in developing a better understanding of the hydrogen embrittlement phenomena in a-Fe. Finally, we highlight the role of local stressstate along with the H segregation in the incipient crack tip
behavior under various conditions.
A. Effect of H on the incipient crack tip events
1. Orientation-A—(010)[001]

The influence of H on the incipient events for the
ð010Þ½001 crack orientation was examined here. Based on the
surface energies of various closed packed planes (Table IV),
the stress intensity factor
pﬃﬃﬃﬃ for cleavage along the {011} planes,
f011g
KI
¼ 0:83 MPa m was found to be higher than the KIc
predicted along the (010) plane [refer to Fig. 7(a) and Table
V]. Based on atomistic simulations, we further observed that
the crack advances through cleavage along the {011} planes
aligned at an angle of 45 to the crack plane for both the H
free and charged scenarios. However, previous experimental
studies on Fe-3%Si for this crack orientation have observed
crack propagation along the (010) plane.66,67 Such variation in
comparisons could be attributed to the empirical nature of
interatomic potential and the defect free conditions of atomistic modeling (pure Fe vs. Fe-3%Si).62,68 Nonetheless, both the
modeling and experimental findings66,67 observe a cleavage/
brittle response for the ð010Þ½001 crack orientation under
Mode I loading conditions. Interestingly, the presence of H
(c0 ¼ 4  104 ) ahead of the crack tip wasp
found
ﬃﬃﬃﬃ to decrease
the stress intensity
factor
from
0:59
MPa
m (no H) [Fig.
pﬃﬃﬃﬃ
2(a)] to 0:48 MPa m (with H) allowing the crack to extend in
a cleavage manner along the {011} plane [Fig. 2(b)]. The
decrease in the stress intensity factor for cleavage advance
ðKIc Þ due to the presence of H atoms can be attributed to the
decrease in surface energies for the closed packed planes.69
In the case of Mode II loading, the RT criteria predict the
nucleation of a mixed dislocation along the {112}h111i slip
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FIG. 2. (a) The incipient cleavage
crack advance along the {110} plane
for the ð010Þ½001 orientation subjected to Mode I loading conditions.
(b) The presence of a H rich environment ahead of the crack tip reduces the
critical stress intensity factor required
for cleavage. The atoms were colored
according to atomic volume estimated
by the Voronoi tessellation. The crack
tip response under Mode II (c) and (d)
and Mode III (e) and (f) was examined
for both with and without H environments. (c)–(f) The atoms were colored
according to the local atomic shear
strain invariant (cs).

system [refer to Fig. 7(b) and Table V for details]. However,
using atomistic simulations we observed the nucleation of
an edge dislocation
along the {010}h100i slip system ðKII
pﬃﬃﬃﬃ
¼ 1:04 MPa mÞ [Fig. 2(c)]. Additionally, a BCC to FCC
phase transformation70 was also observed ahead of the crack
tip that is a known artifact of the high stress state achieved
ahead of the crack tip in atomistic simulations.69 In the presence of H ahead of the crack tip, the stress intensity factor
required for the emission
of the edge dislocation decreases
pﬃﬃﬃﬃ
to KIIH ¼ 0:94 MPa m [Fig. 2(d)]. In the case of Mode III
loading, the nucleation of a screw dislocation
along the
pﬃﬃﬃﬃ
{110}[001] slip system KIII ¼ 0:44 MPa m was observed
[Fig. 2(d)] for the H free scenario ahead of the crack tip. The
dislocation nucleation along the {110}[001] slip system is not
in agreement with the RT criteria predictions [refer to Table V
and Fig. 7(c)]. On the other hand, in the presence of H
(c0 ¼ 4  104 ) ahead of the crack tip, the nucleation of a
mixed character dislocation on the {110}h111i slip system

pﬃﬃﬃﬃ
was observed at a stress intensity factor of 0:25 MPa m. In
summary, the stress intensity factor required for both cleavage
and dislocation emission was found to decrease in the presence of H for the different loading conditions examined for
the ð010Þ½001 crack orientation. This clearly highlights the
dual role of the effect of H on the crack tip deformation, i.e.,
dislocation emission or crack extension through cleavage.
2. Orientation-B—(110)[001]

