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Hydrogen (H) is considered as the key element in aiding the initiated green energy transition. To
facilitate this, efficient and durable technologies need to be developed for the generation, storage,
transportation, and use of H. All these value chain stages require materials that can withstand
continuous exposure to H. Once absorbed, H can eventually concentrate to critical levels in a stressed
microstructure, inducing specific damage mechanisms and consecutive loss of mechanical properties.
This is known as hydrogen embrittlement (HE). Being one of the most significant structural material
types, steels are widely used throughout the H value chain. They can suffer from HE, and numerous
attempts are made towards understanding and mitigating this complex phenomenon. While originating
at a size scale of atoms, HE acts on multiple spatio-temporal scales, and combined efforts of
experimental and modelling techniques are needed to deal with it. This perspective is devoted to
assimilating the knowledge that can be generated by density functional theory (DFT) methods to
understand interactions between H and iron-based materials, and to promote finding solutions to HE in
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metallic materials in general. We aim to provide a comprehensive understanding of the properties
calculated using DFT that can help advance finding novel H-resistant high-strength materials that

DOI: 10.1039/d4cp02233e

Open Access Article. Published on 08 October 2024. Downloaded on 3/23/2026 2:37:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

1. Introduction

The growing energy demands, and awareness of environmental
pollution caused by the burning of conventional fossil fuels,
have contributed to the technological development of alterna-
tive fuels and processes. As a sustainable fuel, hydrogen (H) is
one of the top priorities in this scenario as it can be generated
via a ‘green’ route, without harming the environment, utilizing
solar energy through processes such as photocatalysis." In
effect, H as a feedstock can revolutionise key industries such
as ammonia and steel production, as it can replace metallurgi-
cal coal, thus largely reducing CO, emissions. It can also help
reduce the greenhouse gas emissions from the transportation
sector.” However, although H is the most promising fuel
towards decarbonising the planet, the cycle of producing green
H from water electrolysis, transportation, and storage come
with their own challenges.> When H is replacing existing energy
resources on a larger scale, it must be produced, stored,
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facilitate the green shift at sufficient performance levels to meet the growing future needs.

transported, and used in a safe, reliable, and economical
manner. For the H value chain to be sustainable and reliable
over time, all above components should be taken care of, and
particularly infrastructure should be developed, i.e., pipelines
and storage tanks, utilising appropriate structural materials.
These are most often built from different steel grades, like
austenitic stainless steels and low-alloyed carbon steels.
Exposure to hydrogen can induce severe weakening of
mechanical properties, such as plasticity weakening as H being
the smallest atom on earth can easily enter the material as
adsorbates on the surfaces, diffuse into the bulk, once stabilized
inside the crystal structure can reduce the strength, ductility, and
fracture toughness,” eventually damaging the material. Hydrogen
embrittlement (HE) is one of the severe hydrogen damage
mechanisms that affects varied materials performance, and is a
term most often associated with metallic materials like steels and
their welds, as it can cause a sudden and unpredictable failure of
a structure particularly the ones with high strength steels when
used as structural materials and are in interaction with H.>™?
Different materials and processes are involved in the hydrogen
value chain, and the most important among them are the
hydrogen production, distribution and storage'® as well as appli-
cations of hydrogen in various industries. These steps are
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mutually dependent and involve materials that will be exposed to
H, over longer periods of time.

1.1. Production

The production of hydrogen is carried out by different methods
and the most prevalent ones are steam-methane reforming and
water splitting by methods such as electro and/or photocata-
lysis. A significant amount of research is being carried out to
generate H in “‘greener” ways, such as thermochemical conver-
sion of biomass into gas or liquids and to separate hydrogen
from biological processes using microbes. Also, biogas, ethanol
and natural gas are common feedstocks in H production
processes.'” Modelling tools such as DFT go with experimental
research to aid H production through sustainable and renew-
able routes as optimization of materials and processes is a key
factor in catalytic reactions involved in H production.

1.2. Storage

The challenge in storage is to increase the efficiency and
methods being used include storing H in different forms such
as high-pressure gas phase, liquid storage at low temperatures,
or solid storage through physical or chemical absorption. The
materials commonly used in the high-pressure gaseous storage
method include stainless steels and alloys such as 6061 and
7000 grads and Cr-Mo alloys susceptible to H-induced
damage.'® For the solid storage, using metal hydrides, a bond
will be formed between H molecules and metals in ground state
temperature and pressure and hence this a safer method as H
gas leakage or spontaneous blowing up of the container can be
eliminated.

1.3. Transport

H is transported through pipelines and ferritic steels with
different microstructures are utilized for this purpose, as
microstructures are proposed to have an influence on the
behaviour of the material concerned. Some of the compositions
include pearlite, polygonal and quasi-polygonal ferrite, bainite
and martensite. When it comes to the HE resistance of pipeline
steels, the benchmark is to achieve a balance between the
strength and the HE resistance capacity. Different strategies
such as mixing H and methane or adding low mounts of carbon
monoxide or carbon dioxide has shown to reduce the degrada-
tion effect of H and this is attributed to the reduced kinetics of
H gas, at the surfaces owing to the presence of these gases."’
H may impact mechanical properties in several ways, once
gotten into the metal-matrix in atomic form, for example by
forming H molecules within internal defects, generating loca-
lized pressure, and eventually causing the material to crack.'
Fig. 1 illustrates different distinctive steps of HE phenomenon.
In the case of steels, a more organic process is the immature
failure mechanism, wherein, H gets inside during formation
and diffuses through the material to form higher concentra-
tions building up local stress and leads to low stress brittle
failure."> A comprehensive understanding of H diffusion and
embrittlement in materials, and specifically in atomistically
complex-structured steels require combined investigations
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Fig. 1 Introduction of hydrogen to materials, and the steps leading to
hydrogen embrittlement.

employing experimental techniques as well as modelling and
simulation in different time and length scales to connect
macroscopic and microscopic properties.”> Maybe the most
relevant experimental methods for providing input for atomis-
tic modelling is the application of cryo-APT (atom probe
tomography) to provide elemental mapping at nearly atomic
resolution.**?!

