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Abstract

Solute hydrogen atoms degrade the strength of materials. This phenomenon,
termed as hydrogen embrittlement (HE), has been a matter of concern for various
industrial applications for more than a century. In recent years, HE has to be
addressed because of the need for more efficient storage and transport of hydro-
gen. In this chapter, we present an overview of the current state of knowledge of
the interaction between hydrogen and lattice defects. In Sect. 2, the hydrogen trap
energy of various trap sites in alpha iron is reviewed and summarized. In Sect. 3,
first, the hydrogen concentration around the defects is outlined based on the
evaluation of the occupancy at each trap site. Subsequently, the effect of hydrogen
on the stability and the kinetics of the lattice defects that trap hydrogen atoms are
reviewed. In Sect. 4, mesoscopic calculations of the complex interactions among
hydrogen-affected lattice defects are reviewed. Finally, the current state of
knowledge of hydrogen effects on lattice defects and future directions are
discussed. Alpha iron is considered because it is a basic steel component, and
steel is a potential material for hydrogen storage and transport systems from
engineering and economic viewpoints.

Keywords
Hydrogen embrittlement - Molecular dynamics - Density functional theory -
Lattice defect - Mechanical property - Deformation

1 Introduction

It is well known that the strength of metals decreases in the presence of solute
hydrogen [1-4]. This is known as hydrogen embrittlement (HE) and causes serious
problems in the design and operation of various mechanical components. In recent
years, hydrogen has attracted attention as a clean energy source. To use hydrogen as
an energy source, we have to store and transport it. In addition, hydrogen is stored at
a high-energy state (i.e., high-pressure gas or liquid state). Thereby, the chances of
having failure of mechanical components owing to HE are high.

Although the mechanism of HE has been studied for more than a century, the
overall embrittlement process has not yet been clarified even for simple material
systems. Several embrittlement mechanisms for metals have been proposed.
Hydrogen-enhanced decohesion (HEDE) [5, 6] is the earliest one and is based on
the decrease of cohesive energy in the presence of hydrogen, i.e., cracks basically
propagate in a brittle manner. Hydrogen-enhanced localized plasticity (HELP)
[7-10] is another mechanism wherein hydrogen locally enhances the plastic
deformation, i.e., the dislocation movement is enhanced at the crack vicinity.
These two mechanisms have long been debated. Recently, M. Nagumo proposed
the hydrogen-enhanced strain-induced vacancy (HESIV) mechanism [11, 12], in
which hydrogen enhances the formation and coalescence of vacancies, resulting in
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ductile fracture. R. Kirchheim also proposed the defactant concept [13] to describe
the hydrogen stabilization of lattice defects. In any case, an understanding of the
interaction between the solute hydrogen atoms and lattice defects is required to
clarify HE.

The difficulty in understanding HE is attributed to the nature of the solute
hydrogen atoms. Hydrogen atoms have high diffusivity within metals, and their
distribution rapidly changes according to the distributions of the lattice defects
and stress field. Hydrogen atoms also undergo complex interactions with the
various lattice defects; thus, the direct evaluation by experiments of hydrogen
distribution and its effect on lattice defects is extremely difficult. Thereby, atom-
istic and quantum-level simulations have been used to analyze the HE mecha-
nisms. Several studies on the atomistic simulations of the effect of solute
hydrogen atoms on the strength of materials have been published; however,
none of them has quantitatively evaluated the hydrogen concentration under
actual environmental conditions.

In this chapter, the hydrogen concentration near defects is evaluated. Subse-
quently, the effect of hydrogen on the stability and kinetics of individual lattice
defects are reviewed. Next, the results of mesoscopic calculations of the complex
interactions among hydrogen-affected lattice defects are reviewed. The subject
material is alpha iron because alpha iron is a basic steel component and steel is a
potential material for hydrogen storage and transport. The chapter comprises the
following sections.

Section 2: The hydrogen trap energies of various trap sites, i.e., elastic strain field,
vacancies, edge and screw dislocations, stacking faults, grain boundaries (GBs),
and free surfaces, in alpha iron are reviewed. Then, the trap sites are ranked
according to the magnitude of the trap energies. The obtained hydrogen trap
energies in alpha iron are compared with those in aluminum.