Here, we investigate the effect of H on the incipient crack
tip deformation for the ð110Þ½001 crack orientation (refer to
Table I for details) subjected to different modes of fracture.
Under Mode I loading conditions, the RT criteria predict a
cleavage advance of the crack
along the (110) plane at a stress
pﬃﬃﬃﬃ
intensity factor of 0:87 MPa m [refer to Fig. 7(d) and Table
V]. The onset of cleavage advance along the (110)
pﬃﬃﬃﬃplane
was observed at a stress intensity factor of 1:01 MPa m and
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pﬃﬃﬃﬃ
0:83 MPa m for the H free and H charged scenarios, respectively. In the case of Mode II loading, the nucleation of a
mixed dislocation along the {110}h111i slip p
system
was
ﬃﬃﬃﬃ
observed for both the H p
free
K
¼
0:58
MPa
m
and
H
II
ﬃﬃﬃﬃ
charged KIIH ¼ 0:42 MPa m environments. This incipient
crack tip deformation behavior agreed with the RT criteria
predictions [refer to Fig. 7(e) and Table V] and with the introduction of hydrogen we observed a decrease in the critical
stress intensity factor.13 Lastly, for the Mode III loading conditions, we observed nucleation of a mixed character dislocað110Þ½111 slip system for both scenarios
tion along the p
ﬃﬃﬃﬃ
pﬃﬃﬃﬃ
H
KIII ¼ 0:4 MPa m and KIII
¼ 0:37 MPa m in agreement
with theoretical predictions [refer to Fig. 7(f) and Table V].
3. Orientation-C—(011)[011]

In this section, we will discuss the effect of H on the
ð011Þ½011 crack orientation (refer to Table I). Based on
the RT criteria and linear elastic fracture mechanics (LEFM)

J. Appl. Phys. 123, 014304 (2018)

theory, the crack advance (cleavage) along the (011) plane
was predicted to
pﬃﬃﬃﬃoccur at a critical stress intensity factor,
KIc ¼ 0:87 MPa m for Mode I loading conditions (refer
Appendix A). However, using
pﬃﬃﬃﬃatomistic simulations, an edge
dislocation KI ¼ 1:00 MPa m along the ð211Þ½111  slip
system was observed that was in agreement with previous
findings71 [Fig. 3(a)]. Interestingly, the introduction of H
atoms ahead of the crack tip alters the incipient crack tip deformation mechanism
pﬃﬃﬃﬃ (edge dislocation ! cleavage advance at
KIH ¼ 0:89 MPa m) [Fig. 3(b)]. The transition in the incipient
deformation mechanism ahead of the crack tip can be attributed to a reduction in the surface energy of the (011) plane due
to hydrogen, which is in agreement with both the theoretical
and experirmental observations.38,69 Next, in the case of Mode
ð211Þ½111 slip sysII loading, an edge dislocation along the p
ﬃﬃﬃﬃ
tem for both the H
free KII ¼ 0:37 MPa m and H charged
p
ﬃﬃﬃﬃ
KIIH ¼ 0:38 MPa m specimens was emitted from the crack
tip [Figs. 3(c) and 3(d)], which is in disagreement with the theoretical predictions [refer to Fig. 7(h) and Table V]. In this

