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Green hydrogen can potentially reduce carbon emissions in several types of automotive, transport and energy
industries. However, effective handling of hydrogen during generation, storage, transportation, and distribution
poses significant challenges concerning the materials aspect as they are prone to failure. One of the primary
reasons for the failure of material is hydrogen embrittlement (HE). This review focuses on developing a new alloy
system namely high-entropy alloys (HEAs) to improve and promote microstructure modifications and enhance
mechanical properties. Researchers have developed many high-entropy alloys (HEAs) for handling hydrogen to
overcome the failure faced by conventional materials. The primary cause of HE in materials is the absence of
phase stability and crystal structure changes during hydrogen-induced environments. However, increasing the
materials’ ductility is more likely to reduce HE failures. Thus, FCC crystal structures are preferred for hydrogen
storage materials. Adding multiple elements to increase the entropy level, which supports high-phase stability in

all environmental conditions, is an important reason for using HEAs to mitigate HE failures.

1. Introduction

In 2004, Cantor and Yeh proposed the development of high-entropy
alloys (HEAs), which was considered a significant advancement in ma-
terials science engineering for better strength-ductility trade-off. This
innovative HEAs concept entails integrating significant quantities of
various elements, usually ranging from 4 to 13 element addition in
approximately equal or near equal proportions, to produce alloys with
distinct properties. Yeh strongly recommends adding various elements
to enhance the entropy level of the alloy system, for that results to reflect
the mechanical property development [1,2]. Combining four or more
elements in a single-phase solid solution, which can be either partially
ordered or disordered, accomplishes this result. Furthermore, there is a
reduced likelihood of intermetallic compound formation in HEAs. The
development of alloy formation depends on Gibbs free energy. It con-
siders factors such as enthalpy of mixing, temperature, and entropy of
mixing [3]. By reducing their enthalpy, entropy plays a critical role in
determining the lifespan or efficiency of systems. This type of entropy
for developing alloy systems is converted into low, medium, and high
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entropy alloys, based on the above classification, depending on entropy
generation and the addition of various elements [4]. HEAs have
garnered significant interest in recent years due to their exceptional
properties, such as high hardness, improved thermal stability, enhanced
strength, and balance between strength-to-ductile ratios. This type of
mechanical property development is based on four distinct types of
HEAs-effects: high entropy effect, several lattice distortion effect, slug-
gish diffusion effect, and cocktail effect [5]. The high entropy effect is
employed to generate entropy and the lattice distortion effect to account
for variations in atomic size [6]. The sluggish diffusion effect is used to
slow down the diffusion rate and employ the cocktail effect to create
unexpected synergies [7]. The properties of HEAs are determined by
considering additional factors, such as atomic size mismatch (5), elec-
tronegativity, valence electron concentration (VEC), enthalpy (H), and
enthalpy (S) production [8]. In hydrogen storage applications, the pa-
rameters VEC, 3, H, and S hold greater significance for property evalu-
ation [9]. Since hydrogen has high energy density and many countries
focus on green hydrogen development, the demand for effective
hydrogen storage materials is increasing. Limitations include high
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production costs, storage and transportation issues, poor volumetric
density, etc. Production and transit in energy storage applications
significantly impact energy density. The energy density of hydrogen
ranges from 120 to 142 MJ kg~ !. The effects of high energy density
include storage difficulties, safety problems, and infrastructure chal-
lenges [10]. Despite the restrictions, hydrogen is highly appealing to the
globe because of its role in the renewable energy revolution,
cost-effectiveness, environmental cleanliness, and decarbonisation po-
tential [11]. Hydrogen storage applications must meet thermodynamic
interaction requirements for hydrogen pressure, temperature, and
electrode potential. Hydride-forming elements play a crucial role in
enhancing and optimizing hydrogen storage systems. These types of
elements’ characteristics easily absorb and then readily release
hydrogen, so the accumulation of hydrogen is not possible at grain
boundaries. The hydrogen storage capacity varies depending on the
alloying addition chosen. Each element combines with two hydrogen
atoms to create a compound known as dihydride MH,. The hydrogen
storage capacity determines the performance evaluation. Overall, alloys
with more than 2 atomic units exhibit greater efficiency in hydrogen
storage and transport applications [12]. The first study in 2010
concentrated on the development of HEAs in hydrogen storage, followed
by a study of TIVZrNbHf-based HEAs, with a capacity of 2.5 atomic
units. The atomic units in the study represent the capacity of hydrogen
storage [6], HEAs made up of elements with a higher atomic mismatch
are more useful for hydrogen-based applications because of a higher
atomic mismatch and higher diffusion of hydrogen [13]. Hydrogen en-
ters materials, causing damage and failure to various engineering
components and energy storage devices. The failure of the material is in
the form of hydrogen embrittlement (HE), hydrogen-induced cracking
(HIC), and high-temperature hydrogen attack (HTHA). When HE hap-
pens, it changes the mechanical properties of the alloy, lowering its
toughness, ductility, and strength. It can also cause catastrophic failure,
spread cracks on the surface, and make parts like pressure vessels, tubes,
pipelines, and nuclear systems less reliable. High-strength alloys and
materials frequently fail in hydrogen environments due to the pro-
pensity of hydrogen atoms to lower material strength. Also, the alloying
system’s crystal structure is one of the factors influencing susceptibility
to HE. Compared to the FCC crystal structure, the BCC and HCP struc-
tures have a greater impact on the HE. It is noted that FCC exhibits good
toughness, corrosion resistance, and a higher percentage of ductility, all
of which significantly contribute to the hydrogen-enhanced decohesion
process. BCC and HCP crystals have high hardness, strength, and hard-
ness. Followed by reduced plasticity, high-strength materials easily
affect embrittlement failures [14]. Low-alloy and carbon steels’ BCC
lattices have extremely high hydrogen mobility. The materials receive a
source of hydrogen that develops a HE. Fig. 1 illustrates the two possible
(internal and external) means by which hydrogen enters the materials
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(see Fig. 2).