Section 3: First, the hydrogen occupancy at each trap site under hydrogen gas
conditions is obtained; then, the hydrogen effect on the stability and kinetics of
each lattice defect is reviewed. It is evident that solute hydrogen affects the lattice
defects; this is a function of the hydrogen concentration and deformation
condition.

Section 4: Experimentally observed hydrogen embrittlement is the product
of the interaction among lattice defects during deformation and fracturing.
In this section, these phenomena and the competition among the various
microscopic mechanisms are discussed based on large-scale molecular
dynamics (MD) and discrete dislocation dynamics (DD) simulations, where
the hydrogen effects on each individual lattice defect are modeled based on
Sect. 3.

Section 5: The conclusions are summarized, and future directions as well as chal-
lenges are briefly discussed.

The relation among sections and subheads is shown in Fig. 1.
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Fig. 1 Relations among sections and subheads

2 Hydrogen Trap Energy of the Trap Sites in Alpha Iron
2.1 Calculation of Hydrogen Trap Energy

Lattice defects are known to trap solute hydrogen atoms. Despite the progress in this
matter, directly observing the hydrogen distribution in metals is still difficult because
of the ultralow concentration of hydrogen atoms, their high diffusivity, and their
small size and mass. This section reviews the interaction energy between solute
hydrogen atoms and various trap sites obtained by atomistic and quantum-level
simulations.

The binding energy between a solute hydrogen atom and a trap site is called
hydrogen trap energy and is

1
ET = Fuos — (Ed+H(x) —Eq— EEH2> ) (D

where E4 and Eq4 + y(x) are the energy of the system before and after the introduction
of a hydrogen atom at position x, respectively, Ey, is the energy of a hydrogen
molecule, and Eyog is the heat of solution into a material (0.27 eV; a hydrogen atom
into a tetrahedral site (t-site) in alpha iron). For hydrogen atoms, considering the
zero-point energy (ZPE) as a quantum effect owing to its small mass is crucial. The
trap energies calculated via density functional theory (DFT) are all ZPE-corrected if
no supplementary information is given. On the contrary, the trap energies calculated
using interatomic potentials are not ZPE-corrected because the reference physical
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properties used to develop the interatomic potential include ZPE. The details of the
calculation procedure of the hydrogen trap energy using DFT and interatomic
potentials have been previously determined [14—16].

2.2 Elastic Strain

It is generally believed that hydrogen atoms accumulate in high hydrostatic stress
regions, such as ahead of mode-I crack tips and the tensile side around an edge
dislocation. Several previous studies have included the hydrostatic stress gradient in
the hydrogen diffusion equation as a hydrogen accumulation term [17-20]. This
procedure well predicts the hydrogen diffusion in fcc and hcp metals. However, it
has long been known that interstitial atoms that occupy octahedral sites (o-site) in the
bece lattice, such as carbon atoms in alpha iron, strongly interact with shear defor-
mations [21, 22]. The hydrogen trap energy owing to both volumetric and shear
strain was evaluated using the Vienna ab initio simulation package (VASP) [23-25]
in Ref. [15]; shear strain (=20.01) along a specific direction changes the most stable
occupation site of a solute hydrogen atom from t-site to o-site. Furthermore, it was
shown that despite that the trap energy arising from volumetric strain &, = 0.05,
which is almost equal to the elastic strain around a dislocation core (» > 0.5 nm), is
0.154 eV, the shear strain yields maximum of ~ 0.2 eV depending on the direction.

Although the energy difference between sites is only 0.03 eV for undeformed
lattices, the difference increases under shear strain, e.g., ~0.42 ¢V when the shear
strain is—0.05 and ~0.1 eV when —0.01 [15]. Thus, elastic strain makes the potential
surface of hydrogen diffusion uneven, and the diffusion coefficient and diffusion
pass are significantly affected by shear strain, as directly confirmed near the core of
edge dislocations by MD simulations [16].

