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ARTICLE INFO ABSTRACT

Keywords: The successful realization of a hydrogen economy is crucially dependent on a comprehensive understanding of
MOleFular delamICS the effects of hydrogen on the hydrogen infrastructure materials and the development of hydrogen compatible
Density functional theory materials with long term reliability. Progress made in recent times in understanding the fundamentals of

Hydrogen compatibility
Hydrogen transportation
Multi-scale simulations

hydrogen embrittlement mechanisms in metallic materials has been reviewed. Particular emphasis has been
made on highlighting the challenges and breakthroughs made in the simulation of hydrogen effects across
multiple length-scales using the density functional theory (DFT) method, molecular dynamics (MD) simulations
and continuum approaches. The DFT approach is an important approach that provides valuable insights on the
effects of hydrogen on a material due to intrinsic factors such as microstructural features and extrinsic factors
such as temperature and pressure. MD simulations of hydrogen effects with new interaction potential functions
that include more elements (such as Si, Mn, Cr, Ni, etc.) in models with internal defects (such as vacancies) and
subjected to strain and temperature, could transform MD simulations from a mechanism studying tool to a
property prediction tool. The continuum levels models have the potential to incorporate the effects of micro-
structural features and predict the mechanical performance of materials, such as deformation and fatigue life
under hydrogen environments. Overall, there is positive outlook for developing multi-scale computational tools
for designing hydrogen compatible materials and for predicting the performance of metallic materials in
hydrogen environments using a bottom-up approach.

embrittlement such as hydrogen-enhanced decohesion (HEDE) [2-4],
hydrogen-enhanced localized plasticity (HELP) [5,6], and
hydrogen-enhanced strain-induced vacancy (HESIV) [7]. According to
the HEDE mechanism, hydrogen atoms diffuse into the materials and
reduce their cohesive strength and cracks are expected to form if the
external stress exceeds the local cohesive strength. This mechanism is
mainly used to explain brittle intergranular fracture. The HELP mech-
anism which was observed by Birnbaum and Sofronis [8-12] in
aluminum, nickel and iron based materials, was initially proposed in the
1970s by Beachem [13]. According to this mechanism, no hydrides are
formed and the plasticity enhancement is mainly caused by increased
dislocation mobility. The HESIV mechanism was proposed based on the
interaction between vacancies and hydrogen [7,14]. In this mechanism,
hydrogen atoms combine with vacancies and decrease the mobility of
vacancies. Subsequently, the formation of stable hydrogen

1. Introduction

Hydrogen embrittlement has been observed as early as 1874, as can
be seen in the research article of William H. Johnson [1]. The early
failures due to hydrogen embrittlement happened in steels and the
fracture surfaces indicated a ductile to brittle transition. The source of
hydrogen could be hydrogen molecules in the natural environment
which are adsorbed by the surface atoms and converted to hydrogen
atoms or acidic environments which bring hydrogen atoms into the
lattice structure of the materials. The interaction of hydrogen atoms
with the nano/micro-structural features of a material, under external
loads, promotes embrittlement which leads to premature failure at
relatively lower stresses.

Several mechanisms have been proposed to explain hydrogen
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Nomenclature

Abbreviations

AIMD Ab initio molecular dynamics
APT Atom probe tomography

BCT Body-centered tetragonal
DDD Discrete dislocation dynamics
DFT Density functional theory
EAM Embedded-atom method

FCC Face-centered cubic

FEM Finite element method
HCP Hexagonal close-packed

HEDE  Hydrogen-enhanced decohesion
HELP Hydrogen-enhanced localized plasticity
HESIV ~ Hydrogen-enhanced strain-induced vacancy

HEVA  Hydrogen-enhanced vacancy activities
kMC Kinetic Monte Carlo

LEAP Local-electrode atom probe

MD Molecular dynamics

MEAM  Modified embedded-atom method

oS Octahedral site

PFM Probe force microscopy

PFM Phase field method

RVE Representative volume element
SKPFM  Scanning Kelvin probe force microscopy
TDS Thermal desorption spectroscopy

TS Tetrahedral site

TEM Transmission electron microscopy
SEM Scanning electron microscopy

EBSD Electron backscatter diffraction

clusters/bubbles enables rupture failure of the material.

With increased demands for a low carbon economy and reduction in
carbon emissions, hydrogen, as a zero-carbon fuel has attracted plenty of
interest from policymakers, industries, and academic researchers
[15-17] in recent times. Hydrogen possesses a higher energy content,
per unit mass 120 MJ/kg, than traditional fossil energy, such as natural
gas, petroleum, or coal which can help realize the transition to a low
carbon economy. However, its low volumetric energy density under
normal temperature and standard atmospheric pressure (0.01 MJ/L)
prevented its widespread application in the early days [18]. Hence, a
moderate pressure, such as 5-20 MPa, has been adopted for the trans-
portation of hydrogen gas in pipeline systems, and a higher pressure,
such as 70 MPa, is used for hydrogen storage. Alternately, combinations
of high pressures and low temperatures are used to convert gaseous
hydrogen to liquid hydrogen for storage and/or transport for relatively
smaller volumes of hydrogen. The possibility of hydrogen embrittlement
in the materials used for storing or transporting hydrogen such as
pipelines steels [19], natural gas distribution networks (with injection of
hydrogen) [20], underground hydrogen storage systems [21], or cast
iron and steel used in hydrogen compressors [22] poses a serious
concern for the safe and economical utilization of hydrogen.

In general, transporting or storing hydrogen under high pressures
would accelerate hydrogen adsorption and diffusion processes in the
materials and increase the susceptibility for hydrogen embrittlement in
several steel grades. However, stainless steels, such as 316L or 304L
(without welded sections) are commonly and safely used for hydroge-
nation reactors. In principle, these stainless-steel pipelines can be used
to transport high-pressure hydrogen gas. However, stainless steels are
quite expensive as they generally include a high weight percentage of
alloying elements, such as Ni and Cr and hence, it is not cost effective to
construct large pipelines made from stainless steel. The balance between
the safety and cost of the hydrogen transportation system has raised the
question if low-cost materials or currently available pipeline materials
can be utilized for hydrogen transport. If the pipeline materials that are
currently used for transporting gases such as natural gas, are certificated
as hydrogen compatible, then the existing gas transport infrastructure
can be readily used to transport hydrogen.

There have been many experimental studies that have investigated
hydrogen effects on the mechanical properties of metallic materials,
especially, fracture toughness and strength. Several microstructural as-
pects such as alloying elements, composition, constituent phases, and
grain structures have been correlated to the mechanical performance of
the materials in hydrogen environments. Based on in-situ experiments,
hydrogen pressure and temperature have been found to be two key
extrinsic factors that affect the mechanical properties of materials in a
significant manner. Several other studies have also investigated the ef-
fect of hydrogen charging on local microstructures and severe plastic

deformation as well. These meso- and micro-scale experimental studies
provide many insights on the “composition-microstructure-perfor-
mance” relationships and enable suitable materials selection approaches
for hydrogen transport [5,23,24]. However, experimental results often
capture the cumulative effects of several intrinsic microstructural fea-
tures. The effects of the individual nano/microstructural features on
hydrogen embrittlement can be difficult to discern in experiments as
multiple mechanisms may be activated concurrently in the materials,
with some promoting embrittlement and some inhibiting embrittlement
[25-27]. Hence, it is challenging to optimize the design of low cost and
safe hydrogen compatible materials and manufacturing processes solely
based on experimental findings.