FIG. 3. The effect of H on the crack
tip deformation for the ð011Þ½011 orientation was examined under the influence of different modes of fracture. (a)
The emission of an edge dislocation
along the ð211Þ½111  slip system was
observed for Mode I loading conditions
in the absence of H (atoms were colored
according to the local shear strain
invariant). (b) The presence of a H rich
environment ahead of the crack was
found to induce a cleavage response
(atoms were colored based on the atomically derived volumetric strain). (c) In
the presence of H atoms, an edge dislocation along the ð211Þ½111  slip system
was emitted ahead of the crack tip under
Modes II and (d) shows the dislocation
line and the Burger’s vector direction
using the DXA algorithm.72 (e) and (f)
In the case of Mode III loading, the
nucleation of a mixed dislocation was
observed for both the environments,
i.e., (e) no H and (f) with H. (c)–(e) The
atoms were colored according to the
local atomic shear strain invariant (cs).
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case, there was no noticeable effect of hydrogen on the incipient crack tip deformation. For the Mode III loading, the emission of a mixed dislocation onpﬃﬃﬃﬃ
the {110}h111i slip system
pﬃﬃﬃﬃ
H
for both cases KIII ¼ 0:56 MPa m and KIII
¼ 0:72 MPa m
was observed, which was found to be in agreement with RT
criteria predicitons [refer Fig. 7(i) and Table V]. Furthermore,
the location of the
pﬃﬃﬃﬃemitted dislocation at a stress intensity factor of 0:72 MPa m was compared in different environments
(with and without H) in Figs. 3(e) and 3(f), to highlight the
large distance traversed by the dislocation in a H free enviroment as compared to the presence of H. A plausible explanation for the observed behavior could be that the presence of H
for this crack orientation alters the elastic strain fields, resulting
in a significant increase in the resistance for dislocation nucleation and propogation. However, this is contrary to the hypothesis proposed by Lynch;13 therefore, further investigations are
needed to verify this hypothesis with more focus on the kinetic
aspect of hydrogen.
4. Orientation-D—(112)[110]

In this section, we will discuss our findings on the
effect of H on the crack tip deformation mechanism for the
ð112Þ½110 orientation (refer to Table I). Under the Mode I
loading conditions, based on LEFM considerations, crack
growth was predicted to occur along the ð112Þ plane


pﬃﬃﬃﬃ
ð112Þ
¼ 0:92 MPa m (for details refer to Appendix A).
KI
Additionally, the stress intensity factor for cleavage advance


pﬃﬃﬃﬃ
ð
Þ
along the ð111Þ plane KI 111 ¼ 0:97 MPa m closely
matched the minimum stress intensity factor along the ð112Þ
plane [refer to Fig. 7(j)]. Interestingly, the presence of H
atoms ahead of the crack tip had no effect on the observed

J. Appl. Phys. 123, 014304 (2018)

pﬃﬃﬃﬃ
crack advance along the ð112Þ plane at KI ¼ 0:94 MPa m.
In the case of Mode II loading, an edge dislocation
emitted from the crack tip along the ð112Þ plane at KII
pﬃﬃﬃﬃ
¼ 0:37 MPa m for a H free environment [Fig. 4(a)]. This
was consistent with the RT criteria predictions for incipient
crack tip deformation [refer to Fig. 7(k) and Table V]. In
the presence of H atoms ahead of the crack tip, an edge
dislocation was emitted along the ð112Þ plane from the crack
tip at a significantly lower critical stress intensity factor
pﬃﬃﬃﬃ
KIIH ¼ 0:19 MPa m compared to the H free scenario ðKII
pﬃﬃﬃﬃ
¼ 0:37 MPa mÞ and was found to be in agreement with previous work58 [Fig. 4(b)]. In the case of Mode III loading, a
mixed dislocation along the ð011Þ½111 slip system was
pﬃﬃﬃﬃ
pﬃﬃﬃﬃ
emitted at a KIII of 0:26 MPa m and 0:36 MPa m for the H
free and charged scenarios [refer to Figs. 4(c) and 4(d)]. The
nucleation of a mixed dislocation was in qualitative agreement with the RT criteria [refer to Fig. 7(k) and Table V].
However, once again the presence of H ahead of the crack
tip results in an increase in the stress intensity factor required
for dislocation emission.
B. Comparing atomistic insights with theoretical
predictions