2.3 Vacancies

Vacancies in alpha iron produce trap sites with extremely strong trap energy and
attract multiple hydrogen atoms at nearby sites under hydrogen gas conditions, as
shown in Sect. 3.1. Thus, calculating the hydrogen trap energy by sequentially
introducing hydrogen atoms based on a stable order is essential. Tateyama et al.
first performed extensive analyses of the hydrogen and (mono) vacancy interaction
using DFT calculations and reported the hydrogen trap energy for up to six
hydrogen atoms (0.56-0.04 V) [26]. Furthermore, they showed that two hydrogen
atoms are trapped at opposing o-sites in a vacancy and the hydrogen-vacancy
complex (VH,) forms planar or linear structures. In Ref. [27], using VASP
[23-25], the following values are reported for the first to sixth hydrogen atom
trapped at o-sites in vacancies: 0.64, 0.66, 0.34, 0.30, 0.21, and -0.16 eV. These
values are in good agreement with the calculations [26] and experiments (0.63 and
0.43 eV) [28].
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24 Dislocations

Dislocations are known to interact with the solute hydrogen atoms. Especially,
elastic theory suggests that edge dislocations strongly interact with hydrogen
atoms responding to the hydrostatic stress field, which is known as the Cottrell
atmosphere. Dislocations are believed to keep moving in the Cottrell atmosphere,
and this could be one of the hydrogen transport mechanisms within a metal. Thus,
the interaction between solute hydrogen atoms and dislocations could play an
important role in HE, i.e., plastic deformation and hydrogen transport. On the
contrary, the development of computational resources and analytical techniques
has contributed to the investigation of the interactions between dislocations and
hydrogen. Atomic-scale investigations directly evaluate the effect of the disloca-
tion core on the hydrogen trap and have suggested that the core structure could be
the strongest hydrogen trap site [29]. In alpha iron, the major slip planes are {110}
and {112}, and the slip direction is <111> for both. Taketomi et al. calculated the
hydrogen trap energy of typical trap sites within the core structure for {110} <
111> and {112} <111> edge dislocations [30] using molecular statics calculations
based on the embedded atom method developed by Wen et al. [31]. The maximum
values are the same for both core structures, i.e., 0.49 eV; however, the distribution
of trap sites differs. The detailed distribution of hydrogen trap energies around the
{112} <111> edge dislocation is also given by Taketomi et al. [16]. The trap
energy distribution around the core structure, i.e., the elastic strain field, is striped
owing to the effect of shear strain on the bcc structure (see Sect. 2.2). These
characteristics yield planar hydrogen diffusion in MD calculations. Conversely,
the hydrogen trap energy for the screw dislocation core is estimated at 0.26 eV by
first-principles calculations [32] and ~0.30 eV by the path-integral MD
method [33].

25 Stacking Faults

It has been reported that hydrogen reduces the stacking fault energy, thereby
increasing the width of the dislocation cores. Seki et al. evaluated the hydrogen
trap energy at stacking faults and reported the hydrogen trap energies in {110} <
111> and {112} <111> systems: 0.12 and 0.02 eV, respectively [14]. The interac-
tion energy between hydrogen and stacking faults is extremely weak; thus, it is
considered that hydrogen does not accumulate at stacking faults and the width of the
dislocation core structure in alpha iron does not change except in extreme cases, i.e.,
very high hydrogen concentration.

2.6 Grain Boundaries

Riku et al. [34] estimated the hydrogen trap energy of GBs for <110> symmetrical
tilt GBs (STGBs) and <001> twist GBs in alpha iron using atomistic simulations
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with a similar procedure as that in Ref. [16]. They showed that the GB energy and
hydrogen trap energies show good correlation, because high-energy GBs tend to
have large gaps (free volume) and hydrogen atoms are more stable in the large gaps.
This tendency was also confirmed using DFT calculations for two <110> symmetric
tilt GBs: high-energy 23(111) STGB (¢ = 70.5°) and stable £3(112) STGB (¢ =
109.5°). Hydrogen trap energies of 0.49 eV are reported for the X3(111) STGB and
0.34 ¢V for the X3(112) STGB [35]. The non-ZPE-corrected value for the X3(111)
STGB is 0.45 eV [36].