At macro and microscopic levels, the limitations of hydrogen-
absorbing materials affect their tensile strength, fracture toughness,
and fatigue strength. Materials such as aluminium alloys, super alloys,
low alloys, and precipitation hardening steels are mostly affecting this
type of HE. This review discusses hydrogen-related phenomena,
including hydrogen adsorption, diffusion, and characterization. Most
hydrogen storage applications and transport sectors, such as maritime
and road-borne haulage, use the term hydrogen embrittlement to rectify
this issue with HEAs. This type of problem accounts for the majority of
failures. Furthermore, there are possibilities for hydrogen storage using
physical (liquid hydrogen, compressed gas, cryo, or cold compressed)
and material (physisorption and chemisorption) methods [10].

2. Need for the design and development of hydrogen storage
systems

2.1. Role of hydrogen in the future

In the future, renewable energy will lead the world. From 1970 to
2020, world power generation depended on hydropower, nuclear en-
ergy, oil, gas, and coal as major sources. However, between 2020 and
2050, fossil fuels, renewable energy sources, and solar and wind energy
will all help meet the world’s energy needs. The development of all new
energy sources relies on reducing COy emissions. Industrial activities
generate approximately 30% of CO, emissions, according to research by
the Intergovernmental Panel on Climate Change (IPCC). Commercial
and residential (23%). Electricity production (21%). The transport
sector accounts for (19%), while agriculture accounts for 6%. Following
the National Automotive Policy 2020, the agenda is to minimize carbon
emissions in road transport sectors, and the aim is for the ASEAN re-
gion’s fuel economy to be 5.3 L (light gasoline equivalent) for 100 km by
2025.

2.2. Methods of hydrogen storage based on the physical form

Efficient hydrogen storage is a critical element in the hydrogen
handling process for various applications. The storage of hydrogen uti-
lizes both physical and material-based approaches. It included com-
pressed gas, cryo-compressed gas, and liquid hydrogen stored in a
physical-based method. Materials-based hydrogen storage mechanisms
include physisorption and chemisorption. The consumer views the
process of obtaining materials as a means of meeting shared re-
quirements. The criteria include high efficiency, high life span, refusal
time, and cost factors [15]. Two categories of hydrogen storage appli-
cations exist, namely stationary and mobile applications [16]. As the
name suggests, stationary is an on-site or stationary power generation
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Fig. 1. Two Possible means by which Hydrogen enters the materials.
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Fig. 2. Various core effects of HEAs [7]. Reuse with journal permission. Copyrights 2024, ACS publications.

application. Mobile transport of hydrogen from one location to another
is possible with the help of a bulk-hydrogen storage tank or equipment
due to the lower heating value of hydrogen (9.9 MJ/m?®). The future goal
is to construct a high-quality hydrogen storage system that meets spe-
cific criteria to manage the tank’s high pressure and low temperature.