Over the years, various modelling techniques such as quan-
tum mechanical density functional theory (DFT), classical and
ab initio molecular dynamics (MD), and probabilistic strategies
such as Monte Catlo (MC) methods® ' have been employed to
assess the effects of H in steels, that include but not limited to
the complex problem of HE. Different MD approaches have
shed light into the diffusion aspects of H in dislocations, and
this happens mostly during transportation and storage
processes.'® Interestingly, tackling HE by employing available
first principles methods such as full-potential linearized aug-
mented planewave method (FLAPW) has been a centre of
interest in the ab initio researcher community.'® The initial
investigations have been focusing on the bulk metals, but over
the years, with the increase in computational power, accurate
first principles calculations were carried out considering struc-
tures with more defect configurations such as grain boundaries
(GB), vacancy defects and impurities, dislocations, surface, and
interfaces."' Most importantly, the quantum mechanics-based
methods such as DFT gained popularity due to their accuracy
owing to the absence of empirical parameters. DFT, developed
in its current form by W. Kohn and others in 1964 to deal with
the complex electronic properties is based on the ground state
electron density, which can be described as a function of only 3
spatial coordinates. In principle, it is an exact theory, governed
by quantum mechanical laws that can accurately describe many
atoms, many electron systems.?” During the past decades, DFT
aided by the increasing supercomputing powers has emerged
as a prime tool, not only in providing fundamental under-
standing of material properties but also in material design
for future technologies such as that in energy sector. In this
regard, we have successfully integrated DFT calculations with
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experimental investigations for calculating properties of steels
and Fe-based materials. The investigations include but are not
limited to the energetics of defect formation, non-metallic
inclusions inherent to steels, and the role played by different
exchange correlation functionals in accurately describing
electronic properties.**™°

Even though DFT finds it applications in varied areas of
material science, diffusion and HE driven topics in steels are two
areas in which it has tremendous impact in explaining the
atomistic scale phenomena. This is mainly because diffusion of
H in metals is often facilitated by point defects as it is much
easier for H to occupy a vacancy site’® than exchanging places
with a lattice atom. Another possibility is an interstitial mecha-
nism, wherein a self-interstitial can easily kick an impurity from a
substitutional site and then migrate through an interstitial
channel. However, interstitials are less abundant than vacancies
as they have high formation energies and are less likely to form at
ground state. Therefore, it is necessary to understand the for-
mation and migration of native point defects and interstitials and
the diffusion barriers that govern the energy of hopping of H
impurities. DFT provides an efficient method to calculate the
saddle point by employing postprocessing tools such as nudged
elastic band (NEB) method, and by calculating total energy
surfaces.®’ Thanks to ab initio investigations dating back to the
early 2000s, a clear idea of H - vacancy interactions in o-Fe were
revealed'” and those paved the fundamental knowledge for such
advanced studies. The constructive interaction between H
induced vacancy formation and further growth and clustering
of H-V defect complexes cause mechanical degradation and the
atomic scale interactions explained by DFT studies have been
pivotal in this understanding.*> When it comes to the primary
crystal structures of Fe (the ground state magnetic bce and
elevated temperature paramagnetic fcc phase®®), extensive DFT
investigations has helped to understand the preference of H
interstitial sites and trapping possibilities in presence of dopants
and impurities."*** Reduction of local plasticity and decohesion
are two other important mechanisms that DFT has provided deep
insights and tremendous impact.>*> Another prominent situation
is at the surfaces of Fe, separation of H molecules into H atoms
upon adsorption under favourable chemical conditions can
occur. These atomic H can diffuse into the bulk regions, and
DFT calculations based on the energetics of these phenomena
can help to understand not only HE but also H storage and
transportation.®® Phase instability of the ferritic phase and
ductile-to-brittle transition of the ferrite phase are two mechan-
isms that lead the way to HE. Even though HE continues to
remain an attractive research problem due to the complexity to
resolve it at high spatiotemporal resolutions, operando synchro-
tron experiments, when combined with DFT calculations can
provide knowledge about the quasi-hydride formation and the
possible phase transformation that can occur.®” In this short
perspective, we attempt to consolidate the scientific efforts being
undertaken over the years to tackle HE by employing first
principles DFT calculations. We hope that our article will serve
as a guide to the vast scientific community working to solve the
complex problem of HE, focussing especially on the beginners in
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this field, who aim to perform independent DFT calculations
and/or investigations covering multiple length and time scales.
After the brief introduction, the article is organized into three
main topics (Sections 2-4). The first part deals with the metho-
dology of DFT calculations, the third section will describe the
extant knowledge base followed by a conclusion.