2.7 Free Surfaces

The hydrogen effect on the surface energy has long attracted interest because it is
important in fracturing. The trap sites on the free surfaces, where hydrogen atoms are
adsorbed, are classified according to the adsorption position, for example, onefold
(1F), twofold (2F), threefold (3F), and fourfold (4F) sites. The hydrogen trap
energies are summarized in Table 1. It is confirmed that the maximum hydrogen
trap energy of the free surfaces is almost 0.75 eV and independent of the surface
index.

28 Hydrogen Trap Energy of Trap Sites in Alpha Iron
The hydrogen trap energies of various trap sites in alpha iron are shown in Fig. 2.

For reference, the hydrogen trap energies of various trap sites in aluminum are also
shown in Fig. 3 [38]. It is quite interesting that when various trap sites are ordered

Table 1 Hydrogen trap energy of free surfaces [eV]

Adsorption site {100} 2F-1 {112} 4F {110} {111}
4F 2F-2 3F
Trap energy 0.67° 0.73° 0.71° 0.73° 0.84° 0.79°
“Ref [37]
"Ref [14]
‘Ref [36]
o-site Stacking fault || Screw dislocation || Grain boundary
(-0.03) 0.02~0.12 ~0.26 035~049
Neighboring H atoms Elastic strain H, Edge dislocation || Vacancy Free surface
~0.05 ~0.2 027 ~0.45 ~0.66 0.73~0.84
1 i
e [T T -
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
(t-site)

Fig. 2 Hydrogen trap energy of various trap sites in alpha iron [eV]
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~=0.01 ~0.14 ~0.19 ~0.39
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o-sile \ Stacking fault Grain boundary Vacancy / Free surface H,
(-0.05) ~0.24 ~0.30 0.45 ~0.60 0.68

P - ‘
| Unsuaid 11 Il
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
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Fig. 3 Hydrogen trap energy of various trap sites in Al [eV]

according to the strength of the hydrogen trap energy, as shown in Figs. 2 and 3, the
sequence is very similar even for different materials, i.e., free surface > vacancy >
grain boundary > edge dislocation. Thus, it is suggested that there is a correlation
between the local free volumes at trap sites and trap energy besides the chemical
interaction with a third element. However, although the energy of the hydrogen
molecule is most stable for aluminum, there is near screw dislocations in alpha
iron. Thus, at thermal equilibrium, the hydrogen concentration in alpha iron is
higher than in aluminum, and lattice defects in alpha iron trap more hydrogen
atoms.

3 Hydrogen Effect on Individual Lattice Defects
3.1 Hydrogen Occupancy at Trap Sites

The basic steps of hydrogen embrittlement are believed to involve changes in the
stability and mobility of lattice defects owing to the presence of hydrogen. Thus,
capturing the fundamentals of the hydrogen effect on isolated lattice defects is
important. To analyze the hydrogen effect on each lattice defect using atomistic
and quantum-level simulations, allocating hydrogen atoms at stable sites with
appropriate probability that corresponds to real conditions is essential. The proce-
dure to evaluate the hydrogen occupancy at each trap site using the hydrogen trap
energies, which were summarized in Sect. 2, is given. The relation at thermal
equilibrium between hydrogen occupancy at a trap site with hydrogen trap energy
E™P; and hydrogen occupancy at the t-site in the undeformed lattice, ¢; and ¢ e,
respectively, is expressed as follows [39]:

Ci Crsite exp <ETrapi> ’ )

l—c¢i 1= Crgie kgT

where kg is the Boltzmann constant and 7 is the absolute temperature.
For hydrogen gas conditions of temperature 7and pressure p, the ¢ iS given by
the following empirical relation [40]:
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Fig. 4 Hydrogen occupancy 1

vs. hydrogen trap energy for 7[)I MPa I ‘ "/ i I
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pressures at room temperature S 0.8} 10 Mpa\ . 1
(300 K) \
g 06f 1MPa [ PR .
S 4 N \0.1 MPa
(4] ST 4
o
o -' 0.01MPa
0.2F ; |
/.
0 ot

02 03 04 05 06 07 08
Hydrogen-trap energy E™ [eV]

3440

Cisie = 0.9686 x 107°,/p exp (— T) : 3)

By defining p and 7, the hydrogen occupancy at trap site ¢; is calculated as a
function of the trap energy E'™P; using Eqs. 1 and 2, as shown in Fig. 4. The
hydrogen occupancy at lattice sites in metals can also be quantitatively evaluated
under hydrogen atmosphere using first-principles calculations and lattice vibration
analysis [41, 42] over a wide range of hydrogen conditions where experimental data
are unavailable [43]. In this study, a similar relation between the hydrogen occu-
pancy at the t-site and temperature and pressure, as shown in Eq. 3, is presented for
alpha iron.