2.2.1. Liquid hydrogen

Even at atmospheric pressure levels, liquid-type hydrogen has the
advantage of getting stored at a high density. The hydrogen has a
pressure of 0.1 MPa and a density of 70 kg/m3 [17]. During internal
compression, the hydrogen density is increased. The temperature of
hydrogen is near —250 °C. Hydrogen in a liquid state is becoming more
and more difficult for effective storage systems to maintain. Further-
more, effective storage conditions for ammonia and liquid organic
hydrogen carriers (LOHCs) are less rigorous [18].

2.2.2. Compressed gas

This method of storage is very efficient compared to other physical-
based storage methods due to its high energy efficiency [19,20]. Four
types of hydrogen storage vessels have been used recently. These vessels
are referred to as type 1 pressure vessel, type 2 pressure vessel, type 3
pressure vessel, and type 4 pressure vessel. Pure metal makes up the type
1 vessels. Compared to other types, they are most common and less
expensive to manufacture. Usually made of aluminium and steel mate-
rials. They can withstand pressure levels up to 50 MPa. Steel forms the
outside surface of Type 2 vessels, which cover the glass fiber composite.
Compared to type 1 vessels, they are 50 % more expensive to manu-
facture and 40% lighter. Type 3 is entirely made of carbon fiber com-
posite wrapped in metal which can withstand a pressure up to 45 MPa,
and failure starts at over 70 MPa. Compared to Type 2, they are twice as
expensive to handle. Type 4 consists entirely of composite materials,
with the liner composed of non-metals such as polymers or high-density
polyethylene. It is constructed from materials that are both lightweight
and costly which can withstand pressure levels as high as 100 MPa [16].

3. Different hydrogen charging techniques

Hydrogen is induced into the alloy system using two methods (i)
electrochemical (liquid hydrogen) and (ii) gas hydrogen charging. One
of the main reasons for HE failures occurring inside the materials are
diffusion of hydrogen inside the materials. The diffusion of hydrogen
strongly changes the material’s behaviour in brittle form. This HE failure
behaviour changes from various hydrogen-diffusion conditions.
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3.1. Electrochemical hydrogen charging

The electrochemical hydrogen charging method is also called
cathodic hydrogen charging. For electrochemical charging, samples are
immersed inside the electrolytic solution. This type of electrolytic so-
lution initiates the hydrogen reactions inside the samples. Various fac-
tors influence the reaction of the sample surface to the core. They are
temperature, charging current, charging duration on the sample, and
electrolytic concentrations. For this type of charging various electrolytic
solutions are prepared based on the requirements [21]. This includes 1
equivalent of HySO4 (sulfuric acid), HCL (hydrochloric acid), and NaOH
(Sodium hydroxide) mixed with 1 L of solution and various concentra-
tions with constant current density for various charging durations [22].
This type of charging contains various types of electrodes like working
electrode, counter electrode, and reference electrode. The purpose of
using the electrode is to improve the reaction and increase the efficiency
of the electrolytic and sample efficiency. Platinum-type electrodes are
highly reactive and mostly used in electrochemical hydrogen charging,
gold, zinc, nickel, and lead types of electrodes are mostly used for high
conductivity, corrosion protection, and batter-based applications.

3.2. Gas hydrogen charging

In gaseous hydrogen charging, at the time of hydrogen trans-
portation through pipelines made of high-strength alloy materials, the
mechanical property is decreased due to crystal structure changes by the
influence of hydrogen absorption in the pipeline materials and develops
a hydrogen embrittlement failure. The development of hydrogen
embrittlement failure in the pipeline or other transportation or storage
equipment depends on the purity of hydrogen gas, pressure, and tem-
perature levels, alloy compositions, gaseous hydrogen charging time,
trapping of hydrogen, and various stress concentration levels. In gaseous
hydrogen charging, samples are located inside the pressure vessels. The
pressure vessels are filled with hydrogen gas under different pressure
and temperature conditions. During the gaseous hydrogen exposure, the
addition of a minor amount of SO, Oy, and CO gaseous is one of the
possible reasons for the reduction of HE in the pipeline because the
addition of these gaseous elements acts as good inhibitors for HE [23].
The possible results of gaseous phase hydrogen charging have slightly
increased the interstitial strengthening behaviour of the materials.
Interstitial strengthening and work-hardening rate (WHR) are highly
related to improving mechanical property development. The materials
subjected to high WHR enhance the high yield and wear, improve the %
of ductility, and delay crack initiation [24]. The WHR and YS increases
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are advantages for the reduction of HE based on the factors (i) devel-
opment of nano-twins according to low SFE in hydrogen-induced con-
ditions, (ii) movement of drag force near the dislocation movement.
Compared to electrochemical hydrogen charging the gaseous hydrogen
charging methods increase the mechanical properties such as yield
strength and also reduce the HE failures [25].