As it is well understood that hydrogen embrittlement, which is
observed at the macro-scale, is primarily caused by the atomic level
phenomena associated with the diffusion and interaction of hydrogen
atoms in the lattice of a material, atomistic scale simulations are well-
suited for understanding the dynamics of hydrogen interactions within
materials and for identifying the causative mechanisms of hydrogen
embrittlement. Hence, atomistic simulations have been widely used for
understanding hydrogen effects in metallic materials. In the early stages,
atomistic simulations could only be utilized to solve the problems within
very small volumes of material, such as those which comprise a few
hundred atoms [28,29], because the computing capability could not
handle large model sizes. At the present time, increased computing
capability [30-32] and software or hardware-based accelerating
methods have enabled the development of new atomic simulation
methods for large size models. Thus, large-scale models with over 100
million atoms can be simulated, where in the elemental composition and
microstructural features that are input in the model are directly obtained
from various experimental methods [33-35]. For example, the me-
chanical properties of a small volume of material with a length-scale on
the order of 100 nm can be obtained from nanoindentation or nanopillar
compression experiments. With the proper interaction potentials be-
tween the metallic matrix and hydrogen, it is also possible to conduct
atomistic simulations of nanoindentation to investigate the hydrogen
effects and compare them with experiments, in such volumes of mate-
rials. Thus, there is a great opportunity for utilizing atomistic simula-
tions to understand the influence of individual nano/micro-structural
features. Furthermore, large-scale atomistic simulations could also
provide important input data for the continuum-scale modeling as well
which will help realize the multi-scale modeling approach for the
bottom-up design of materials for hydrogen applications, as illustrated
in Fig. 1.

Recent progress made in invoking several simulation methods to
understand the effects of hydrogen in metallic materials across multiple
length-scales is reviewed in this study as follows. The experimental
techniques used for the direct observation of hydrogen trapping sites
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Fig. 1. The interaction between hydrogen and intrinsic features at different scales.

within the microstructures are presented in section 2. The atomistic
simulations based on the density functional theory (DFT) and molecular
dynamics (MD) are reviewed to elucidate the effects of the materials’
intrinsic properties and extrinsic factors on hydrogen embrittlement in
sections 3 and 4. Recent developments in continuum scale simulations
for understanding hydrogen effects and the potential for multi-scale
simulations to enable the bottom-up design of materials for hydrogen
applications are discussed in section 5. Principal conclusions and the
outlook for future research in invoking multi-scale modeling for un-
derstanding hydrogen embrittlement are summarized in section 6.

2. Experimental observations of hydrogen within
microstructural features

In order to simulate the interactions between hydrogen and the
nano/micro-structural features in a material, the experimental evalua-
tion of the micro-structural features over multiple length-scales (as
illustrated in Fig. 1) is extremely essential. Microstructural character-
izations are easily obtained using several electron microscopy tech-
niques, such as transmission electron microscopy (TEM), scanning
electron microscopy (SEM), electron backscatter diffraction (EBSD),
etc., and can be readily converted to digital structures in the simulation
models. The total amount of trapped hydrogen can be quantified
through thermal desorption spectroscopy (TDS) [36], small-angle
neutron scattering [37], and energy recoil detection [38]. However,
the actual trapping sites for hydrogen within the material are hard to
discern. Without the information pertaining to the location of hydrogen
in the material, even a large simulation model with DFT calculation or
MD modeling would be either inefficient or inaccurate in investigating
the effects of the trapped hydrogen in reducing strength or toughness.
While the hydrogen trapping mechanism is assumed to be connected
with the binding energy, a deeper understanding of the actual trapping
mechanisms and the identification of the trapping sites in real micro-
structures would be very important. Therefore, hydrogen mapping from
experiments is very crucial for developing accurate simulation models
for capturing the effects of hydrogen in materials.

2.1. The atom probe tomography (APT) method

The atom probe tomography (APT) method is the main technique

that is used for direct observation of hydrogen in a 100 x 100 x 1000
nm? three-dimensional volume, as shown in Fig. 2(a). Since it is difficult
to distinguish the sample hydrogen from the background hydrogen in
the ultrahigh vacuum chamber, the isotope - deuterium, is generally
utilized to replace hydrogen in the sample and precision mark the
trapping sites within the microstructure. The first APT work on
hydrogen mapping was reported in 2002 where Kasen et al. [39] located
deuterium in Pd/Ni and Fe/V multilayers. Later, Takahashi et al.
directly observed H trapping in TiC and VC precipitation strengthened
ferritic steel using local-electrode atom probe (LEAP) tomography. The
interfaces between the matrix and TiC platelets, and misfit dislocation
cores on semi-coherent platelets between the matrix and vanadium
carbide (V4C3) were found to be dominant trapping sites and the deep
trapping sites, respectively [40,41]. With the progress in sample prep-
aration, a novel experimental configuration with liquid nitrogen was
developed to keep the cold environment which helped retain deuterium
in the sample during the transfer process [42]. The deuterium concen-
tration within the steel was obtained and it was found that both the
interface and the V-Mo-Nb carbides acted as trapping sites [41]. Besides
the incoherent interfaces between carbide-ferrite and niobium
carbide-martensite [43-45], direct observation of deuterium at
carbon-rich dislocations and grain boundaries demonstrate the existence
of other atomic-scale microstructural trap sites, as shown in Fig. 2(b). In
addtion to the advances made in the experimental observation of ferritic
steels, the LEAP method has helped to characterize the deuterium dis-
tribution in grain boundaries of ultrafine grain Al-7.5% Mg [46] and 7xx
series high strength Al alloys [47].

2.2. The probe force microscopy (PFM) method

In a recent study on the high strength low alloyed martensitic steel,
316L stainless steels, and nickel, in-situ scanning Kelvin probe force
microscopy (SKPFM) has been shown to have great potential in detect-
ing hydrogen trapping near the incoherent interfaces [48-50], as illus-
trated in Fig. 2 (c). This contact-based measurement is found to be
convenient in sample preparation and a modified Nernst equation could
be used to describe the numerical relationship between the potential
obtained from SKPFM and the hydrogen concentration [50]. The scan-
ned areas with the lowest potential, such as the interfaces between the
precipitate and the grains, were shown to be regions with higher
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Fig. 2. Experimental observations of hydrogen within microstructures. (a) The illustration of atom probe tomography (APT) method; (b) the distribution of
deuterium at a ferritic steel using APT method: (b.1) the 3D view of deuterium atoms in the sample, and 2D view of deuterium atoms near (b.2) #1 NbC precipitate,
and (b.3) #2 NbC precipitate [44]; (c) the illustration of PFM method; and (d) atomic structures for two types of interface and measurement on hydrogen-precipitate
interactions: (d.1) atomic structure of #1 precipitate, (d.2) potential profile of #1 precipitate before charging, (d.3) potential profile of #1 precipitate after 22 h
charging, (d.4) atomic structure of #3 precipitate, (d.5) potential profile of #3 precipitate before hydrogen charging, and (d.6) potential profile of #3 precipitate
after 20 h hydrogen charging [48].
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Fig. 3. The density functional theory calculations for studying hydrogen effects. (a) The intrinsic factors; (b) extrinsic factors; (c) a 53-atom BCC supercell with a
vacancy at the center (The red regions denote the high potential energy zone for hydrogen atoms and the trapping sites are the dark-blue regions) [52]; (d) hydrogen
atom in (d.1) single vacancy and (d.2) double-vacancy (or divacancy) of y-Fe, and the deformation charge density of the Fe atoms across the stacking fault when
hydrogen atom filled in a (d.3) single vacancy and (d.4) double-vacancy (or divacancy). (The blue and yellow denote electrons gain and depletion, respectively, in
Figs. 1 and 2; and the red and blue denote electrons electron gain and depletion, respectively, in Fig. 3 and) [53]; (e) valence electron density plots for the X5 grain
boundary in FCC Ni lattice: (e.1) the cross-sectional plane along the (0 0 1) plane, (e.2) the plane in the yellow region of Fig. 1, (e.3) the plane in the green region of
Fig. 1, and (e.4) 3D structure of the grain boundary cavity as an iso-surface (Red regions denote the metastable segregation sites for hydrogen atoms) [54]; (f) the
illustration of polyhedron in Ni lattice and 5 (130) [55] grain boundaries [56]; and (g) the potential value of (g.1) £3 and (g.2) 11 grain boundaries along the (1 1
0) plane [57].
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concentration of hydrogen traps, as presented in Fig. 2 (d).