2. Computational methodology and
the properties investigated with DFT

Let us have a look at the techniques and formalisms employed in
ab initio studies so far as state-of-the-art DFT has been success-
fully employed to model various aspects of materials in general
and is also used for modelling of H induced degradation phe-
nomena in iron and steels.>” The plane wave basis and pseudo-
potential formalism are especially advantageous to calculate the
defect properties of transition metals, where localized electronic
states are present. To deal with the electronic exchange and
correlations, generalized gradient approximation (GGA), which is
a systematic improvement over local density approximation
(LDA), proved to be accurate for steels, as it correctly predicts
the bec ferromagnetic phase as the ground state of iron at zero
pressure compared to LDA.*® Since the main constituent of steel
is Fe and its alloys, the first principles calculations have been
traditionally carried out using the standard exchange correlation
functionals such as GGA. This is because the ferromagnetic bce
ground state for Fe is obtained by using GGA while the local
density approximation (LDA) failed to describe the magnetic
properties accurately.>* However, when there are alloying ele-
ments present in Fe, such as N, approximations beyond GGA
such as meta-GGA or GGA+U should be evoked to predict the
properties in accurate detail.>® For periodic DFT calculations, the
accuracy of plane wave basis sets should be determined by
converged values of kinetic energy cut off, as the electronic wave
functions are determined by a liner combination of a set of basic
functions. This basis set convergence is crucial to arrive at
accurate forces during optimization. One of the foremost ingre-
dients of a DFT calculation is the pseudopotentials, which
describes the electron-ion interactions, and there are different
methods available to construct various flavours of pseudopoten-
tials, depends on the properties of the system at hand. The
accuracy and quality of a pseudopotential is dependent on how
well the calculated results match with accurate all electron
calculations. Nevertheless, the possible inaccuracy that can creep
in, owing to the nonlinear nature of exchange interactions of the
valence and core electrons, is handled through appropriate core
corrections. Having described the basics of a DFT calculation, the
most important tool is the computational code, that should be
chosen based on the basis sets, pseudo potentials, exchange-
correlation functionals and algorithms to solve the Schrodinger
equation. There exist a good number of first principles software
packages in the public domain as well as those that are available
for a small fee for the academic community.*® When it comes to
metals and associated degradation mechanisms, some of the
important properties includes formation energy of vacancies with
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and without H and H-monovacancy complexes.*' H effects on
vacancy clusterisation and potential vacancy contributions to HE
and H-enhanced vacancy formation in alpha-Fe, as suggested in
experiments have been elucidated and demonstrated evidence of
H-enhanced anisotropic vacancy clusterisation.'> DFT can help to
understand the increasing concentration of vacancies and other
defects by changing the size of the supercells and thereby
calculating the formation energies of vacancies and vacancy
complexes, which provides valuable information not directly
deducible from experiments.*>

Once H enters the bulk steel material through diffusion, it
accumulates inside the structure, eventually leading predomi-
nantly to two mechanisms such as HELP (hydrogen enhanced
localized plasticity) and HEDE (hydrogen enhanced decohesion).
The former reduces the activation energy for dislocation, increas-
ing the formation of deformed localized regions, and promotes
crack formation.*>** The latter increases the atomic decohesion,
paving the way for cleavage along grain boundaries.*>*® The
concentration of H atoms in steel matrices is related to the
presence of point defects as about 5 H atoms can be trapped in
ferrite and 6 in austenite steels. Alternatively, the presence of H can
reduce the vacancy formation energy and vacancy concentration
can be increased. However, once the number of vacancies is in
thermodynamic equilibrium, the H concentration is determined
by chemical potential of H and temperature. In this situation, the
total amount of H consists of trapped and dissolved H in inter-
stitial sites, and the vacancy concentration will be determined by
the chemical potential of H. Kinetic Montecarlo simulations have
found that the presence of vacancies hinders the H diffusion, by
acting as efficient H traps at low temperatures. Therefore, by
tuning the concentration of defects and impurity atoms, the extent
of H accumulation in steel matrices can be controlled.*”*® Further,
the possibility of changing the number and chemical species of
nearest neighbour environment can be compared with experi-
ments such as Atom Probe Tomography (APT)*? and the different
real world defect formation scenarios can be mimicked in atomis-
tic scale modelling and the formation energies of H traps can be
calculated.” The mechanisms of H deeply buried inside carbide
interfaces are difficult to monitor due to the inherent complexities
such as the presence of strain fields, and combining DFT studies
with experiments that can map the strain fields can obtain under-
lying atomic information.>

Pipelines used for transportation of H are often subjected to
H induced cracking, as they are made of high-strength steels. One
way to check the degradation assessment of these steels is by
determining the localized magnetic flux leakage, conducted by
magnetizing the steel pipe to saturation flux density and then
measuring the local flux leakage induced by imperfections sur-
face morphology.> H when in interaction with Fe, donates an
electron to the Fe-d band, and it is found that when there is a
change in magnetic field in ferromagnetic materials, the H prefer
to diffuse to energetically favourable locations inside the mag-
netic domain structure. This causes lattice strain and reduces d-
orbital overlap, eventually altering the shape and d-band filling
characteristics. Such structural variations lead to entropy change
in the system, implying that the H concentration and magnetic
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properties are closely connected to each other. Therefore, it can
be concluded that the strength and microstructure of pipeline
steels influence the H absorption characteristics. In the presence
of surface anomalies, the magnetic flux density will increase,
resulting in increased H absorption, increasing the probability of
H induced degradation and embrittlement.>” Though DFT stu-
dies are not systematically done quantifying the relation between
H induced degradation and magnetic properties, this is an
avenue for future explorations. This is because DFT can accu-
rately calculate the structural changes, energetics and magnetic
properties of steel in the presence of H.

For a magnetic material, spin-orbit coupling (SOC) can arise
from the peculiarities of crystal field interactions. Though SOC
in steel in presence of H has not been studied in detail, SOC
effects are included to extract the magnetic properties of Fe in
general in DFT studies. The calculations conducted by incor-
porating the local spin density approximation (LSDA) and
(GGA) have shown that the magnetic properties of Fe in
presence of alloying elements are not significantly influenced
by spin-orbit coupling. It is shown that the site projected spin
magnetic moments of Fe remained about 2.23 pB with and
without SOC. This is attributed to the absence of Jahn-Teller
distortion and orbital quenching effects. These findings are
also verified by the calculated Fermi contact hyperfine fields.*’