4. Recent trends in high-entropy alloys: Unveiling the potential
of multi-element materials

4.1. High entropy alloys

Energy saving should be the primary criteria to be considered while
developing new materials for different applications and in this direction,
a new alloy system called HEAs [26] are introduced. The addition of
individual principal elements is between 5 and 35 at% in equiatomic or
non-equiatomic proportion. The combined nature of strength and
ductility is a unique property for selecting HEAs in structural and
hydrogen storage applications. Moreover, HEAs and their components
are used in catalysis, high temperature, corrosion resistance, high
thermal stability, magnetic materials, etc [27].

4.2. Overview of phase formation criteria of HEAs

Entropy-based alloy systems vary from principal element addition
like /AS < 1.0R for low entropy alloys, 1.0R < AS < 1.5R for medium
entropy alloys, and AS > 1.5R for high entropy alloys [3]. Based on the
above-mentioned entropy ranges of the alloys, their hydrogen storage
capacity and resistance to hydrogen embrittlement behavior are
different. The development of HEAs is based on various factors, such as
alloy formation rules, various core effects of HEAs, and fabrication
methods. Gibbs free energy is a basic alloy formation rule for developing
HEAs.

AGpix = AHpix — TASpix (€9)

Reduction in mixing enthalpy (AHp;x) of the system to enhance the
mixing entropy (ASmix) of the alloys. Different phases are formed in
conventional alloy systems, including terminal solutions, intermediate
solutions, and intermetallic compounds. The terminal solutions
completely disperse the element addition in the base metals, preventing
the development of separate phases. After fabricating base metals under
varying pressure-temperature conditions, intermediate solutions need to
specify the range of composition between individual element additions
and distinct microstructures in the various phases. For intermetallic
compounds, the addition of different metals or metalloids is necessary to
achieve an ordered structure with high strength and hardness [28]. For
the HEAs system, various phases are formed, such as simple or random
solid solutions, e.g., FCC and BCC structures. Super lattices/Ordered
solid solution, e.g., By and L1y, C12 — W, cF4-Cu, hP2-Mg, and Inter-
metallic phases, e.g., laves phases, o, and p structure, are formed [28,
29]. Moreover, the HEAs are further converted into (i) Simple disor-
dered phase (SDP), (ii) Simple ordered phase (SOP), and (iii) Complex
ordered phase (COP). Table 1 represents the various parameters and
their acceptable values for the formation of a simple disordered phase
(SDP).

These types of phases are formed in HEAs depending on the enthalpy
of mixing (Hmix), the entropy of mixing (Smix), and atomic size

Table 1
Various parameters and acceptable values for the formation of a simple disor-
dered phase.

Journal of Materials Research and Technology 33 (2024) 7681-7697

differences (§). Table 2 represents the various parameters, and their
considerable values forming simple and complex ordered phases (SOP
and COP).

Valence electron concentration (VEC), Pauling electronegativity
difference (Ax), and mobile electron concentration (e/a) are empirical
criteria for the prediction of phase structure in HEAs. VEC <6.8 for BCC
structure, VEC >8 for FCC, and between 6.8 and 8 to form an interme-
diate phase structure [3]. Ax < 0.175 and e/a for BCC crystal structure
1.6 < e/a <1.8. For FCC crystal structure 1.8 < e/a <2.3 [28].