Many other studies also indicate that incoherent interfaces possess a
high possibility of trapping hydrogen. Also, the lattice defects such as
vacancies within the nanoprecipitates or inclusions could be hydrogen
trapping sites as well. It has been shown that the incoherent precipitates
with C or S vacancies serve as efficient trapping sites for hydrogen if the
neighboring matrix region is under tensile strain. However, if the matrix
region near the incoherent interface is under compressive strain, then
the solution energy of hydrogen in that matrix region is increased which
tends to exclude hydrogen from that incoherent interface [48]. There-
fore, atomistic simulation using the DFT calculation and MD simulations
should be invoked to provide further insights into the mechanisms of
hydrogen trapping as well as hydrogen-related interactions.

3. The density functional theory calculations for studying
hydrogen effects

Though deuterium could be utilized to demonstrate trapping sites in
the APT-based experiments, it is to be noted that the binding energy of
deuterium would be lower than that of a proton (hydrogen) because of
its higher atomic mass [51]. Such subtle differences in the interatomic
interactions can be captured using the density functional theory (DFT)
method as it can include the specific chemical states of atomic struc-
tures, such as covalent, ionic, and metallic bonds. Thus, the binding
energy and diffusion paths of hydrogen within materials have been
extensively studied using DFT methods. Based on the DFT method or the
data from DFT calculations, the effects of hydrogen on materials due to
both the intrinsic properties (lattice structure, vacancies, interstitial
atoms, substitutional solutes, dislocations, grain boundaries, and in-
terfaces as shown in Fig. 3 (a)) and the extrinsic factors (temperatures,
hydrogen pressure, external loads, and time as shown in Fig. 3 (b)) can
be investigated.

3.1. DFT calculations for understanding hydrogen effects - intrinsic
factors

The hydrogen-monovacancy complexes were initially studied in a-Fe
[58]. The interaction between vacancy and hydrogen was confirmed to
contribute to hydrogen embrittlement through the hydrogen-enhanced
vacancy activities (HEVA) and increased hydrogen mobility. As sum-
marized in Fig. 3, atomic models have been developed to study hydrogen
effects in several systems such as a-Fe (body-centered cubic, BCC, as
illustrated in Fig. 3 (c) [52]), y-Fe (face-centered cubic, FCC, as illus-
trated in Fig. 3 (d) [53]), o-Fe (body-centered tetragonal, BCT), e-Fe
(close-packed hexagonal, HCP) and nickel (FCC, as illustrated in Fig. 3
(e) [54]). Also, the interaction of hydrogen with grain boundaries have
also been studied as illustrated in Fig. 3(e-g) [54,56,57]. There are two
types of high-symmetry interstitial positions: octahedral sites (OS) and
tetrahedral sites (TS) in steels [57,59,60]. It has been observed that
hydrogen prefers the TS in a-Fe and o'-Fe, but OS in y-Fe [53,60]. The
energetics of hydrogen adsorption at various grain boundaries have
been studied. It has been found that certain grain boundaries with
higher sigma such as £17 and X73 boundaries are more capable of
trapping hydrogen and thus are more prone to hydrogen embrittlement
as compared to low sigma grain boundaries such as £3 boundaries [56].
The grain boundaries with hydrogen would lower the critical fracture
strain by up to 36% according to Griffith’s criterion in bcc 23 [57]. If the
hydrogen-monovacancy complexes were formed as a cluster and accu-
mulated at the grain boundaries, the strength of the system would be
significantly reduced [61]. These calculations predict the effects of the
hydrogen on the strength reduction and the results support the HEDE
and HESIV mechanisms for hydrogen embrittlement.

It should be denoted that steels are more complex than pure iron
because the actual lattices contain carbon, other alloy elements and
some interstitial atoms [62,63]. The elements with a small radius, such
as B, C, N, O, P, and S, take the interstitial positions and other alloy
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elements with larger sizes replace the Fe atoms in the lattice positions.
Furthermore, capturing dislocations and precipitates in the DFT-based
simulation is challenging.

The atomic-scale heterogeneities affect the binding energy and the
diffusion paths. For example, in the Fe-Cr system hydrogen prefers the
Fe-rich lattice to the Cr-rich lattice [64,65]. Recently, more elements
(Co, Cr, Ni, Mn, etc.) were investigated using DFT methods and the
average surface energy with H was calculated. In the complex alloy
system, a lower hydrogen absorption energy would indicate a lower
fracture stress, and the results were validated by the experiments with
four FCC alloys, that included two stainless steels, 304L and 316L, and
two high entropy alloys, Co-Cr-Fe-Ni and Co-Cr-Fe-Mn-Ni [66].

Generally, the DFT calculations provide the structure status within a
short time. Kinetic Monte Carlo (kMC) simulation combined with DFT
could enable longer time simulations. Hence, dislocation activity can be
characterized as well. Based on the kMC with DFT data on dislocation-
hydrogen interactions, the first-principles quantum mechanics-based
approach and meso-scale discrete dislocation dynamics simulations
have been integrated. The hydrogen-induced shear localization [67] has
been numerically illustrated in a wide range of stresses and tempera-
tures. Low external stress and low hydrogen content (such as 1 atomic
parts per million, appm) were found to raise the screw dislocation
mobility while hydrogen atoms within the lattice was shown to reduce
the barrier and activate dislocation sources [68]. At moderate hydrogen
concentrations (3-10 appm), the increase in screw dislocation mobility
was not so high and at high hydrogen concentrations (20 appm) the
dislocation mobility was notably reduced. Meanwhile, the
DFT-parameterized kMC approach was also used to study hydrogen
transport in the Fe-Cr binary alloys. The saddle-point energies for the
TS-TS and TS-OS-TS pathways in both pure Fe and pure Cr were deter-
mined [64].

Also, based on DFT calculations, it has been noted that hydrogen can
be easily trapped by the interface between carbide precipitates and the
Fe lattice with possible hydride formation [60]. As the interstitial spaces
in perfect cementite or carbides are small, hydrogen solubility and
diffusivity in those lattices are very low. The coherent ferrite-cementite
phase boundary is highly like to trap more hydrogen atoms compared to
the ferrite or the cementite lattice [69]. Vacancies within the carbide
and at the interface could serve as deeper trap sites with higher trap
energy [70]. Recently, DFT calculations were conducted to investigate a
series of carbide or nitride precipitates in a-Fe. The comparison between
the defect free precipitates and vacancy-containing precipitates
confirmed that the precipitate with a perfect lattice would not trap
hydrogen while the vacancies reduce the hydrogen solution energy [71].
Due to the mechanical property disparities (i.e., stiffness mismatch)
between the precipitate (cluster) and the Fe lattice, mismatch stresses
and strains are expected near the interfaces which can enhance
hydrogen trapping as well. In another study based on DFT calculations
with transition state theory, vanadium carbide has shown good
hydrogen permeability [72] as well.

By providing insights on the effects of hydrogen in heterogeneous
materials, such computational approaches have the potential for
enabling the discovery and design of suitable hydrogen barrier coatings.

3.2. DFT calculations for understanding hydrogen effects - extrinsic
factors

In service conditions, such as in the case of transport of hydrogen in
gas pipelines, the effects of hydrogen pressure and temperature should
be considered as the hydrogen dissociative adsorption process, which is
determined by the temperature and hydrogen partial pressure. DFT
calculations have been performed to identify the hydrogen surface
adsorption energy: the dissociative adsorption of hydrogen gas could
happen on Fe (100) surface when the temperature is below 550 K and
pressure ranges from 0.1 to 1.3 MPa. Increased hydrogen gas partial
pressure and elevated temperature favor the dissociative adsorption of
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hydrogen [73,74]. Meanwhile, the strain induced in the transportation
system assemblies due to mechanical stress or thermal stress would also
strain the interfaces and potentially enlarge the interstitial spaces which
could increase hydrogen solubility as well.

The results of DFT calculations have been compared to experimental
results. For example, both the hydrogen diffusivity in a-Fe [51] and
aluminum [75], and the hydrogen solubility in different stainless steels
and high entropy alloys [66] have been validated. DFT calculations have
also been built to illustrate the grain boundary decohesion and embrit-
tlement observed using APT [47]. Fe-Ti,CS interfaces were also created
to illustrate the different hydrogen solution energy in the Ti,CS phase
with different lattice structures [48].