The RT criteria61 are based on the Peierls-Nabarro conthat the shear stress along the slip plane is a periodic
cept
function of the shear displacement. This identifies the unstable stacking fault energy as the relevant material property
necessary to estimate the stress intensity factor required for
dislocation emission ahead of the crack tip. However, this criterion does not take into account the tensile softening effect
along the slip plane that results in the decrease of the energy
required for dislocation nucleation.75 Furthermore, the RT
73,74

FIG. 4. The effect of H on the crack
tip deformation for the ð112Þ½110 orientation subjected to different modes
of fracture, i.e., Mode II (a) and (b)
and Mode III (c) and (d). (a) The emission of an edge dislocation along the
ð112Þ½111 slip system was observed
for Mode II loading conditions in the
absence of H. (b) The presence of a H
rich environment ahead of the crack
caused dislocation emission along the
ð112Þ½111 slip system for Mode II. (c)
and (d) In the case of Mode III, dislocation emission along the ð011Þ½111
slip system was observed both in the
(c) absence and (d) presence of H. The
atoms were colored according to the
local atomic shear strain invariant (cs).
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TABLE II. The effect of H on the incipient crack tip deformation mechanism for the various crack orientations under different modes of fracture.
Orientation
A

B

C

D

Fracture mode

Without H

With H

I
II
III
I
II
III
I
II
III
I
II
III

Cleavage along the (110) plane
Edge dislocation along the ð010Þ½001 slip system
Screw dislocation along the ð110Þ½100 slip system
Cleavage along the ð110Þ plane
Mixed dislocation along the ð110Þ½111 slip system
Mixed dislocation along the ð110Þ½111 slip system
Edge dislocation along the ð211Þ½111  slip system
Edge dislocation ð211Þ½111 slip system
Mixed dislocation along the ð011Þ½111 slip system
Cleavage along the ð112Þ plane
Edge dislocation along the ð112Þ½111 slip system
Mixed dislocation along the ð011Þ½111 slip system

Cleavage along the ð110Þ plane
Edge dislocation along the ð010Þ½001 slip system
Mixed dislocation along the ð110Þ½111 slip system
Cleavage along the ð110Þ plane
Mixed dislocation along the ð110Þ½111 slip system
Mixed dislocation along the ð110Þ½111 slip system
Cleavage along the ð011Þ plane
Edge dislocation ð211Þ½111 slip system
Mixed dislocation along the ð011Þ½111 slip system
Cleavage along the ð112Þ plane
Edge dislocation along the ð112Þ½111 slip system
Mixed dislocation along the ð011Þ½111 slip system

criteria fail to account for the lattice trapping,76 surface correction to the bulk unstable stacking fault energy77,78 and
anisotropic elastic effects.79 Therefore, in this work we have
focused on comparing the predicted crack tip deformation
mechanism with the atomistic observations instead of the
magnitude of the stress intensity factor required for the incipient deformation ahead of the crack. Interestingly, we observed
dislocations with a h100i Burger’s vector that require overcoming a large energy barrier for the dislocation nucleation
(refer to Table II and Appendix A). However, there have been
similar observations using the quasi-continuum framework
during the study of crack tip deformation in a-Fe.62 In the
case of crack orientation A, crack advance occurred along the
{110} plane (Table II) instead of the {100} plane.66,67 The
lower surface energy along the {110} surface for the EAM
potential instead of the most active {100} plane experimentally (refer to Table IV) is a plausible explanation. In summary, the RT criteria were found to have mixed success in
predicting atomistic observations presented here (refer to
Table II and Appendix A). Similar discrepancies have been
noted in previous studies.62,68,80,81

found to effect the largest decrease in the stress intensity
factor required for brittle crack advance (cleavage) (refer to
Fig. 5 and Table II). Furthermore, the drop observed in the
stress intensity factor due to the presence of H reduces from
Mode I to Mode III loading for the various crack orientations
examined here (Fig. 5). These findings clearly highlight the
role of stress state ahead of the crack tip during H embrittlement. Therefore, these atomic-scale insights provide a better
understanding of the role of H in crack tip deformation in
a-Fe.
IV. CONCLUSIONS