Several assessments related to the advancements in HEAs are (i)
Eliminate the use of a random selection of elements. (ii) Use alloys to
reduce or combine enthalpy. (iii) Assessing alloy properties in their
original, as-cast state. (iv) Intersection of phase fields in multi-
dimensional phase space. The description of the microstructure is
incomplete. The description of the solid solution phase is inconsistent
[30]. Recently, the addition of MXene as reinforcement has emerged as a
potential approach in material science for advancing HEAs alloy sys-
tems. Inorganic materials, specifically carbonitride, compose these
two-dimensional structures. These structures are thin, have a sheet-like
shape, and exhibit varying amounts of bonding. The incorporation of
MXene into HEAs for hydrogen storage applications is unique because it
significantly enhances two key properties: high surface coverage and
high conductivity. MXene is in the form of nanosheets and its stability is
limited, so the addition of oxide-based materials is necessary to enhance
its stability. The use of layered double hydroxides in MXene production
aims to improve both stability and ease of re-stacking. However, the
development of HEAs for hydrogen storage relies on the following
design requirements.

e Alloy composition or selection

Fabrication routes — Vacuum arc melting, laser engineered net
shaping (LENS), direct laser metal deposition (DLMD), melt spinning
(MS) and ball milling then sintering.

Alloy type — low, medium, and high entropy alloys

Unit cell volume

e Enthalpy (kJ/mol) and entropy(J/mol-k) formation (AHgyy, and
ASform) for hydrogeneration

Electronegativity different Ay in (%) calculated with the help of the
Pauling electronegativity scale.

Valence electron concentration (VEC)

Enthalpy of mixing (AHpiy)

Entropy of mixing (ASpix)

Inside the pressure (bar) supply at the time of hydrogeneration
Hydrogeneration temperature T (°C)

Hydrogen-to-metal ratio (H-M) at supply pressure-temperature
conditions.

4.3. Multiple core effects of HEAs

Physical metallurgy is crucial in directing the core effects in HEAs to
develop their properties. The principles of crystallography, phase
change, thermodynamics, kinetics, mechanical metallurgy, and corro-
sion science are adopted to incorporate the required properties. The
selection of elements is known to have correlations with their behaviour,
crystal structure, and the formation of physical and mechanical prop-
erties such as strength, fatigue behaviour, toughness, creep, and wear.
The configurational entropy changes in the disordered solid solution

Table 2
Various parameters and acceptable values for forming simple and complex or-
dered phases.

S. No Parameters Values S. No Parameters Values

1 Enthalpy of mixing (Hmix) —15 < H mix <5 kJ/mol 1 Enthalpy of mixing (Hmix) —22 < Hmix <7 kJ/mol,

2 Entropy of mixing (Smix) 12 < S mix <17.5 J/(K mol) 2 Entropy of mixing (Smix) 11 < Smix <19.5 J/(K mol)
3 Atomic size differences (8) §<43 3 Atomic size differences () 5§<85
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state of HEAs primarily cause the high entropy effects. Lattice-distortion R

effects refer to the impact of changes in the arrangement of atoms on a SR8 BBRIEIETTERRLRETS

material’s mechanical characteristics. Parameters such as the size of the

atoms involved determine these changes. Sluggish diffusion effects .

occur when elements are added to a substance, reducing the diffusion El

rate. The cocktail effect refers to the phenomenon of non-linear synergy §

[31]. Fig. 2 illustrates the core effects of HEAs. % g g § 2 g § 2
£198988888888893 =z xx:

4.3.1. High entropy effect C|lRAAAARARAAAAROUO0JO0UO0

This effect is based on natural thermodynamics which, tends to
facilitate the formation of solution phases and lead to a significantly 19283338333 I83358888%3%
simpler microstructure than anticipated in conventional alloys. With FUYTTOLOE TN T E T T 00600108
this assistance, the formation of the solid solution may increase the level
of entropy. Boltzmann notation can be used to predict the level of =
configurational entropy. Sul cocccocce 988808uwu

AlrTOANOANMAANSTITITITODL A=A
S=kIn(N) @
o [===] (=
From equation (2), S denotes configurational entropy, N = number of | FRRESCALARES888888 0w
elements present, k = Boltzmann constant.

The stability of HEAs is dependent on their entropy levels. Finally, Slocoocngoo 00O 00D ®m® NN
minimizing or lowering Gibbs free energy improves alloy stability. Here, 2383838822322 2355223223
the solid solutions are considered in random and ordered phases.