Role of DFT studies in describing the physical properties of Fe
are exemplary and this extends beyond the traditional ground
state properties such as structural and elastic parameters, mag-
netism, elastic properties and phase stability to estimating vibra-
tional free energy properties. The stability of crystal structures
can be assessed by calculating the phonons, in the presence of
defects or impurity atoms.>® These calculations helped to under-
stand the discrepancy between H diffusion properties calculated
in theoretical and experimental studies, and the contribution of
phonons to free energy at high temperatures is identified to be
crucial. However, at low temperatures tunnelling assisted diffu-
sion of H is suggested as a probable mechanism.”® Even though a
sophisticated DFT code is a necessity to carry out the above
computations, the resulting outputs such as the energies, wave
functions and electron densities need further analysis to be
compared to meaningful material properties. Therefore, there
are also a bunch of post processing techniques and tools avail-
able. For example, nudged elastic band (NEB) calculations®*~>
are immensely powerful in calculating the H diffusion barriers®®
and PHONOPY is an effective tool for phonon analysis.””® In
short, DFT has been fundamental in bringing new insights into
the design of hydrogen resistant advanced high strength steels.*>
A comprehensive list of properties that can be obtained using
DFT is listed in Table 1.

3. HE and H-steel interactions
addressed with DFT

3.1. Crystallographic structures, defects and dislocations

When discussing steels, the most important phases are mar-
tensite — corresponding to the magnetic ground state body
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Table 1 The properties and phenomena that can be calculated with DFT for H-metal interactions

Parameter or phenomenon

Inferences

Vacancy formation energy
Lattice parameters and volume

Formation energy/solution
energy/dissolution energy of H

Elastic moduli

Electronics structure analysis
(density of states and band
structure)

Charge density difference analysis
and Bader charge

Energy barrier from nudged
elastic band (NEB) or climbing
image (CI) NEB

Surface energy

Interfacial energy

Trap escape energy

Crack-formation mechanism

Work of separation and
segregation energies

Binding energy of H

Phonon calculations

Hydrogen enhances vacancy formation in o Fe as well as promotes hydrogen enhanced vacancy
clusterisation'?

Dilation of steel matrix can be identified, which is not directly accessible to experiments.>®* Can deduce
mechanical properties, information about local stress/strain field and associated deformation
mechanisms.

The solution energy of H at different interstitial sites in bulk, interfaces, surfaces, and grain boundaries
can give idea about stability, and effects of strain, and stress, e.g. Tensile strains facilitate dissolution while
compressive strains suppress it.”° H evolution potential can be calculated as a function of H chemical
potential.’”

Mechanical properties: such as ductility, plasticity, and shear stability

Understand orbital hybridization®® between alloying elements and Fe that can influence HE, as this is
related to the increased/decreased metallicity of the local environment. Stronger orbital hybridization will
indicate stronger binding of H with alloying elements and Fe.*°

Qualitative and quantitative evaluation of charges reveal information related to metallicity and electron
transfer between Fe and H and alloying elements. From this strength of the chemical bonding can be
ascertained.®

Information about H migration at surfaces, interfaces, grain boundaries.*! H diffusion from the surface to
the bulk regions can be identified. Can identify the dopants/alloying elements that can slow down the
diffusion process and prevents embrittlement.

H can reduce the surface energy of bee and fee, and this information can help to predict the change of
behaviour from ductile to brittle. Basically, surface energies calculated for both relaxed and unrelaxed
surfaces help to understand the energetically favourable positions and configurations.®!

Interfacial energy is calculated by considering the energies of bulk atoms, the total energy of the interface,
and the surface area. This gives clear indication about whether the interface formation is energetically
favourable compared to the bulk.®*

The energy needed for H to escape from a given trap to bulk Fe. Applicable when H is present at the
interface and is dependent on the migration energy of H.**

The work of separation calculated from DFT, can give an idea of the excess energy needed, e.g., for the
separation of two grains along the interface, and indicates the energy difference between the fractured
surfaces and the interface. The calculated work of separation can serve as indication of the brittleness of
the interface.®>*

Effect of hydrogen on the reversible work for grain boundary separation in a gaseous environment can be
understood. The preference of H atoms to reside at the GB or the free surface depends on its energetic
preferences, and this is calculated from DFT as the Gibbs free energy. H residing at the GB embrittles it,
and idea of inter-granular or trans-granular fracture can be understood from calculating the work of
separation of the GB and segregation energies.®*

The H atoms influence the mobility of dislocations mobility, and it is not straightforward to calculate this
value from experiments, such as in thermal desorption spectroscopy the desorption peak for screw dis-
locations is insignificant compared to that of edge dislocations and grain boundaries. This value is cal-
culated using DFT based on the binding energy.®” Further information such as configuration relationship
and information about local atomic environment can be obtained. Preference of H to occupy the nearest
neighbour or next-nearest neighbour position to the alloying atom gives information about the H traps
that can be formed inside the steel matrix in presence of different alloying elements. These results can be
correlated to experiments such as APT.

Phonon analysis can be carried out as a post-processing analysis of ground state DFT calculations.
From calculated phonon frequencies, stability of the material in presence of alloying element and/or H can
be ascertained.

57,58

centred tetragonal structure (bct) of Fe-C, body centred cubic
structure (bec) called ferrite, and austenite - the paramagnetic
face centred cubic structure (fcc), and hexagonal close packing
(hep) martensitic structure, which has a high density of stack-
ing faults due to lattice invariant deformation accompanied by
a streak in the c-axis direction. Although fcc and bce remain the
most common structures in DFT calculations, in fcc Fe, the
possibility of formation of H, molecule is ruled out from DFT
calculations, while such a possibility exists in other fcc
metals.®® Evidently, the interaction of H is also different in
above lattices and DFT has been very successful and accurate in
estimating that out of the two interstitial sites (octahedral and
tetrahedral), tetrahedral is the most favourable for H atoms in
both ferrite and martensite lattices.®” On the other hand, in
austenite, it prefers to go to octahedral site.>""*® Bcc Fe has been
a susceptible system for HE, due to the smaller atomic packing