The following conclusions can be drawn based on studying the influence of H on the incipient crack tip events in
a-Fe:
1. In the case of Mode I loading, the presence of H ahead of
the crack tip was found to significantly decrease the stress
intensity factor required for crack propagation (brittle/cleavage response). Furthermore, in the case of the ð011Þ½011

C. Effect of Stress state on the crack tip-H interaction

The ability of H atoms to segregate around the crack tip
and induce a sudden failure has been linked with the tensile
hydrostatic stress field ahead of the crack tip.5 However,
experimental observations39,82–88 have been unable to reach
an agreement on the exact role of the stress state in the H
induced cracking phenomena. For instance, the role of the
tensile hydrostatic stress field in inducing failure has been
questioned due to the observation of H cracking in the
absence of a hydrostatic stress field.87–89 Therefore, to provide
novel insights we have examined the atomic scale effects of
H on the crack tip deformation mechanism under various
modes of loading conditions. Due to the length and time scale
limitations of atomistic simulations, we have focused on
understanding the effect of H on the incipient inelastic crack
tip deformation in a-Fe. For the crack orientations examined
here, it was found that the presence of H around the crack tip
generally decreases the stress intensity factor required for the
initation of inelastic deformation (Fig. 5). In the case of Mode
I loading, the presence of H atoms ahead of the crack tip was

FIG. 5. A summary of the stress intensity factor for the incipient deformation of the various crack orientations subjected to Mode I, II, and III loading
conditions. The black and red markers distinguish between the no H and H
rich c0 ¼ 4  104 scenarios ahead of the crack tip. Note: the filled red
markers indicate a decrease in stress intensity factor for incipient deformation due to the presence of H. The partially filled red marker indicates a
change in the deformation mechanism due to the presence of H ahead of the
crack tip. In the case of orientation D, the KI was unchanged under both
environments.
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crack orientation the presence of H was found to cause a
transition in the incipient deformation mechanism, i.e., an
edge dislocation (no H) to cleavage advance (with H).
2. In the case of Mode II and III loading, H enhanced dislocation emission was observed for the different crack orientations examined here. Thus, providing merit to the
notion that the presence of H along the slip planes ahead
of the crack can decrease the interatomic interactions
resulting in a decrease in the energy required for dislocation nucleation.13
3. Despite the debate regarding the role of stress state in H
induced failure, this work provides atomistic insights that
H embrittlement occurs across the various modes of fracture examined here. However, in the case of Mode III, the
presence of H was found to have a reduced impact on the
stress intensity factor required for dislocation emission.
4. Finally, in this study, we have successfully demonstrated
the co-existence of both characteristics of H embrittlement: (a) the segregation of sufficient H atoms ahead of
the crack tip induces dislocation emission;13 and (b) the
presence of H promotes a brittle crack response by causing a decrease in the stress intensity factor under Mode I
loading conditions.

J. Appl. Phys. 123, 014304 (2018)
TABLE III. The unstable stacking fault energies (cus ) along the various slip
systems in a-Fe.
{100}h010i {110}h001i {110}h111i {112}h111i {123}h111i
cus (J/m2)

1.36

0.71

0.81

0.79

TABLE IV. The surface energies along the various cleavage planes in a-Fe,
calculated using the discussed EAM potential.55

2

Surface energy, cs (J/m )

KIc ¼

{100}

{110}

{111}

{112}

1.75

1.65

1.85

1.96

1
cos2 ðv=2Þ sin ðv=2Þ cos ð/Þ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2l
cos2 / þ ð1  #Þ sin2 / cus

ð1  # Þ

1
cos ðv=2Þ 1  3 sin2 ðv=2Þ cos ð/Þ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2l

cos2 / þ ð1  #Þ sin2 / cus
ð1  # Þ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2l
cos2 / þ ð1  #Þ sin2 / cus ;
¼
ð
cos ðv=2Þ
1  #Þ

KIIc ¼
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APPENDIX A: THEORETICAL PREDICTIONS OF THE
CRACK TIP RESPONSE