Random phases are short-range in lattices occupied by components. It is .

expected that BCC, FCC, and occasionally HCP undergo random phase 289y E § 28Ry ] § 2 § =3 § § 2 g
transitions. Ordered phases are distinct constituent elements that WIAWIN A= ROORRNAO A ===
occupy a different lattice site. It is expected to have intermetallic phases

(IPs) in an orderly or partial-order solid solution [28]. N T 0 T oD DN N M T o

Table 3 and 4 represents the various parameters depending on order Al A = T I BN B S BN S S =
and random solid solutions. For that solid solution, there are some
important considerations of high entropy effects compared to other ef- .
fects. The levels of entropy and enthalpy primarily influence the creation Ié 9 5 § § §
of simple solid solution (SS) phases. According to Gibbs’s free nature, S T T T e T O R A A B R
the addition of elements is more likely to result in a higher amount of
entropy and a lower level of enthalpy. Followed by more positive en- g o — ™ o o
tropy and high chances for the development of intermetallic compounds & 3 3 Qg8
(seeTab1e4). £ T T e T e A B e B
4.3.2. Severe lattice-distortion effect e8RS ICRE8RITIEYIRRTER

In HEAs or multi-component alloys, the effects of strains created at FRE R R R
the atomic level are the main consequence. Lattice-distortion effects
(LDE) clearly explain this behaviour, as the addition of non-symmetric e v RS
neighbouring atoms causes variations in atomic sizes. The effects of EE ; § % ﬁ‘ 2‘ g = § § § § 2‘ § ch ? ? 5—? 3‘\ :‘1 S‘
the crystal structure are an important factor in deciding the behaviour of
SLD. The SLD effects of different sizes of elements, bonding natures,
and their crystal structure reduce the dislocation movements and ERRRRBRE R S3IRRIGRS
are favorable for the formation of solid solution strengthening. In R R R R R R R R R R R
FCC crystal structure comparisons, adding alloying elements at the same
percentage or equi-atomic level results in a lower distortion rate than 2
BCC. Moreover, BCC solid solution structures have a high solution- §
hardening nature [28]. y g

2 .§ g % =
5 (%) =100% x ©) 8|3|833256825535353533333333
=
&
g)O S 1
5 gz
@ -4 o 2
Table 3 5 g § E "Zg Z.:.n
Parameters based on AHmix, AG, and -TAS in ordered and random solid solution §° ‘\33 Z9 ‘N‘:g Og s 0 eEEE §
Parameters Compounds Ordered solid Random solid 5 L3S als Z,,,_E Z““E é _E EEEEERE =
solution solution o %E%?§EE§§§§§E§§§§§§§?
Mixing enthalpy Large Medium negative Medium negative qé* E %0 £ ::O' < %c %o TEEEB E £S55388548
(AHpix) negative E
Gibbs free energy Large Large negative Large negative <+ 3
. v ol o
-T(AASG) ;eegainzveero < - RTIn(n) < - RTIn(n) g % 5 A SR NI i R L g R
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Where,

N = Number of various elements.

¢j = Elemental composition of i#j
r;, rj = Atomic radius of ij" elements

The high degree of natural distortion leads to the development of
random solid solutions in HEAs. Distortion and its relaxation are
important factors for balancing the elimination or reducing the move-
ment of atoms or misfits within a limit of 6.6%. The negative impact of
SLD effects is that the prediction level of local lattice strain or atomic
displacements is difficult to measure. They’re lowering the intensity
levels in XRD. Next, they reduce the electrical and thermal conductive
natures and minimize the temperature-dependence properties. The
strengthening mechanism concepts ensure that improving the hardness
level does not affect the mechanical properties while also lowering the
distortion energy due to the maintained atomic stress.

elements or atomic fraction

4.3.3. The sluggish-diffusion effect

Sluggish diffusion effects imply a lower kinetic diffusion rate and a
phase transformation at slower atom movement. The sluggish diffusion
effect results in slower diffusion and higher activation energy during the
fluctuating migration of atoms. The most challenging task for evaluation
is finding the diffusion in the addition of more than three elements. The
seven-bond interaction energy explains the slow diffusion nature. It
represents energy distribution through sluggish diffusion effects. Diffu-
sion measurement in HEAs is based on the diffusion coefficient (tem-
perature-dependent T/Tm) and activation energies (Q/Qm) [31].
Recent HEAs studies are considered to minimize the diffusion rate in
alloy systems, followed by the diffusion coefficient and inter-diffusion
coefficient [46]. An emerging role in the field of entropy generation is
based on their diffusion kinetics, with the help of an evaluation of
chemical and atomic size mismatches [47]. The FCC structure has very
little sluggish diffusion compared to other crystal structures. The diffu-
sion behaviour of the Cog0CraoFeggNizgMnyy HEAs, when annealed at
different temperature ranges such as 900 °C, 1000 °C, 1100 °C, and
1200 °C, differs significantly from the conventional alloy system
AlygNisy [48].