As shown in Fig. 4, ¢; rapidly increases for E™™, > 0.4 eV under various
hydrogen gas pressures at room temperature. For example, at 7 = 300 K and
p = 70 MPa, components exposed to high hydrogen gas pressures, such as pipes
and tanks in fuel cell vehicles, ¢; > 0.5 for E™; > 0.41 eV is obtained. Therefore,
the free surfaces (E™™ ~0.75 eV [14, 36, 37]) and vacancies (E"™ = ~0.65 eV
[26, 27]) trap hydrogen atoms with high probability at hydrogen gas conditions. The
edge dislocation cores (E"™ ~0.44 ¢V [16]) and high-energy GBs (E™ = ~0.49 ¢V
[35]) also interact with hydrogen atoms. Conversely, the hydrogen concentrations
around screw dislocation cores (E™P < 0.30 eV [32, 33]), low-energy GBs (E™™ ~
0.34 eV [35]), and stacking faults are relatively small.

Using computations, the lattice defects that trap hydrogen atoms are defined, and
the distribution of hydrogen around each lattice defect is determined using random
numbers and occupancy rates based on the distribution of the hydrogen trap energy
around lattice defects. Thus, constructing atomistic models with realistic hydrogen
distributions and concentrations for specific hydrogen gas pressures and temperature
conditions is possible. Many theoretical calculations of hydrogen-lattice defect
interactions have used extremely high hydrogen concentrations and artificial hydro-
gen distributions. In the following sections, the hydrogen effects on vacancies (Sect.
3.2), GBs (Sect. 3.3), and edge dislocations (Sect. 3.4) at practical hydrogen
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concentrations are reviewed. These defects are related to the typical hydrogen
embrittlement mechanisms, i.e., HESIV [11, 12], HEDE [5, 6], and HELP [7-10].

3.2 Hydrogen Effect on Vacancies

Using the hydrogen trap energy of a vacancy in Sect. 2.3 and the evaluation
procedure of the hydrogen occupancy at each trap site in Sect. 3.1, we confirm
that two hydrogen atoms are trapped by a vacancy under a wide range of hydrogen
gas conditions. Matsumoto et al. estimated the apparent vacancy formation energy
and the mobility of a vacancy when a vacancy traps two hydrogen atoms in hydrogen
gas environment [27]. The apparent lattice defect energy is evaluated by the follow-
ing equation:

Wit w3 (B 4 ). @

i

where W™-H;and W¥°-H; are the formation energy of the lattice defect with and
without hydrogen, respectively. u, is the change in configurational entropy and is
evaluated by the following equation:

sy ~ kpTln <C‘7‘> (5)
I — Ci—site
At T = 300 [K] and p = 70 MPa, c. g = 8.5 X 107% and p, is —0.42 eV.
Furthermore, using W*°-". = 2.14 eV, E™| = 0.64 ¢V, and E™, = 0.66 ¢V,
WY, is estimated to be 1.68 eV. At thermal equilibrium, the concentration of
vacancy is evaluated by the following equation:

w
Co = exp (— kB_fT) . (6)

The reduction in the vacancy formation energy from 2.14 to 1.68 eV owing to
the presence of hydrogen increases the vacancy concentration from 1.12 x 1073¢
to 6.00 x 1072°. Although hydrogen increases seven orders of magnitude the
vacancy concentration, the latter remains very low. Thus, the change in the
vacancy concentration at thermal equilibrium does not affect the mechanical
behavior of alpha iron.