The DFT calculations are computationally expensive and complex,
especially for the metal atoms, such as Fe or Ni. Hence, most of the DFT-
based investigations have been based on tens of supercells or a few
hundred atoms in the models. If the magnetic properties of the atoms
such as the proton’s quantum fluctuations, lattice inharmonic vibra-
tions, etc., are also considered in the DFT calculation, a more accurate
predication could be obtained [51], while the computational cost is also
significantly increased.

In recent years, the use of machine learning approaches with DFT
calculations have generated machine-learning-based interatomic po-
tentials or neural network interatomic potentials which can increase the
accuracy of MD simulations to study hydrogen effects [76]. The ab initio
MD (AIMD or first principles molecular dynamics) enlarges the sampling
area for computing potential energy and enables MD simulations to
produce results which are similar to those obtained with DFT calcula-
tions. AIMD has enabled an improvement in the cell sizes (atom
numbers) and the computing time [63]. In summary, the DFT calcula-
tion is an important approach that provides valuable insights on the
effects of hydrogen on a material due to intrinsic factors such as
microstructural features and extrinsic factors such as temperature and
pressure.

Details of the MD simulations approach for studying hydrogen effects
on materials are discussed in the following section.

4. Molecular dynamics simulations for studying hydrogen
effects

Compared to the DFT calculations, over billion-atom models have
been simulated using the MD method [34,35], and the model size in one
dimension can be over 100 nm. The large model size allows for the
observation of the dislocation activity during plastic deformation and
interaction of dislocations with hydrogen as well as other intrinsic fea-
tures, such as precipitates, interfaces, and grain boundaries. Also, a
longer simulation time period can be realized compared to the DFT
calculations in the MD simulations and both tensile and shear stress
could be applied to the model.

The MD simulations need the interaction potential functions or force
fields to define the interaction between atoms. The potentials for the
interaction of hydrogen with Fe [77,78], Fe-Cr [79], Al [80], Al-Cu [81],
etc., have been developed and implemented as the embedded-atom
method (EAM) or the modified embedded-atom method (MEAM) po-
tential. Since the development of potential functions also cost great ef-
forts, many MD simulations are conducted based on pre-developed
potentials. Nevertheless, it is important to check different potential
functions before being used in the MD simulations. Also, more than one
potential is necessary if one single potential function could not cover all
the elements present in the atomic structures that are analyzed. It is
noted that some recent approaches have combined DFT and MD
methods and invoked machine-learning approaches to develop inter-
atomic potentials [82,83] and implemented these potentials in a
moderate-size MD simulation as well [25].
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4.1. MD simulations to understand fracture behavior

The “ductile to brittle transition” has been observed in the metallic
materials tensile test after hydrogen charging, especially for the notched
sample. The mechanism and the damage process associated with the
embrittlement phenomena are generally difficult to capture in either
DFT calculations or the continuum scale model. MD simulations using a
longer simulation time and a larger model size can capture the effects of
hydrogen which are not possible using the DFT calculations, which en-
hances the capability of investigating multiple intrinsic or extrinsic ef-
fects in one MD model, as illustrated in Fig. 4 (a). Models with different
concentrations and distributions of hydrogen could be constructed by
direct insertion into the matrix using the Monte Carlo method or can be
realized by allowing for free diffusion at a high temperature in MD
simulations. However, DFT calculations for hydrogen diffusion would
typically need much longer computing times. During plastic deforma-
tion, hydrogen tends to diffuse from the perfect lattice sites to the lower-
energy locations, such as the free surface on the cracks, crack tips, and
the tensile-stressed region near newly formed dislocations. In the tensile
or shear stretching process of a model with cracks, the crack expands
and multiple crack branches are formed at the initial crack tip and new
dislocations are also generated in the crack propagation process. These
dynamic processes need sufficient model sizes to predict the crack
propagation direction, which are often beyond the size of a typical DFT
calculation.

Song and Curtin [86] built a 50 nm x 50 nm size model and adopted
a modified Finnis-Sinclair type EAM potential for the Fe-H system. The
effects of hydrogen concentration, loading rates, hydrogen diffusion,
and crack/grain orientation were characterized in their MD model and
in their analytical model. The MD simulation demonstrated that the
ductile-to-brittle transition in steel was mainly caused by the suppres-
sion of dislocation emission at the crack tip because of a high hydrogen
concentration. Higher hydrogen concentrations could change the HELP
mechanism to hydrogen induced plastic zone compression [87]. Also,
the effects of cyclical loads on the crack propagation were studied in
steels and aluminum alloys [84,88]. The ductile-to-brittle transition is
related to both hydrogen concentration and the pressure fluctuations
generated by the loading spectra, as illustrated in Fig. 4 (b).

As the simulation times in the MD approach are much shorter
compared to the time-scales over which experimental results are ob-
tained, it is challenging to study the actual hydrogen adsorption and
diffusion processes. Combined with a time-stamped force-bias Monte
Carlo, the simulation time can be increased . In these long-time simu-
lations, hydrogen is found to be concentrated near the cracked surface
and to suppress fracture. It is found that the hydrogen atoms accelerate
dislocation emission, enhance the generation of new dislocations, and
increase dislocation mobility. As the model shown in Fig. 4 (c) [85], the
hydrogen atoms accumulate in the active slip systems, and lead to the
localization and planarity of the shear slip.

The effects of hydrogen on the motion of dislocations are quite
subtle, especially during the crack propagation process. On the one
hand, hydrogen is observed to promote dislocation movement which
leads to the accumulation of dislocations at the crack tip which enhances
plasticity at the crack tip. On the other hand, hydrogen is also observed
to inhibit dislocation emission at the crack tip which makes it easy for
the crack to expand and thus promotes brittle fracture. Both these
hydrogen effects are reported in the MD simulations. The MD model and
simulation conditions such as the potential functions, model setup,
simulation settings, etc., adopted in the simulations can influence which
of these two effects (i.e., increasing or decreasing localized plasticity) is
observed more prominently in the actual simulations.

4.2. MD simulations to understand hydrogen-dislocation interactions

Besides the crack propagation simulation, the interactions between
hydrogen and dislocations have been extensively studied to understand



G. Cheng et al.

a

[IRRRERREREE

Load

o\
-
%

;
/ﬂ‘l
%

/

FEEEEEERET T

\-

Renewable and Sustainable Energy Reviews 182 (2023) 113353

Hydrogen atopn
. H

b oo

Fig. 4. MD simulations to understand fracture behavior: (a) the illustration of fracture model with hydrogen; (b) the effects of hydrogen concentration on the fracture
behavior: (b.1) atoms distribution near the crack tips, (b.2) the ductile fracture and (b.3) brittle fracture [84]; and (c) the effects of hydrogen concentration on the
stress near crack tips: (c.1) the hydrogen atom positions and (c.2) the comparison between models with and without hydrogen [85].
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Fig. 5. MD simulations to understand hydrogen-dislocation interactions. (a) The illustration of hydrogen-dislocation interactions under (a.1) shear loads and (a.2)
indentation; (b) the hydrogen-dislocation interactions: (b.1) the hydrogen concentration near the edge dislocation, (b.2) the effects of hydrogen concentration on the
relationship between dislocation line energies and logarithmic outer cut-off radius (R), and (b.3) the relationship between the dislocation core radius (r.) and the
hydrogen concentration (c,) for edge and screw dislocations [89]; (c) the effects of hydrides on (c.1) the migration energy and (c.2) the correlation between critical
shear stress and the pinning spacing (average distance between vacancy-H complexes, L) [91].

the role of hydrogen in influencing plastic deformation in metallic ma-
terials, as illustrated in Fig. 5 (a.1). The “shielding effect” starts to in-
fluence the plastic deformation with hydrogen concentrations over 160
ppm. In the static state, the hydrogen distribution, stress, and the energy
distribution near the dislocation have been studied. Using a modified
EAM potential for the Fe-H system which represents the 12 shell binding
sites within the Fe lattice, it was found that hydrogen has limited impact
on the shear modulus and the stress field of the edge or screw disloca-
tion. Most of the hydrogen atoms, which are located in the dislocation
cores, reduce the dislocation energy and facilitate the dislocation
movement, as shown in Fig. 5 (b) [89]. In a more complex Fe-C system
which includes a ferrite-martensite (BCT structure with Fe3C) dual phase
structure [90], the added dislocations are found to reduce the hydrogen
insertion energy in both phases, so more hydrogen could be trapped near

the dislocations. Furthermore, more hydrogen atoms are found to be
trapped in the martensite phase because of a high dislocation density
and the carbon-included BCT structure.