26226 | Phys. Chem. Chem. Phys., 2024, 26, 26222-26237

factor (0.68) compared to fec (0.74). In addition, the proximity
of atomic sites in the nearest vicinity due to the smaller
interatomic spacing allows for nearest neighbour H atom to
hop easily between one site to another, leading to lower
solubility and higher mobilities. This can lead to faster mobility
of H atom towards the surface sites as well.® The long-standing
problem of preference of H in bcc and fcc lattices is in fact
solved by DFT results, as the occupation of H at bec octahedral
sites creates an anisotropic stress, favouring a tetragonal dis-
tortion, that drives to a phase transition to the fcc lattice (see
Fig. 2).> However, H at the tetrahedral sites only increases
volume, due to more isotropic stress distribution. Both inter-
stitial sites are very close in energy and through total energy
calculations, it is possible to ascertain their energetic stability,
and it has now been widely agreed that tetrahedral sites are the
most favourable H interstitial site in bce Fe. Furthermore, the
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OrFe

J H
Fig. 2 The lattice transformation induced by H and the relation between

lattice volume and magnetism in Fe. Reproduced from ref. 8 with permis-
sion from American Physical Society, copyright 2011.

magnetic effects also play a role in the H stabilization in steel
matrices as ferromagnetic to paramagnetic transition involves a
change in volume of the lattices.® Therefore, DFT studies are
crucial in capturing these interrelated phenomena occurring at
the atomic scale. Fig. 2 (from ref. 8), showing the Bains
transformation due to the presence of octahedral H in bcc Fe.

Further, in presence of alloying elements, DFT studies have
shown light into the effect of chemical environment of solubi-
lity of H in host lattices. It is seen that in Fe matrices, alloying
elements such as Mn and C increase the solubility owing to the
induced lattice expansion. The charge density calculations have
successfully revealed the effect of H atoms in affecting the bond
strength of crystal lattices when they are occupied at preferred
interstitial locations as depicted in Fig. 3.°

The accumulation of H at dislocations and the shielding of
dislocation interactions by H is difficult to study in-depth using
first principles methods due to the computational cost, and
continuum models cannot take chemical effects such as H-H
interactions into account. Therefore, atomistic simulations of
interaction between isolated dislocations and H are being
carried out. This is being carried out by combining embedded
atom (EAM) methods with Monte Carlo (MC) simulations. In
this way, the binding energy of H atoms around the dislocation
can be calculated self-consistently, considering the concen-
tration aspects.”® Furthermore, DFT based formation energy
calculations were instrumental in providing information about
the relation between phase changes and H induced degrada-
tion in austenitic and ferritic steels (Fig. 4).>

3.2. Surfaces, interfaces, and grain boundaries (GBs)

It is well established that the solubility of H in pristine Fe
systems such as bec and fce structures is very low, even though
H is more mobile than other impurities in transition metals. At
room temperature, the diffusivity of H in pure bec iron is about
1 x 107* em?® s, compared to 1 x 10" '® em?® s™* for carbon
and nitrogen. Spin polarized DFT calculations carried out in
bcee Fe have shown that energetically stable site of H is on the Fe
surface, rather than sub-surfaces or bulk and the H interstitial
formation in bulk Fe is endothermic requiring additional
energy to be supplied to the system.®® More importantly, since
the diffusion of H happens by hoping from one interstitial to
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another interstitial site, quantum mechanical methods were
successful in deriving accurate estimate of the energy barriers.
DFT has provided insights into the difference in solubilities of
the most favoured octahedral interstitial to the less preferred
tetrahedral site, through supercell calculations that allowed to
recreate the exact dilutions. Efforts at the DFT front have
suggested varied reasons for the site preference including
charge transfer difference between the octahedral and tetrahe-
dral sites, as well as reduced protonic electrostatic potential,
that can provide more energetic stability.

The adsorption of H at (100), (110) and (111) surfaces of
austenite steels have been quantitatively studied using DFT and
it is seen that the adsorption energies are very close to each
other with only 0.01 eV differences in energy, irrespective of the
changes in atomic coordination numbers. This indicates that
for a polycrystalline scenario, H will be adsorbed on to the steel
surface, irrespective of the surface orientation.”® Further, the
2D potential energy surfaces calculated using DFT indicated
that, for the subsurface diffusion of H, more energy is needed
for the H to move to the (111) surface, indicating that it might
be possible to hinder the H diffusion pathways if the H
exposure can be confined to the (111) surface.

Furthermore, the presence of intrinsic defects such as disloca-
tions and grain boundaries (GBs) are inevitable in steels, and DFT
calculations were attempted to calculate energetics of segregation
effects of H at boundaries’" and low angle BCC boundaries are
seen to attract H.""”>7* This is due to the more open bonding
arrangements at the boundary than the bulk of the material, where
more energy is needed to stabilize H. Nevertheless, it is found that
in presence of other impurity atoms and/or C vacancies, H can be
trapped away from the GB, into the deep bulk region of the steel
matrix. More attempts are warranted in this area, as it is often
difficult to understand the energy barriers for H to overcome the
trap sites in the bulk and move towards the GB. Therefore, from
DFT studies, it is understood that there is a competition between
the bulk and GB trap sites for H and the presence of other alloying
elements such as Mo, Nb, V, Ti etc., that can provide trap sites in
presence of C atoms. It is now understood that the presence of GBs
facilitates the segregation of H, and the presence of both high and
low angle GBs are verified in steel matrices.