4.3.4. Cocktail effect

The effect clearly expresses unexpected synergies due to the addition
of various elements. These effects determine the interrelationships be-
tween strength, plasticity, and coercivity. The segregation of elements,
grain accumulations, grain boundaries, and morphology variations at
the time of alloying addition directly relate to strength and plasticity,
while electrical applications primarily use the term coercivity [8].
Refractory-based HEAs in high-temperature applications mostly use this
effect [49].

4.4. Phase stability of HEAs

Phase stability of the alloy system is an important factor for
improving the alloy stability in all environmental conditions. The phase
stability depends on the addition of alloying element selection. In this
way, the entropy stabilizes the phase structure and mechanical proper-
ties of the alloy system. In hydrogen storage equipment one of the rea-
sons for developing failure inside the materials is the change in crystal
structure due to hydrogen exposure, followed by, phase stability losses
due to hydrogen-induced conditions. Phase stability losses are elimi-
nated with the help of improving the entropy level by the addition of
alloying elements. That is the correlation between HEAs and hydrogen
storage-related studies. Adding multiple elements to enhance the indi-
vidual entropy level of the alloy system is a simple understanding of
HEAs development.

The phase stability of HEAs depends on the incorporation of entropy
and enthalpy formation. Thermodynamics and Gibbs free energy govern
these processes. Recently, researchers have focused on HEAs with the
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alloy addition over equi-atomic and non-equi-atomic composition in
various element additions [48]. The lowest Gibbs free energy is not
necessarily advantageous for developing high entropy. This outcome
also relies on thermodynamic factors [50]. The transition metal group
has undergone higher entropy stabilization in recent decades than other
element groups. Obtaining a single phase in HEAs is crucial due to
criteria such as BCC, FCC, and HCP, and there has also been significant
research on intermetallic. Many factors contribute to achieving that
single phase, including the selection of elements, atomic size, VEC, H
formation, and S formation.

At elevated temperature conditions, entropy plays a vital role
compared to enthalpy for better stability [30]. Table 4 shows the list of
HEAs developed for hydrogen storage systems and the quantitative
values of the parameters such as ASpx [J/mol-K] = Entropy of mixing,
AHp,ix [kJ/mol] Enthalpy of mixing, Vi [A3] = Unit cell volume per one
averaged metal atom, ASgym [J/mol-K] Entropy of hydrogeneration,
AH¢orm [kJ/mol] = Enthalpy of hydrogeneration, Ax [%] = Electro-
negativity mismatch, § [%] = Atomic size different, H/M = Hydro-
gen-to-Metal ratio, T = Temperature, P = Pressure, VEC= Valency
Electron Concentration. HEBM = High Energy Ball Milling, AM = Arc
Melting, BM= Ball Milling.

5. Hydrogen absorption behaviour in HEAs

In energy-transparent applications, the flow of hydrogen inside the
materials absorbs the hydrogen at a certain level based on the alloy
composition. After entering metals, hydrogen gathers in voids and be-
comes trapped at internal interfaces, dislocations, and vacancies. The
formation of lattice defects influences the physical, chemical, and me-
chanical properties. Once hydrogen enters the sites, it enhances local-
ized plasticity, decohesion, metal hydride, or void coalescence [51]. In
an alloy system, hydrogen absorption deviates from Sievert’s law. In the
presence of hydrogen atoms, a higher amount of hydrogen absorbs the
materials, reducing their mechanical properties, such as toughness or
ductility. The PCT curves explain the absorption of hydrogen in the
different alloy systems. The solubility of hydrogen among the elements
increases, and the hydrogen absorption rate decreases, and vice versa.
The alloying system, undergoing high elastic deformation, requires a
higher amount of hydrogen to absorb [52].

6. Hydrogen embrittlement mechanisms

Hydrogen-induced materials are affected by HE-related failures. HE
mechanisms include Hydrogen-Enhanced De-cohesion Mechanism
(HEDE) [53], Hydrogen-Enhanced Local Plasticity (HELP) model,
Adsorption-Induced Dislocation Emission (AIDE), Hydrogen-Enhanced
Macroscopic Ductility (HEMD), Hydrogen-Changed Micro-Fracture
Mode (HAM), Decohesive Hydrogen Fracture (DHF), Mixed Fracture
(MF), Hydrogen Assisted Micro Void Coalescence (HDMC) [54,55]. The
individual and combined effects of theses mechanisms are responsible
for HE and its mechanical degradation behaviour.