Also, MD simulations have been invoked to investigate dislocation
movement under shear stress [91,92]. The effects of hydrogen on the
interaction between a moving dislocation and vacancies or vacancy
clusters have been studied based on a simplified model, where the
vacancy-H complex was utilized, as illustrated in Fig. 5 (a.1). It is found
that the vacancy-H complexes have pinning effects on a moving edge
dislocation, and the vacancy with more trapped hydrogen atoms exert-
ing a higher pinning strength. On the other hand, the vacancy-H com-
plexes with more hydrogen atoms also lead to a higher migration
energy, as shown in Fig. 5 (c.1). These vacancy-H complexes could easily
be converted to nano-voids after certain dislocation movement and thus
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enable hydrogen embrittlement. It is noted that both the pinning spacing
(distance between multiple vacancy-H complexes), as shown in Fig. 5
(c.2), and the shear rate would affect the critical shear stress obtained in
the MD simulation. Therefore, the loading rate in the actual experiments
is also expected to play a critical role in this embrittlement process.

The MD method has also been used to simulate nanoindentation and
characterize the dislocation-hydrogen interactions through changes in
the indentation loading curve, as illustrated in Fig. 5 (a.2) [93-95].
Under arigid indenter, multiple dislocations are generated, so the effects
between the hydrogen and dislocations can be observed clearly. In the
FCC metal system, the loads corresponding to the onset of pop-in are
reduced in a hydrogen charged sample. This is attributed to the shielding
effect of dislocations by hydrogen, which reduces the barrier for dislo-
cation nucleation. Also, the hydrogen was observed to decrease dislo-
cation pile-up and enhance the movement of dislocations to the surface
of the structure during the indentation simulations. It is also observed
that the vacancies within the atomic structure have a more significant
impact on the indentation loading curve than hydrogen [95]. More in-
sights on the interactions between internal defects or interfaces with
hydrogen during indentation are expected in future studies.

4.3. MD simulations to understand hydrogen-dislocation-grain
boundaries interactions: bi-crystal models

DFT calculations and MD simulation have been combined to explore
the energies of grain boundaries with a wide range of misorientation
angles under different hydrogen pressures in thermodynamic equilib-
rium condition. The two methods were combined so that a system with a
large number of atoms could be investigated and all the hydrogen
trapping sites could be mapped. The energy analyses showed that the
surface energy of the <100> symmetric tilt grain boundary is much
lower than that of the free surface. However, the grain boundary region
is more likely to trap hydrogen and the cohesive energy of the grain
boundary is reduced by 37% because of the trapped hydrogen atoms.
These simulations also indicate that the hydrogen trapping sites are
unlikely to be fully occupied under low hydrogen pressures. Thus,
hydrogen (or deuterium) would not be detected all along the grain
boundaries [44]. Though the actual grain boundaries generally include

a * »
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more interstitial atoms, substitutional solutes, and high dislocation
densities, the energy study indicates that the reduction in cohesive en-
ergy of the grain boundary leads to intergranular failure [96]. Therefore,
controlling the grain boundary angles could help reduce the hydrogen
trapping sites and thus minimize the reduction in the cohesive energy of
the grain boundary, thereby, reducing the propensity for brittle fracture.

Bi-crystal models with a grain/grain boundary/grain structure have
been developed to investigate the effects of the grain boundaries, as
shown in Fig. 6 (a-c) [97,98]. As experimental observations using EBSD
[99,100] indicate that most grain boundaries are symmetric tilt grain
boundaries, the reported atomic models have been built based on such
boundaries. For the Fe-H system with a certain concentration of
hydrogen, the hydrogen concertation is shown to affect the yield
strength of the bi-crystal system with both <100> and <110> sym-
metric tilt grain boundaries [55,101]. The hydrogen atoms enhance the
dislocation movement and multiplication process and hence, the yield
strength is reduced by ~30% in the bi-crystals models. Furthermore, the
misorientation angle also affects the yield strength difference between
the atomic structures with and without hydrogen and the hydrogen ef-
fects are also quite different for a given twist grain boundary [102].

The MD models with the interfacial screw dislocation network,
where the dislocation density is correlated to the twist angles, also
consist of solute hydrogen, grain boundaries, and screw dislocations,
which are closer to the actual microstructures. The solute hydrogen
would increase the tensile strength or the peak strength if the defor-
mation mechanism is dominated by dislocation glide and the HELP
mechanism is observed. However, the solute hydrogen would decrease
the tensile strength if the deformation mechanism of the system is
dominated by twinning and the deformation twins grow faster in those
models. Also, the vacancies were not notably increased in the model
with the solute hydrogen and the twinning dominated deformation. The
twinning deformation would help reduce the effects of solute hydrogen
in certain regions.

Besides simulations of tensile deformation, simulations of shear
deformation were also conducted on the bi-crystal system where two
grains were rotated around the [110] tilt axis to different degrees to
construct different grain boundaries [98,101]. Compared to the atomic
simulation under tensile loads, it is difficult to observe debonding or
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Fig. 6. MD simulations to understand hydrogen-dislocation-grain boundaries interactions. (a) Illustration of bi-crystal model under (a.1) tension and (a.2) shear
loads; (b) bi-crystal model with =5 grain boundary: (b.1) the modeling setup, (b.2) the model with strain at 0.061 and (b.3) nanovoids formation with strain at 0.173
[971; (c) the setup for bi-crystal modeling with <110> grain boundaries under shear loads [98]; and (d) the effects H segregation on the grain boundary: (d.1)
hydride formation at the £27 (552) grain boundary in Ni lattice, and the strain value obtained for the interaction between (d.2) the screw dislocation and H-free and

(d.3) the screw dislocation and H-segregated 2179 (779) grain boundary [103].
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total separation between atoms in the atomic-scale shear modeling.
Hence, the shear stress rather than strain is generally adopted to
numerically illustrate the hydrogen effects. It is observed that different
types of grain boundaries show different hydrogen effects in the
shearing deformation mode. The shear stress of the system with X9 grain
boundary was significantly increased, while the shear stress was almost
the same in the model with 219 grain boundary. In the tensile defor-
mation case, it is difficult for the grain boundary to migrate, while in the
shear deformation case, grain boundary migration is readily observed.
Such migration suppresses hydrogens cluster growth and prevents
brittle failure due to the formation of hydrogen voids.

The interactions between screw dislocations and nine types sym-
metric tilt grain boundaries (with misorientation angles from 20° to
180°) were studied by using MD simulation with or without hydrogen
atoms [104]. Based on the shear stress-strain curves, four stages of in-
teractions, i.e., dislocation dissociation, transmission, nucleation, and
reflection were observed for the general dislocation-grain boundary
interaction without hydrogen. In general, hydrogen converted the
dislocation dissociation step to the dislocation absorption step, except in
the case of twin grain boundaries which do not trap many hydrogen
atoms. The impediment effects of hydrogen bring a new interaction
mechanism between dislocation and grain boundaries. The low-energy
grain boundaries (such as the twin boundaries) could be an effective
barrier for dislocation interaction.

Interactions between screw or 60° dislocation and 18 [110] sym-
metric tilt grain boundaries were also studied, as shown in Fig. 6 (d)
[103]. The simulation showed that hydrogen atoms trapped at the grain
boundaries mainly change the lattice dislocation-grain boundary inter-
action. The formation of hydrides near the grain boundary would pre-
vent the dislocation gliding on the grain boundary and dislocation
nucleation and emission near the grain boundary becomes difficult.