The presence of H at the GBs weakens the Fe bonds, leading
to intergranular embrittlement, and investigations included
both open GBs such as X5 [001] (310) and X11 [110] (113) and
closed GBs such as X3 [110] (112) and 23 [110] (111).>® The
interstitial sites at the closed GBs more closely resemble
respective bulk Fe structures in terms of solution energies
and the values differed between bcc and fec Fe indicating that
the GB is attractive for H in bce Fe while repulsive to H in fcc Fe.
The migration barrier calculated using NEB methods showed
that the migration barrier of the H atoms within the bec 3 GB
is 0.6 eV, larger than that in bulk bec and hence attracts H. On
the other hand, the corresponding fcc GB is mildly repulsive to
H. For the open grain boundaries, the H must overcome larger
migration barriers to move away from the GB, and the X11 GB
act as an effective H trap with 0.4 eV larger migration barrier
than bulk Fe.
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Fig. 3 The differential charge density calculated for different scenarios when H is present in the interstitial locations in presence of different alloying
elements such as Al, Nb, Cu, Mo in Fe matrices, (a) represents the second interstitial site for supercells alloyed with Al, Cu, Zr, Ti and Nb atoms, (b) third
nearest interstitial site for supercells alloyed with Co, Cr, Mn, W, Mo, V, Si and Ni atoms. The accumulation and depletion of charges are represented in the
colour coding. The charge density plots give idea about how the redistribution of charge is occurring between H and the alloying elements. Reproduced

from ref. 60 with permission from Elsevier, copyright 2022.

DFT studies were conducted on some of the existing GB
models such as coincidence cite lattice models (CSL) to simu-
late GBs and analysed the segregation behaviour, associated
energetics as well as the charge transfer mechanisms at the GB
interfaces."* There is a possibility of migration of H atoms to
and from the GBs, surfaces, and bulk at varied circumstances.
Recent DFT studies have uncovered the positive effects of
alloying elements in trapping H and thus preventing embrit-
tlement by quantifying the energy barriers when H moves from
surface to the bulk regions.*® It is ascertained since that the
atomic coordination and arrangement of atoms in different
surfaces of Fe vary according to the crystallographic orientation

26228 | Phys. Chem. Chem. Phys., 2024, 26, 26222-26237

and H adsorption and diffusion are dependent on the surface
energies, (see Fig. 5(A), from ref. 36).

Further it is possible to elucidate the differences in electro-
nic structure of the surfaces and bulk material in presence of H
and the changes in density of states (DOS) obtained from DFT
can be correlated to the bond length and charge information
(refer to Fig. 5(B) from ref. 36). The DOS curve is a plot of the
number of orbitals per unit volume per unit energy. A detailed
discussion of the density of states of bulk and surface Fe with
and without H is carried out by A. Juan et al.””

For the bulk Fe, a significant amount of s and p orbitals
disperses and penetrate the d bands, indicating that the d
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comparison of how the formation energy of interstitial H in austenite and ferritic phases are dependent on the chemical potential and corresponding
stability of both phases. (c) Indicates the solubility of H as a function of chemical potential and (d) shows the schematic picture of the austenite lattice with
all available sites occupied with interstitial H atoms. Reproduced from ref. 37 under the terms of the Creative Commons CC-BY.

orbitals are more contracted. On the other hand, the bands at
the surface are less dispersed and narrower. This is since the
surface atoms have less near neighbour atoms compared to the
bulk and therefore less orbitals available for overlap and this
reduces the bandwidth. The surface bands are hence less
dispersed and unoccupied compared to the bulk states.

The H atom normally occupies a 3-fold or 4-fold coordina-
tion at the Fe surface, and the presence of one H atom doesn’t
normally alter the DOS significantly, as the orbitals of Fe atoms
dominate. At the surface, there will be a charge transfer from
the Fe substrate to the H, and the H 1s orbitals predominantly
interact with the 4s and 4p orbitals of Fe rather than with the 3d
orbitals. In effect, a strong Fe-H bond is established, at the
expense of a weakened Fe-Fe surface bond, and Fe-Fe bonding
states are pushed down to the Fermi level. A visible change in
the DOS in the presence of H at the Fe surface is that more
antibonding states get populated and move to higher energies,
weakening the Fe-Fe bonding.”® H initially enters the surface
regions and after chemical adsorption at the surface, it may
diffuse to the sub-surface regions, and eventually reaches the
bulk. The surface density of states, as presented in Fig. 5(B),
depict the upward shifting of p orbitals of Fe, and this repre-
sents anti-bonding orbitals. It is also noticed that the presence
of H at the bulk and surface results in an increase in Fe-Fe
bond length, thus weakening the bond, and atoms at the

This journal is © the Owner Societies 2024

bulk region are more prone to bond breaking compared to
surface atoms.

The typical dissolution energy map of H at the GBs can be
calculated and using the energy map it is possible to configure
initial atomic configurations of GB and free surface (FS) with
different number of H atoms (initial H excesses), according to a
scheme whereby the lowest dissolution energy sites (strongest
traps) are filled first and those with higher energies are filled
next.”” The dissolution energies for H at the bulk turned out to
be positive, indicating that they are unstable at the bulk lattice
interstitial sites.”” However, the negative dissolution energies at
the GB indicate that H stabilization is favourable. In both bulk
and GB sites, dissolution energies decreased with Mn doping,
and increased for Cr, Mo and Ni (see Fig. 6). The H diffusion
barriers calculated using NEB method showed that H diffuses
much slower in GBs than bulk like regions. The higher H
diffusion barriers and lower dissolution energies for the GBs
indicate that H will easily segregate the GBs leading to embrit-
tlement. This is due to the structural differences between bulk
and GB, and the two-dimensional character of the GBs. How-
ever, the addition of alloying elements such as Ni helped to
reduce the segregation of H at the GBs as they influenced the
diffusion barriers and changed the dissolution energies signifi-
cantly. These results imply that for material design, suitable
alloying elements can help prevent faster moving of H towards
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(b) a-Fe(001). (c) a-Fe(110). (d) a-Fe(111). (e) Calculated surface energies for the above surfaces. The adsorption, absorption and diffusion of H atoms are
intimately connected to the nearest neighbour atoms and coordination number of the planes. Reproduced from ref. 36 with permission from Elsevier,
copyright 2023. (B) The density of states (DOS) calculated for bulk and Fe surface and the changes in electronic structure brought by the presence of H.
(a) and (b) represent calculated partial density of states of Fe on a-Fe(110) and that of H adsorbed on bulk a-Fe respectively. The DOS can serve as a
valuable tool to provide information about the changes in orbital hybridization brought by the presence of H in the crystal lattice and the bonding
characteristics. Reproduced from ref. 36 with permission from Elsevier, copyright 2023.