The Rice-Thompson (RT) criteria61 and the linear elastic fracture mechanics (LEFM) theory90 were employed to
theoretically examine the critical stress intensity factor and
the mechanism (cleavage/dislocation character) of the incipient crack tip deformation for the various crack orientations
(Table I) subjected to different modes of fracture (I, II and
III). The RT criteria are dependent on the relative angle of
the slip plane to the crack plane (v) and the angle between
normal to the crack tip and the slip direction (/) (Fig. 6).
The critical stress intensity factor for dislocation emission
ahead of the crack tip subjected to the various modes of facture can be expressed in the following manner:

here, l is the shear modulus and cus is the unstable stacking
fault energy for the various possible slip systems listed in
Table III, calculated using the EAM potential described in
Sec. II.
Based on LEFM theory,90 the critical stress intensity
factor required for cleavage crack growth under Mode I loading can be estimated by the following expression:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Ecs
KIc ¼
2
ð1  # Þ C1 2 þC2 2
3
1
C1 ¼ cos ðx=2Þ þ sin ð3x=2Þ
4
4

(A2)

1
C2 ¼ ½ sin ðx=2Þ þ sin ð3x=2Þ;
4

FIG. 6. A schematic representation of the slip plane (green) inclined at an
angle, v w.r.t the crack plane and / defines the inclination between the crack
normal and the Burger’s vector.

where x is the angle between the crack plane and the
cleavage plane and cs is the surface energy. The surface
energy along the various possible cleavage planes is listed in
Table IV.
Using the theoretical relationships described earlier, the
two energetically favorable slip/cleavage plane orientations
ahead of the crack tip are schematically illustrated for the
various crack orientations and the different modes of fracture
in Fig. 7. Finally, the theoretically predicted incipient crack
tip deformation for the various crack orientations examined
here is presented in Table V.
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TABLE V. A summary of the theoretical predictions for the incipient crack tip event for the various crack orientations under different modes of fracture.
Crack orientation
(010)[001]

(110)[001]

ð011Þ½011
ð112Þ½110

Fracture mode
I
II
III
I
II
III
I
II
III
I
II
III

Theoretical predictions
pﬃﬃﬃﬃ
Cleavage along the (010) planes, KIc ¼ 0:73 MPa m
pﬃﬃﬃﬃ
Mixed dislocation along the ð121Þ½111  slip system, KIIc ¼ 0:49 MPa m
pﬃﬃﬃﬃ
Mixed dislocation along the ð110Þ½111 slip system, KIIIc ¼ 0:29 MPa m
pﬃﬃﬃﬃ
Cleavage along the (011) planes, KIc ¼ 0:87 MPa m
pﬃﬃﬃﬃ
Mixed dislocation along the (110)[111] slip system, KIIc ¼ 0:47 MPa m
pﬃﬃﬃﬃ
Mixed dislocation along the ð011Þ½111 slip system, KIIIc ¼ 0:44 MPa m
pﬃﬃﬃﬃ
Cleavage along the (011) plane, KIc ¼ 0:87 MPa m
pﬃﬃﬃﬃ
Edge dislocation on the (011)[100] slip system, KIIc ¼ 0:56 MPa m
pﬃﬃﬃﬃ
Mixed dislocation along the ð011Þ½111 slip system, KIIIc ¼ 0:41 MPa m
pﬃﬃﬃﬃ
Cleavage along the ð112Þ plane, KIc ¼ 0:92 MPa m
pﬃﬃﬃﬃ
Edge dislocation along the ð112Þ½111 slip system, KIIc ¼ 0:43 MPa m
pﬃﬃﬃﬃ
Mixed dislocation along the ð011Þ½111 slip system, KIIIc ¼ 0:43 MPa m

FIG. 7. (a) Illustration of the two energetically favorable slip/cleavage plane orientations ahead of the crack tip are schematically presented for the various
crack orientations along with the different modes of fracture obtained using theoretical relationships.
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