Also, a more complex model was established to study the effects of
hydrogen in a o-Fe atomic structure with dislocations and 23 <110>
(112) symmetric tilt grain boundaries [105]. Under tensile deformation,
the solute hydrogen atoms exhibit pinning effects and decrease the ve-
locity of the edge dislocations. So, the hardening in the stress-strain
curve was observed with pre-existing dislocations. Hydrogen also
increased the energy for the dislocation to go across the grain bound-
aries, so segregation was observed near the grain boundary.

The bi-crystal model was further utilized to explore fracture under
tensile loading conditions. A new bi-crystal model was constructed with
the following geometry - grain boundary-2/grain/grain boundary-1/
grain/grain boundary-2, so that two complete grains could be investi-
gated [106]. It was found that the stress-strain curves of the models with
231 grain boundary were not affected by the hydrogen concentration.
Meanwhile, the stress of the models with ¥9 grain boundary was
reduced with hydrogen and a higher hydrogen concentration leads to a
higher stress reduction. After high strain deformation, dislocation
impingement and emission near or at the grain boundary is “activated”
and cause nanovoid nucleation and growth. With a high hydrogen
concertation (or more solute hydrogen), voids nucleation and coales-
cence, or even, cracks near the grain boundaries were observed. Thus,
the grain boundary type and misorientation angles within a micro-
structure could serve as a clue to determine suitability of the material in
a given service environment and the safe loads for operation. It was also
noted that the differences between the stress-displacement obtained
from the Fe-H EAM, which is widely implemented [107], and DFT
calculation is quite significant if the distance between atoms exceeds 2
A. Thus, a carefully calibrated potential function would be needed for
MD simulations.

Besides the recent progress in steels, bi-crystal models were also
invoked to study the hydrogen effects in FCC Ni. It was found that
hydrogen has a significant impact on the grain boundary, such as the 23
<110> twin grain boundaries [108]: the hydrogen concertation affects
the segregation near the inclined twin grain boundaries and the higher
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hydrogen concentration could bring in the defaceting transition to the
grain boundary.

In the bi-crystal model without crack tips, over 10 types of grain
boundaries were studied and the hydrogen concentration, 0.1 hydrogen
atom per A% showed embrittlement in the atomic structure under tensile
load [109]. When the hydrogen diffusion process was coupled with
deformation, the maximum reduction of tensile strength and fracture
energy reached 6.60% and 15.75% for atomic models with 5 (210)
<100> and 217 (530) <100> grain boundaries, respectively. In these
MD simulations, grain boundaries were represented by several layers of
highly distorted atoms. These highly distorted atoms brought in
boundary disruption effects which resulted in the atoms in this region
are not always under tensile stress during deformation. Hydrogen
accelerated embrittlement with these two effects.

The energy of the grain boundaries was also studied in the bi-crystal
model. With 0.01 at.% hydrogen in the structure, the atomic models
with low energy grain boundaries (grain boundary energy <10 mJ/m?)
and high energy grain boundaries (grain boundary energy >1200 mJ/
m?) were constructed [110]. Hydrogen changed the strength of the
atomic system with low and high energy grain boundaries by +4% and
—15%, respectively. The grain boundary types as well as the grain
boundary energy are noted to be the dominant factors in determining
the coupling effects of hydrogen, dislocations, and grain boundaries
under tensile deformation. Hydrogen also induces instability to high
energy grain boundaries, such as X9 (221) or £27 (115) grain boundary,
by enhancing dislocation nucleation and emission while suppressing the
low energy grain boundaries, such as £1 (001) or £3 (111) grain
boundary. If grain boundary energy is accurately computed at room
temperature instead of 0 K, and the effects of certain non-equilibrium
processing conditions are considered, then the correlation between
grain boundary energy, misorientation angles, and hydrogen would be
more meaningful to guide grain boundary engineering for hydrogen
embrittlement resistance.

A specific hydrogen-controlled plasticity mechanism was also pro-
posed based on an bi-crystal model with a X5 (210) [001] grain
boundary, which traps more hydrogen atoms than the X3 coherent twin
boundary [111]. In the canonical Monte Carlo and MD combined model,
different hydrogen concentrations and their effects in changing the
fracture process from transgranular to intergranular fracture were
studied. It was found that the hydrogen atoms in the structure suppress
the stress-releasing ability of the grain boundary so that a build-up of the
local stress concentration takes place. Local plastic deformation near
and at the grain boundary leads to dislocation emission, severe twinning
evolution, and more vacancies. Subsequently, the vacancies grow and
nanovoids are formed at the grain boundary. The size of the nanovoids
increased with hydrogen which enabled the transition of fracture mode
from transgranular to intergranular fracture.

Also, the bi-crystal atomic model was further modified by adding a
crack tip to study the intergranular fracture of Ni. The grain boundaries
with X3 misorientations were further investigated in the MD model
which included a crack at the center of the bi-crystal model [112]. The
concept of atomistic cohesive zone volume elements (observation win-
dows for monitoring crack propagation) was introduced and tensile
deformation was simulated to obtain the traction-separation relation-
ship. It was found that the crack tip would extend faster with a higher
hydrogen concentration in the model. The peak stress of the atomic
system is also reduced with a higher hydrogen concentration. Addi-
tionally, double cracks were introduced in the bi-crystal models to
simulate the effects of the segregation of hydrogen at/near the grain
boundaries on the crack tip extension behavior. The MD simulations
covered 3, 29, and X99 type grain boundaries, and the obtained
simulated values were used to calculate the critical stress intensity factor
with Griffith and Rice theory. The comparison between MD models with
and without hydrogen indicates that hydrogen facilitates the brittle
crack growth or accelerates the intergranular fracture in the brittle
fracture case. Meanwhile, it is quite interesting to see that the twin
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boundaries do not absorb hydrogen in the fracture process. Thus, Ni
based engineering material with a larger percentage of twin boundaries
could potentially lower the possibility of hydrogen embrittlement.

The interaction between crack tips and hydrogen is rather compli-
cated because both the accuracy of the EAM and the way of creating
cracks in the model impact the model results. Another study focused on
the interactions between the crack tips and hydrogen/hydride consid-
ering the effect of hydrogen diffusion near the crack tip and along the
crack propagation path in a single crack model [113]. By including four
types of hydrogen mapping conditions, such as (1) no hydrogen atoms
along the grain boundary, (2) hydrogen atoms fully occupying all the
grain boundary trapping sites, (3) hydrogen atoms occupying all the
grain boundary trapping sites and having the option to migrate from the
trapping sites to the surface, and (4) all surfaces are occupied with
hydrogen atoms, it was found that embrittlement was likely to happen in
the bi-crystal model only with assumption (4). In the model with 19
type grain boundary, embrittlement would not happen under the other
three assumptions. Therefore, the use of a more accurate hydrogen
mapping approach in the non-equilibrium dynamic process would be a
crucial step for studying hydrogen embrittlement.

With a similar single crack bi-crystal model, the effects of hydrogen
as well as temperature (77 K-600 K) on the fracture mode, were
explored [97]. The =5 (210) [001] symmetric tilt and 9 (110) [221]
pure twist grain boundaries were studied as both boundaries are the
low-angle ones. Temperature effects were observed to be quite subtle: at
low temperatures hydrogen-promoted intergranular fracture was
observed which has been demonstrated by both the atomic simulations
and experiments [114]; at high temperatures vacancy formation is
facilitated at low hydrogen concentration while the vacancy-hydrogen
complexes are destabilized if the hydrogen concentration is high
[115]. Temperature has different effects on nucleation of dislocations
and the hydrogen-dislocation interaction is not the main factor that
results in the final intergranular fracture. The critical hydrogen con-
centration concept, which could be deduced based on the temperature,
hydrogen concentration, vacancy distribution, and local strain was
proposed to predict the complete intergranular fracture behavior. Also,
this concept could be utilized to estimate critical hydrogen concentra-
tion or even the service time for materials if the diffusion model was
combined with the specific microstructure (grain boundary type and
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fraction), temperature, and loading.