The mobility of a vacancy is estimated by calculating the activation energy for
migration using the climbing image nudged elastic band method [44, 45] and VASP
[23-25]. The activation energy increases from 0.62 to 1.07 eV when a vacancy traps
two hydrogen atoms. This change in the activation energy reduces the diffusion
frequency from 1.71 x 10% to 6.42 x 107° s~'. Unlike the thermal equilibrium
concentration of vacancy, the reduction in diffusion frequency may significantly affect
the mechanical properties of alpha iron under hydrogen gas because the vacancy



10 Atomistic Simulations of Hydrogen Effects on Lattice Defects in Alpha Iron 293

diffusion is assumed to be zero and the vacancy concentration in a specific plane where
many dislocation activities occur is supersaturated, as discussed in Sect. 4.3.

3.3 Hydrogen Effect on the Cohesive Energy of Grain Boundaries

It has been experimentally reported that the strength of materials in hydrogen
environment improves by controlling the distribution of the misorientation angles
of GBs [46]. The hydrogen effect on the GBs in alpha iron has been evaluated by
using interatomic potentials [34] and first-principles calculations [35, 36, 47].
Yamaguchi and Gesari evaluated the hydrogen binding energy and cohesive energy of
GBs using DFT calculations and demonstrated that hydrogen embrittles GBs [36, 47].

Matsumoto et al. [35] estimated the hydrogen concentration at GBs in alpha iron
under hydrogen gas using DFT calculations and obtained the cohesive energy of
GBs by assuming that the hydrogen atoms trapped in GBs are adsorbed on the halves
on the generated two surfaces. From the DFT calculations, the reduction in cohesive
energy was estimated to be approximately 25% for £3(111) STGB (¢ = 70.5°) and
almost zero for £3(112) STGB (¢p = 109.5°). In contrast, Yamaguchi et al. revealed
that the hydrogen effect is much pronounced when considering mobile hydrogen that
diffuses to the surface during fracturing [48].

34 Hydrogen Effect on Dislocation Mobility

Dislocation movement is the fundamental process of plastic deformation. Therefore,
it has attracted much attention with respect to the HE process and mechanism, e.g.,
HELP. Taketomi et al. reported that the Peierls potential for the {112} <111> edge
dislocation is reduced in the presence of low hydrogen concentrations, 0.49/nm
hydrogen atoms per unit length of dislocation line, i.e., approximately 300 K,
0.01 MPa hydrogen gas conditions from Sect. 3.1 [49]. Moreover, the interaction
among neighboring dislocations, i.e., shear stress field, is almost the same even
though the hydrogen concentration increases up to 7.35/nm [49]. To take into
account the competition of dislocation movement and hydrogen diffusion, Taketomi
et al. calculated the stress-dependent thermal activation energies for hydrogen
diffusion and dislocation movement and estimated the dependence of the dislocation
velocity on the applied shear stress [50]. The results demonstrated that the disloca-
tion mobility increases (softening) with decreasing applied stress, whereas the
dislocation mobility decreases (hardening) with moderate stress. For high applied
stress, although the dislocation is pinned by hydrogen atoms at the beginning, the
dislocation moves separately from hydrogen and does not interact during steady-
state movement. Interestingly, stress-dependent softening or hardening only occurs
at very low hydrogen concentrations. Taketomi et al. reported the hydrogen concen-
tration effect on the Peierls potential [51], and the results suggested that only the
hardening is dominant at high hydrogen concentration. Softening and hardening are
also reported by Itakura et al. for screw dislocations using DFT calculations [31].



294 S. Taketomi and R. Matsumoto

3.5 Interaction Between Hydrogen and Individual Lattice Defects

In this section, the procedure to evaluate the hydrogen occupancy at each trap site is
first introduced. Then, it is shown that vacancies, grain boundaries, and edge
dislocations can trap hydrogen atoms. Subsequently, the hydrogen effects on these
lattice defects are reviewed.

4 Lattice Defects and Hydrogen Embrittlement Mechanisms
4.1 Interaction Between Many Lattice Defects

Experimentally observed hydrogen embrittlement results from the interaction among
lattice defects during deformation and fracturing. In this section, we review the
phenomena caused by the interaction among the hydrogen-affected lattice defects
and the competition among the various microscopic mechanisms using large-scale
MD and DD simulations, where the hydrogen effects on each individual lattice
defect are modeled based on Sect. 3.