GB defects and prevent H embrittlement to some extent. DFT
has also instrumental in understanding the binding of H to
different sites at the screw dislocations, to identify the energetic
preference varying from least to most stable positions.®®

3.3. The effect of H in clusters and precipitates

Since HE does not occur in ideal situations or in ideal bee/fec Fe
matrices, it is important to consider the possible interactions
between H and other metallic precipitates, as they are often the
most efficient trapping sites,”®®® possibly mitigating HE in
advanced high-strength steels. Nanoprecipitates have been an
interesting option to strengthen, and to trap H and prevent
diffusing to defect areas in a microstructure.®® A schematic
representation of the absorption of H in steels and the proxi-
mity of H to the precipitate which is a steel inclusion is
presented in Fig. 7.>°

The multi-scale approach, which integrates atomistic, meso-
scopic, and continuum-scale modelling to deal with H induced

26230 | Phys. Chem. Chem. Phys., 2024, 26, 26222-26237

degradations, can be optimized through several key strategies
such as, enhanced coupling between scales, advanced model-
ling and simulation techniques as well as validation and
calibration with experimental data. The information exchange
between atomistic and mesoscopic models can be improved by
accurate interatomic potentials that can perform critical opti-
mization step in improving the transfer of information between
the atomistic and mesoscale models. This can involve develop-
ing more accurate interatomic potentials refined by machine
learning (ML) methods, that capture the effect of H in steel
structures. Further the gathered atomistic and microscopic
information can be used in continuum models to describe
mesoscale phenomena. At the continuum level, adaptive mesh
refinement is a powerful tool to dynamically refine the regions
with higher degradation caused by H accumulation. This will
help to predict crack initiation and propagation.®*

The atomistic and continuum models can be further verified
using experimental data, gathered from fracture toughness

This journal is © the Owner Societies 2024
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Fig. 7 A schematic picture of the presence of precipitates (inclusions) in
steel and the presence of H absorption in near vicinity. (a) The blue dots
represent h atoms, and the orange ellipses represent the carbide particles.
(b) A schematic describing the model whereas the blue sphere is H atom
and orange ellipsoid, the carbide particle, which is the inclusion. The global
coordinates represent the semi axes of the ellipsoidal and the local
coordinates represent the orientation of the point defect and inclusion
respectively. Reproduced from ref. 59 with permission from American
Physical Society, copyright 2021.

tests and slow strain rate tensile tests in H charged environ-
ments. Therefore, it is important to combine different time and
length scales starting from the quantum mechanical DFT to
capture atomistic insights and combine it with mesoscale

This journal is © the Owner Societies 2024

methods to address HE in steels. In this direction, good under-
standing has been derived from DFT calculations on TiC
precipitates considering surface calculations as these calcula-
tions also provided evidence that with the increase in carbide
concentration, the amount of H segregated at dislocation
interfaces decreases.’® The advantage of considering nanoclus-
ter precipitates in surface calculations is owing to the possibi-
lity of engineering the atomic structure by introducing point
defects and vacancies in the nanoclusters, such as introducing
C vacancies in the TiC precipitates and the possibility of H
diffusion through these vacancies, which will give idea about
quantifying the activation barriers and energies inside the
matrix.”® Advanced microscopy techniques when combined
with atomistic scale DFT simulations could shed light into
fundamental phenomena occurring at incoherent interfaces
when H encounters such nanoprecipitates.

The presence and distribution of carbide precipitates in the
steel matrix significantly influences the absorption and trap-
ping of H atoms. One of the strong H traps in steel are the steel/
carbide interfaces, which possess lattice mismatch and asso-
ciated strain fields promote H trapping, and the strength of
which is associated with the density of dislocations.*? It is
found that the increase in number of C vacancies in metal
carbide precipitates can facilitate H trapping. First principles
calculations have proved that the diffusion barrier for H atoms
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can be lowered by increasing the concentration of C vacancies
both at the interface and at the interior of carbide precipitates,
to reach the deep traps in the matrix.*®

Through DFT simulations, it possible to elucidate the H
trapping behaviours of incoherent and semi coherent inter-
faces and can explain the diverse behaviours of H in different
chemical environments such as the presence of carbon (C)
vacancies, misfit dislocations and strains. In this scenario,
the influence of increased number of C vacancies in H trapping
and embrittlement is studied using DFT in combination with
microstructural characterization experiments®” and it is ascer-
tained that C vacancies can be a high-density H trap due to
their high trapping energy.”® Therefore, efforts were directed
towards increasing the density of metal carbides inside the
steel matrix and first principles simulations were undertaken to
quantify H migration, and effect of C vacancies. Hence a viable
strategy to increase the H trapping capacity is to engineer the
metal carbides to encompass large numbers of accessible and
strong C vacancies and by increasing the number density of
metal carbides by methods such as interphase precipitation.

Fig. 8 depicts the influence of strain and associated changes
in the stability of the material. The application of strain induces
both compressive and tensile strain in the material depending
on the material structure. Through DFT calculations, it is
ascertained that tensile strain field promotes H trapping, while
compressive strain prohibits H trapping, as it increases the
solution energy of H in the matrix. Specifically, carbon/sulphur
vacancies on the precipitate surface and strain of the matrix
near the interface determine the hydrogen-trapping character-
istics of the incoherent interfaces.