4.4. MD simulations to understand hydrogen-polycrystalline structure
interactions

In addition to bi-crystal models, polycrystal models have also been
recently developed for Al [116], Fe [117-119], and Ni [120], as illus-
trated in Fig. 7 (a). In the 2D nanograin-sized atomic Fe models, as
shown in Fig. 7 (b), the grain size ranged from 5 nm to 24 nm with the
same microstructural features, such as grain arrangement and orienta-
tion. For the model with a grain size of 10 nm, the uniaxial tensile stress
of the model reaches the maximum value. Because of the hydrogen ef-
fects, the normally expected inverse Hall-Petch relation was converted
to the normal Hall-Petch relation when the grain size is less than 10 nm:
the small grain size models (with grain size less than 10 nm) would have
more trapped hydrogen at the grain boundaries and are more likely to go
through an intergranular deformation; while the large size model (with
grain size greater than 10 nm) would involve more hydrogen effects on
the dislocation-hydrogen interaction, but those influences are small.
Also, under different temperatures and stress, the dominant deformation
mechanism, i.e., the creep behavior of polycrystal Fe, was found to be
affected by the hydrogen interaction with microstructural features as
well.

In 3D models of polycrystalline aluminum, where an actual hydrogen
concentration that is typically present in cast aluminum alloys (i.e.,
0.001 at. %) was used, it was found that this low concentration of
hydrogen did not affect the tensile strength of the aluminum alloys.
However, the hydrogen accumulation near the interfaces or grain
boundaries could lead to the creation of internal defects and affect the
ductility of aluminum alloys. 3D polycrystalline atomic models were
also created for Ni alloys with 7.5 nm grain size as shown in Fig. 7 (c). A
strain of 10% was imposed on the model and a dislocation network was
generated. It was found that hydrogen atoms preferred to stay at the
grain boundaries rather than dislocations and these hydrogen atoms did
not have any obvious pinning effects on the dislocation motion.
Hydrogen did not affect the von Mises stress distributions in the 3D
model as almost similar results were obtained for simulations with and
without hydrogen [120].

There have been fewer studies that have used MD simulations for
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Fig. 7. MD simulations to understand hydrogen-polycrystalline structure interactions. (a) The illustration of polycrystalline models in MD simulations; (b) the effects
of hydrogen on the deformation of nanograin-sized Fe: (b.1) the tensile deformation of the model with 12 nm sized grain, and (b.2) the relationship between peak
tensile strength/toughness and grain size [117]; and (c) the effects of hydrogen on the deformation of nanograin sized Ni: (c.1) 3D model, (c.2) 2D view for modeling

setup, and (c.3) dislocation rearrangements after 6 ns time [120].
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stainless steels as multiple atom interaction potentials were not readily
available. Zhou et al. developed Fe-Ni-Cr-H EAM potential [121] and
investigated the stacking fault energy with hydrogen in the Fe-Ni-Cr
austenitic stainless steels using MD simulation [122]. Three alloy sys-
tems: Feo.70Ni0.11CI‘0~19, Feo47oNi0,1CI‘o.2, and Fe0.70Ni0.15Cr0,15 were
investigated. They found that hydrogen atoms reduced the average
stacking fault energy of stainless steel and a higher hydrogen concen-
tration at the dislocation core intensified the influence of hydrogen on
the stacking fault energy.

In these MD simulations, the accuracy of the simulation results may
be less than that obtained in the DFT calculation since the empirical
potential functions were utilized. However, the mechanisms of
dislocation-grain boundary-hydrogen interaction were well studied in
MD simulations and the hydrogen effects on the plastic deformation
processes were well elucidated.

5. Continuum scale modeling for studying hydrogen effects

At the continuum scale, the finite element method (FEM), the phase
field method (PFM), and discrete dislocation dynamics (DDD) have been
utilized to analyze dislocation motion, hydrogen trapping and diffusion,
and hydrogen-related non-linear fracture processes within the materials.
The continuum scale simulated results can be directly validated with
experimental results as the time and length scales are similar. However,
the hydrogen effects on the intrinsic microstructural features, which
have been discussed in the previous section, should be carefully intro-
duced in the continuum scale models, as illustrated in Fig. 8.

Hydrogen diffusion in metallic materials was investigated through
the finite element method on a much large scale compared to the
atomistic models discussed in the previous section. Based on a
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mechanical-diffusion coupled model, stress-assisted diffusion and trap-
ping because of the plastic strain were studied [129]. Various properties
such as grain size, grain orientation, the elastoplastic properties of a-Fe,
and trap density related to dislocations and external factors such as
temperature and hydrogen pressure were linked. No obvious in-
homogeneity in the hydrogen concentration was observed in the poly-
crystalline bulk material. The hydrogen transport in the polycrystalline
structure was found to be twice as much slower than transport in a single
crystalline structure with no grain boundaries. Besides pure iron, steels
are generally manufactured with carbides or inclusions in them and thus
more hydrogen trapping sites could be introduced in steels because of
vacancies within these carbides and the incoherent interface. The finite
element method-based diffusion model was proposed based on three
Fe-C-Ti materials to simulate the hydrogen trapping and diffusionina 1
mm thick steel sample [130]. The constitutive model, with the thermal
desorption spectra results, was able to calculate trap density and binding
energy under a certain hydrogen flux and temperature. The trapping
energies for the steels ranged from 58 kJ/mol (0.61 eV) to 110 kJ/mol
(1.14 eV). Also, the hydrogen traps were strongly correlated to the
carbon vacancies in TiC precipitates. Furthermore, the effects of the
phase boundaries on the hydrogen diffusion, such as ferrite-austenite
interfaces in dual phase steels, were studied based on a mass diffusion
model considering different solubility cases [123]. Hydrogen needs
certain energy to move across the ferrite-austenite phase boundary, and
this energy barrier was considered in the study, as illustrated in Fig. 8
(a.1). With the actual microstructure, hydrogen diffusion within the
dual-phase microstructure at long times (i.e., 16 h) and high tempera-
ture (i.e., 600 K) were predicted. It was found that the presence of
austenite as well as its morphology (the elongated austenite grains
aligned normally to the diffusion direction) reduces the steady-state
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hydrogen flux and the effective diffusivity. Besides the actual micro-
structure based modeling, the representative volume element (RVE)
approach has also been utilized to illustrate the effects of external loads
on the trapping sites as well as the hydrogen diffusion, as illustrated in
Fig. 8 (a.2) [124]. A diffusion coupled crystal plasticity model was
developed so the effects of the inhomogeneous strain on the hydrogen
accumulation at the grain boundaries could be numerically illustrated. It
was found that under a high hydrogen pressure (such as over 100 bar),
the hydrogen concentration in a high strength steel is dominated by the
hydrogen trapped in the deformed lattice after 3% strain.

The hydrogen-assisted fracture or crack models in the continuum
scale are rather complex as they have to consider the trapping and
diffusion of hydrogen, hydrogen sensitivity properties, the fracture
surface energy, the coupled unstable and non-linear crack growth, etc.
[125,126,131-133]. A coupled mechanical-diffusion-phase field finite
element framework has been proposed and the critical Griffith-type
energy release rate, which is dependent on the hydrogen coverage and
hydrogen damage coefficient,and the hydrogen-dependent surface en-
ergy calculated by the DFT method, has been implemented. Good cor-
relation between the experiments and model prediction in: (1) section
strength versus hydrogen concentration in the single notched bar for
AISI 4135 steel; (2) section stress versus load time in single edge notched
specimen for dual phase steels; and (3) stress intensity factor versus
hydrogen concentration in compact tension specimens for AerMet100;
were achieved. A sophisticated model that couples the diffusion of
hydrogen with the elastic-viscoplastic material characteristics has been
proposed by Anand et al. [125], where the concept of crazing was
introduced and the strain produced by the crazing was treated as the
quasi-brittle form of inelastic deformation. A good fit for the elongation
of one ferritic steel under different hydrogen pressures (3.4-22.4 MPa)
was achieved for the modeling prediction and experiments, as illustrated
in Fig. 8 (b.1). Also, the actual microstructures were converted to
micromechanical finite element models to predict the fatigue crack
initiation lifetimes [132]. The crystal plasticity model and the hydrogen
diffusion model were coupled and the combined model predicted the
fatigue crack initiation time in a 1 MPa hydrogen pressure environment.
Later, a deformation-diffusion-damage coupled model was developed to
numerically evaluate the hydrogen effect on the fatigue crack nucleation
and growth under cyclic loads based on the phase field fracture method
[126]. The fatigue life (the S-N curve) of two steels (JIS-SCM435 and
JIS-SCM490B) under a much higher hydrogen pressure, ~115 MPa,
were predicted, as shown in Fig. 8 (b.2). Good correlation between ex-
periments and simulation were achieved up to a million cycles of
loading. Using experimentally observed fatigue crack growth rate
behavior of pipeline steels under different hydrogen atmospheres, a
master curve for the fatigue crack growth behavior has also been
generated which can be used for fatigue life prediction in the presence of
flaws in pipelines [134-137]. For these continuum models, there are
many hydrogen-related parameters such as hydrogen solubility,
hydrogen diffusion, hydrogen trapping at dislocations or grain bound-
aries, hydrogen-induced damage initiation and evolution, and the ac-
curate calibration of these parameters is a challenging task.