4.2 Cracks and Dislocations

The contrasting behavior for individual dislocation movements is suggested by the
atomistic calculations, as reviewed in Sect. 3.4. However, plastic deformation is
attributed to the multiple slips of numerous individual dislocations. In particular, the
dislocations generated from a crack tip dominate the crack propagation and fracture
process. Taketomi et al. performed simple discrete DD calculations around a mode-I1
crack tip [52] based on the results obtained by the atomistic calculations to evaluate
the many-body effects of dislocations around a stress singularity of a crack tip. In
that study, the effect of solute hydrogen on dislocation emission is also taken into
account that hydrogen enhances the dislocation emission from a crack tip [53]. Thus,
the multiple effects of hydrogen concentration and applied stress conditions affect
the dislocation movement ahead of the crack tip. For low hydrogen concentrations
(Cx = 0.49/nm along the dislocation line), the dislocation slip region is extended
under small applied stress intensity factor rate conditions comparable to the absence
of solute hydrogen atoms. The slip region decreases with increasing applied stress
rate; however, it does not show significant differences compared to the no hydrogen
conditions. On the contrary, for the high hydrogen concentration case (Cy = 1.24/
nm along the dislocation line), the dislocation slip region is restricted near the crack
tip owing to the hardening of the dislocation movement even when the solute
hydrogen enhances the dislocation generation at the crack tip. The trend of disloca-
tion localization is always realized for all ranges of applied stress intensity factor rate
conditions. Considering the effects of hydrogen concentration and applied stress
conditions on the dislocation movement, the elementary process of HE fracturing in
an ideal material is summarized. The dislocation generation from a crack tip is the
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HEDE etc.

hardening

)&I

Hydrogen concentration, C,

Applied stress intensity factor rate, K

Fig. 5 Schematic of the transition of the HE fracturing mechanism for different hydrogen concen-
trations and applied stress intensity factor rate conditions for ideal materials

start of the plastic deformation and fracturing of a cracked ideal material. The
dislocation slip behavior around a crack tip is enhanced at low hydrogen concentra-
tions and low applied stress intensity factor rate conditions. The number of sliding
dislocations increases in such conditions; thus, the plastic deformation around a
crack tip increases and the fracture mechanism of HELP or HESIV would be
dominant. The crack will blunt owing to the increased plastic deformation around
a crack. At high hydrogen concentrations, in contrast, only hardening occurs inde-
pendent of the applied stress intensity factor rate conditions. Therefore, the disloca-
tion slip is restricted and the number of generated dislocations decreases. The crack
shape becomes sharp and the hardening leads to brittle fracturing HEDE so far. The
relations of the HE mechanisms for simplified ideal materials are shown in Fig. 5.
The results strongly suggest that the HE mechanism changes depending on the
combination of environmental and mechanical conditions even in the same material.

4.3 Supersaturation of Vacancy Concentration Associated
with Plastic Deformation

Takai et al. showed that the vacancy concentration increases owing to plastic
deformation under hydrogen conditions [54]. Jog dragging by a screw dislocation
under shear stress was believed to be one of the mechanisms for the vacancy
multiplication owing to plastic deformation. Matsumoto et al. estimated the vacancy
distribution behind a jog, which is moving at constant velocity, using the hydrogen-
affected physical properties of a vacancy obtained in Sect. 3.2 and the diffusion
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equation [27, 55]. According to this report, although the vacancy distribution spreads
behind the jog for the no hydrogen case, the vacancy does not show distinct diffusion
and stays in the form of a line behind the jog even for slow dislocation velocity
(10~® m/s). The jog dragging of the screw dislocation is one of the examples for
vacancy generation. This analysis suggests that supersaturated vacancies would
locally accumulate during plastic deformation in HE.

4.4 Reduced Lattice Defect Energy (Defactant-Like Effects)

The complex interactions among the lattice defects and the effect of hydrogen
atoms on them affect HE. MD simulations can model the complex interactions
among the various lattice defects. The effects of hydrogen mostly become large at
small deformation speeds because the hydrogen distribution follows the stress
distribution at low deformation rates and responds to the defect nucleation and
motion [56-58]. Hydrogen diffusion in materials is definitely extremely fast
compared to the diffusion of other elements, and it is well known that the hydrogen
distribution follows the movement of lattice defects and the stress distribution
during deformation. Nevertheless, the diffusion is too slow to model by direct MD
simulations.