Precipitates such as carbides, carbonitrides, and nitrides are
known to possess higher solution enthalpies than bulk Fe, due
to their stable structures and H needs more energy to enter the
structure, breaking the saturated covalent bonds. On the other
hand, when there is an interface between a nitride and an Fe

26232 | Phys. Chem. Chem. Phys., 2024, 26, 26222-26237

matrix, the presence of non-saturated covalent bonds makes it
easier for H to settle. H easily bonds with C, better than with the
metallic atoms at such interfaces. The segregation of H at these
interfaces increases the decohesion and they are prone to HE.*®

The recent revolution in data science in different fields of
science and technology is impacting steel research in general
and HE research in particular. The severity of H embrittlement
has been predicted with gradient boosting algorithms, by
classifying the materials based on hydrogen embrittlement
susceptibility using gradient boosting machine classification
model, taking experimental data of (slow strain rate) tensile
tests as input. The importance of this data analysis is that it
could provide an embrittlement index that can serve as a
determining parameter to predict failure of materials.®® Com-
bining ML with DFT is an efficient method to predict the effect
of alloying elements on mechanical properties and HE. In most
of the initial attempts, the input to ML models is gathered from
existing experiments, and parameters that affect HE were
identified, followed by correlation analysis between input
features and the results will be used to train ML models. Since
experimentally it is exceedingly difficult to map the solute H
atoms, DFT models have helped to investigate the H situated at
phase boundaries such as that of ferrite-metal carbide. It has
been shown from DFT simulations that, even if C vacancies are
present in transition metal carbides such as TiC, alloying
elements such as V and N can reduce the H trapping efficiency
of such carbide materials.®” Mo is also a preferable alloying
element in TiC, which helped to increase the migration barrier
for H, also assisting the formation for C vacancies in the TiC
matrix. Through DFT it was possible to quantify the vacancy
formation energies and migration energy barriers for the H
diffusion mechanism (see Fig. 9). Often, the presence of inter-
faces such as carbides needs the combined efforts of first
principles methods and continuum models, and DFT outputs
such as accurate lattice constants, and elastic constants serve as
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the input for such methods.®® This is because in complex
interfaces, the dilation of iron lattice caused by H atoms are
not directly measurable using experiments, and that can be
easily obtainable by combining DFT calculations with standard
models for obtaining stress-strain relations. In the work of X.
Tang et al.,%® they had successfully obtained above mentioned
material-specific quantities using DFT and then used those as
inputs for continuum model to show that H atoms prefer to
bind to precipitates, and these results aligned well with experi-
mental observations.”® The recent revolution in data science in
different fields of science and technology is impacting steel
research in general and HE research in particular. The severity
of H embrittlement has been predicted with gradient boosting
algorithms, by classifying the materials based on hydrogen
embrittlement susceptibility using gradient boosting machine

This journal is © the Owner Societies 2024

classification model, taking experimental data of tensile tests
as input. The importance of this data analysis is that it could
provide an embrittlement index that can serve as a determining
parameter to predict failure of materials.®*® Combining machine
learning (ML) with DFT is an efficient method to predict the
effect of alloying elements on mechanical properties and HE. In
most of the initial attempts, the input to ML models is gathered
from existing experiments, and parameters that affect HE were
identified, followed by correlation analysis between input
features and the results will be used to train ML models. ML
models such as random forest (RF), linear regression (LR),
Bayesian ridge (BR) and support vector machine (SVM) are
being used to understand the correlation between HE indexes
and input features and which aids in improving the mechanical
properties of steel to withstand the H exposure.®® Instead of
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only relying on experimental data, the vast amount of data
generated by DFT can aid the ML models and further predic-
tions. ML models such as random forest (RF), linear regression
(LR), Bayesian ridge (BR) and support vector machine (SVM) are
being used to understand the correlation between HE indexes
and input features and which aids in improving the mechanical
properties of steel to withstand the H exposure.®” Instead of only
relying on experimental data, the vast amount of data generated
by DFT can aid the ML models and further predictions.

In this direction, DFT and MD studies have been combined
with machine learning force field (MLFF) and neural network
(NN) models to describe the static and dynamical property
analysis of Fe-H systems.”® Atomic energies calculated by DFT
have been used to train the force fields and important insights
into the H behaviour at GBs and how it affects crack propagation,
have been obtained. In another attempt, a general-purpose
neural network inter-atomic potential (NNIP) has been trained
using DFT data to describe the interaction of H with various
defects in alpha-Fe. It is shown that the NNIP is powerful tool to
describe the properties of both o-Fe and interactions of H with
both bulk Fe and defects such as surfaces, GBs, vacancies and
screw dislocations.” Therefore, it is worthwhile to note that the
vast amount of DFT data existing in the steel research (energies,
mechanical properties, and structural information to name a few)
can be an alternative to/or combined with experimental data,
wherever applicable for serving as an input for ML methods to
predict HE.

4. Conclusion

Hydrogen embrittlement continues to be a challenge to the
industries utilising steels due to the involvement of multi-time
and length scales, and therefore fundamental research in this
area will go on, using existing methods, and at the same time,
encompassing new scientific advances. Density functional the-
ory, in its reformed form has been used for decades both as an
aid to experimental research and as an independent tool to deal
with complex embrittlement phenomena. DFT forms the basis
rung of the ladder that starts from the atomistic to continuum
scale to deal with degradation of steel induced by hydrogen. In
this short perspective article, we covered the effect of H in bulk
phases of steels, surfaces and in other structural defects, from a
DFT perspective and the material properties that are being
investigated to quantify this degradation phenomenon. We
envisage that, in the coming years, the vast amount of gener-
ated DFT data can aid in the development, testing and training
of Machine learning models to better quantify the parameters
that lead to hydrogen embrittlement and increased research
efforts are needed in this direction.
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