Furthermore, large-scale, three-dimensional discrete dislocation
dynamics simulations were conducted to investigate the interaction
between hydrogen and dislocations at the meso-scale (such as in a 108
pm3 bulk sample) [127,128,138], as shown in Fig. 8 (c). In these
dislocation dynamics simulations, the parameters for hydrogen diffu-
sion, the chemical potentials of hydrogen, the hydrogen-related dislo-
cation mobility equations, etc., are needed as input. In the simulations
for the bulk material without external stress, the shielding effect is
observed for Ni which possesses a high hydrogen diffusion coefficient.
The shielding effect leads to a decrease in dislocation separation dis-
tances for parallel edge dislocations. The hydrogen around the edge
dislocations would have pinning effects in a-Fe which possesses a small
hydrogen diffusion coefficient. So, higher stresses are needed to remove
the pinning effects of the dislocations due to hydrogen. On the other

12

Renewable and Sustainable Energy Reviews 182 (2023) 113353

hand, at the experimentally validated hydrogen concentrations,
hydrogen is also observed to promote dislocation generation, enhance
slip planarity, and reduce the screw dislocation percentage. These
discrete dislocation dynamics simulations support the HELP mechanism
[128].

In the continuum scale, the hydrogen-related parameters represent
the interaction between hydrogen and the intrinsic nano-/micro-struc-
tural features which have been studied using the atomic scale calcula-
tions and simulation. Therefore, the “bottom-up” approach would be
possible to predict the performances of given material under a hydrogen
environment.

6. Discussions and outlooks for multi-scale modeling
approaches

As shown in Fig. 9, the recent progress made in understanding
hydrogen effects using multi-scale simulations can be summarized as
follows: the atomistic calculations based on the DFT method provides
the fundamental physical properties, such as hydrogen diffusion and
trapping sites, and the data for interaction potentials for the MD based
simulation; the MD based simulations are able to characterize the effects
of the grain boundaries in a 100 nm size region; the dislocation dynamic
simulations can model the interactions between the hydrogen and dis-
locations in a 10 pm region; and the continuum level models can include
the effects of microstructure, cracks and the hydrogen-related parame-
ters for strength, elongation, and fatigue life prediction. In recent years,
more novel atomic-scale computational efforts, have been developed to
include the actual nano-/micro-structural features and the results have
been validated with experimental observations. Thus, the potential for
developing multi-scale computational tools to predict the performance
of metallic materials in hydrogen environments, especially for hydrogen
transportation, has been well recognized [139-141].

However, multiple tasks need further investigation for more accurate
predictions. Grain boundaries are generally assumed to be perfect and
homogenized interlayers in the DFT calculations or MD simulations.
However, as the experimental observations based on the APT [40,47,
142] and nanoindentation [100,143,144] show, grain boundaries or
incoherent interfaces should include both composition heterogeneity
(such as the element segregation) and structure heterogeneity (such as
the vacancies or defects). Therefore, the effects of the boundary require
further investigation.

In the MD simulations, the accuracy of the simulation results would
be less than that obtained from DFT calculations since empirical po-
tentials are utilized. Although the newly developed machine-learning-
based interatomic potentials could improve the accuracy of MD simu-
lations, the computing time would be prolonged as well. Also, most of
the MD simulations are conducted with the Fe-H or Fe-Fe EAM poten-
tials while the actual steels contain more elements and different com-
positions. MD simulations of hydrogen effects with new interaction
potential functions that include more elements (such as Si, Mn, Cr, Ni,
etc.) in models with internal defects (such as vacancies) and subjected to
strain and temperature, would transform MD simulations from a
mechanism studying tool to a property prediction tool.

Metallic materials, such as dual phase steels and stainless steels, with
austenite grains, can undergo martensitic transformation and the
strength of the steel will be increased. For the metallic materials used for
liquid hydrogen storage and transportation, hydrogen at low tempera-
tures affects the phase transformation as well as the material’s strength.
Although there have been extensive experimental studies [145-147]
and numerical simulations on materials without hydrogen effects [148],
neither atomistic nor continuum scale numerical simulation of phase
transformations with hydrogen effects have been reported. While the
appearance of new phases can be discerned in MD simulations by noting
the atomic positions after deformation [86], the martensitic trans-
formation is quite complex to capture. Future work in this field will
improve the understanding of the hydrogen effect on phase
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Fig. 9. The summary of the current review for hydrogen effects prediction and hydrogen compatible materials design. Experiments section includes PFM, APT and
EBSD; DFT calculation section includes interfaces, boundaries and machine learning for EAM; MD simulations section includes hydrogen (vacancy complex) and
dislocations interaction, hydrogen-dislocation-grain boundary interaction and hydrogen-polycrystalline; and continuum scale modeling section includes hydrogen
diffusion in materials, and the effects of hydrogen on materials strength and fatigue life.

transformation and accelerate the design of hydrogen compatible
materials.

The size effect is quite obvious in the multi-scale study with the
strength obtained in the atomic simulations being much higher than the
experimentally observed strength and being close to the theoretical
tensile strength [33]. With a larger atomic model that can include de-
fects and a longer simulation time, the strength obtained from the
atomic simulation is expected to be reduced and become closer to the
values observed in macroscopic experiments. Similarly, the elastic
modulus obtained from the simulations should be similar across
different length scales as well. The instrumented indentation method
enables the determination of the elastic modulus using the indentation
unloading curve (Oliver-Pharr method). Furthermore, the interaction of
hydrogen with intrinsic factors, such as the vacancies [95], precipitates
[149], and grain boundaries, can be assessed through the indentation
loading curve. Besides the SKPFM, indentation or force probing-based
experiments could be powerful tools to assess the effects of hydrogen
on plastic deformation characteristics and bridge atomistic simulations
with continuum modeling [143].
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7. Summary

The successful realization of a hydrogen economy is crucially
dependent on a comprehensive understanding of the effects of hydrogen
on the hydrogen infrastructure materials and the development of
hydrogen compatible materials with long term reliability. Progress
made in recent times in understanding the fundamentals of hydrogen
embrittlement mechanisms in metallic materials has been reviewed.
Particular emphasis has been made on highlighting the challenges and
breakthroughs made in the simulation of hydrogen effects across mul-
tiple length-scales using the DFT method, MD simulations and contin-
uum approaches. The DFT approach is an important approach that
provides valuable insights on the effects of hydrogen on a material due
to intrinsic factors such as microstructural features and extrinsic factors
such as temperature and pressure. MD simulations of hydrogen effects
with new interaction potential functions that include more elements
(such as Si, Mn, Cr, Ni, etc.) in models with internal defects (such as
vacancies) and subjected to strain and temperature, could transform MD
simulations from a mechanism studying tool to a property prediction
tool. The continuum levels models have the potential to incorporate the
effects of microstructural features and predict the mechanical perfor-
mance of materials, such as deformation and fatigue life under hydrogen
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environments. Overall, there is positive outlook for developing multi-
scale computational tools for designing hydrogen compatible materials
and for predicting the performance of metallic materials in hydrogen
environments using a bottom-up approach.
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