Matsumoto et al. developed the interatomic potential with pseudohydrogen
effects for alpha iron under hydrogen gas at 70 MPa and 300 K based on what is
discussed in Sects. 2 and 3 [14] and analyzed the activity of many lattice defects and
the interaction among them using large-scale MD simulations [59].

The interatomic potential incorporates the thermodynamic effects of hydrogen on
the lattice defect energies, and thus, calculations of the hydrogen movement are not
required. The kinetics of hydrogen and the time-dependent phenomena related to
hydrogen diffusion are important in some cases; however, in this study, as a limiting
case, the hydrogen-related phenomena appearing under equilibrium hydrogen dis-
tribution were examined.

MD simulations of (i) crack propagation, (ii) nanoindentation, and (iii) tensile
loading of a polycrystalline nanorod are performed, and the effects of hydrogen
on the deformation and fracturing under these boundary conditions are discussed.
The results are also compared for the cases of with and without hydrogen using
the Mendelev potential for alpha iron [60]. The following conclusions were
reached:

(1) Crack growth simulations: The crack propagation behavior in alpha iron
simulated with pseudohydrogen effects indicated that the material was
extremely brittle, whereas crack propagation simulated without hydrogen
effects occurred at a higher stress intensity factor after the emission of disloca-
tions. This result corresponds to HEDE caused by the reduction in the surface
energies.

(il) Nanoindentation: For the alpha iron simulated with pseudohydrogen effects,
the pop-in load significantly decreased. Furthermore, dislocation loops were
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generated toward the four bottom corners. These phenomena are occasionally
referred to as HELP. In addition, as the indentation progressed, several vacan-
cies were generated throughout the sample, which agrees with the HESIV
mechanism.

(iii) Tensile loading of a polycrystalline nanorod: For alpha iron simulated with
pseudohydrogen effects, the sample ruptured along GBs in a brittle manner,
whereas in the simulations without hydrogen effects, intergranular fractures did
not occur, but a large amount of dislocation activity was observed. The
intergranular fracturing occurred because hydrogen significantly reduces the
cohesive energy of GBs when the maximum effects of hydrogen mobility are
incorporated.

Although the MD simulation incorporated the hydrogen mobility effects
through the interatomic potential with pseudohydrogen effects, it was shown that
depending on the boundary conditions and initial material conditions, well-known
hydrogen-related phenomena, i.e., HELP, HESIV, and HEDE, potentially appear
despite the use of the same interatomic potential, i.e., same material system. Thus,
the reduction in the defect formation energies leads to the well-known hydrogen-
related phenomena, and the defactant-like effect of hydrogen plays a significant
role in HE.

5 Summary, Future Directions, and Remaining Problems

In this chapter, recent studies that treat the HE of alpha iron from an atomistic
viewpoint are reviewed. In Sect. 2, the hydrogen trap energies of various trap sites,
i.e., elastic strain field, vacancy, edge and screw dislocations, stacking faults, grain
boundaries, and free surfaces, in alpha iron are reviewed first. In Sect. 3, the
hydrogen occupancy at each trap site under hydrogen gas conditions is first exam-
ined; then, the hydrogen effect on the vacancy, grain boundary, and edge dislocations
that are lattice defects that trap considerable hydrogen atoms under such conditions
is reviewed. In Sect. 4, the interaction among hydrogen-affected lattice defects and
the competition among the various microscopic mechanisms are discussed. As
shown in this chapter, the evaluation of the hydrogen concentration in defects
under given boundary hydrogen concentrations is critical to the atomistic and
quantum simulations. Moreover, the HE is strongly affected by environmental
(hydrogen concentration) and mechanical (deformation rate, applied stress, stress
concentration) conditions. Thereby, we note that HE varies depending on the
conditions even in the same materials.

To fully understand hydrogen embrittlement, considering the competition of
the various effects of hydrogen on lattice defects, including the time-dependent
hydrogen diffusion, is critical. Lattice defects, which are dominant, are con-
trolled by the boundary conditions, initial structure, and degree of deformation.
Furthermore, the effect of added elements should also be clarified in a sequen-
tial manner.
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