6.1. Hydrogen-enhanced de-cohesion mechanism (HEDE)

Hydrogen may directly weaken the atomic bonds that hold the metal
lattice together, leading to a brittle fracture and failure in the inter-
granular form. There isn’t enough hydrogen soluble in metals to cause a
noticeable de-cohesion effect, but the strength of the atomic bond
strongly correlates with the interatomic-repulsive forces. To minimize
the interatomic repulsive force, the atomic bond strength is to be
increased. Fig. 3 (a - ¢) explains the effect of hydrogen inside the lattice.

The introduction of hydrogen into flow channels near the crack tip
leads to the accumulation of hydrogen atoms in that particular area. The
concentration of hydrogen atoms reduces the impact of interatomic
bond strength. The accumulation of atoms in this particular type of
material leads to stress formation as a result of diffusion, which
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subsequently causes a decrease in the cohesive or interatomic strength
[53]. The cohesive strength of a material is strongly correlated with its
surface energy. By decreasing the surface energy of the materials, the
cohesive force is also reduced, which can lead to the formation of a
fracture resembling cleavage [53].

6.2. Hydrogen-enhanced local plasticity (HELP)

Dislocation motion plays a major role in HELP mechanisms. When
hydrogen flows in an energy-transparent medium such as a pipe, it ac-
cumulates near the crack tip, reducing the dislocation motion. Conse-
quently, the dislocation motion’s mobility increases. The interesting
theory about HELP has (I) high tensile hydrostatic stress developed with
the help of interstitial hydrogen atoms. (II) Hydrogen located inside the
lattice has a high chance of segregating and is made of dislocations [57],
which results in plastic deformation on a lattice plane [58].

Fig. 4 explains the various zones of the HELP mechanism with the
zone (I, II) high hydrostatic stress zone with hydrogen concentration in
the Cottrell atmosphere that reduces the strain energy and controls the
dislocation motions. Zone (III) indicates that the strain-induced micro-
voids are reduced from crack propagation to failure zone. Zone (IV)
indicates the effects of less strain localization (without hydrogen) which
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Fig. 4. The effects of HELP mechanism and their behaviour at various zones
[56]. Open access article, which permits unrestricted use.
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supports crack blunting and reduces the microvoid formations [56].
Hydrogen concentration at the crack tip mostly depends on the type of
fracture, such as trans-granular, intergranular, or quasi-cleavage.
Because of this, fractography analysis shows that the crack tip region
has less ductility and more plastic deformation. The hydrogen atom has
the effect of reducing both the activation energy and activation area for
dislocation motion [59,60].

6.3. Adsorption-Induced Dislocation Emission (AIDE)

The AIDE mechanisms function with de-cohesion and dislocation in
the crack tip. Hydrogen flows through the channels or pipeline, and the
hydrogen-transparent materials absorb the solute hydrogen atoms,
developing an internal stress concentration and a micro void formation.
Fig. 5 explains that the dislocation movement facilitated by surface
adsorption of hydrogen causes the dislocation to originate from the
surface and develop an inward strain. The development of microvoids
close to the plastic zone leads to plastic zone coalescence, which prop-
agates cracks and forms a dimpled fracture surface.

HEDE is concerned with hydrogen adsorption, which reduces inter-
atomic bonding. HELP deals with dislocation motion at the crack tip,
which develops crack growth and the formation of micro-voids. AIDE
deals with de-cohesion and dislocation emissions at the crack tip that
has caused nucleation and fracture development in a region. Elements
like Ni, Ti, and Fe adsorbed a higher amount of hydrogen at the material
surface [61,62].

6.4. Hydride-formation

Hydride formation happens in an alloy system when hydrogen atoms
combine with the metal, forming compounds known as hydrides. Most
of the time, this process forms brittle hydrides. They are from cleavage
fractures. Specific materials like Ti, Zr, Ni, V, Mg, and Ta are mostly
supporting elements for hydride formation. Hydrides are classified into
two categories: those that are thermodynamically stable and those that
induce stress. Metals and their alloys combine thermodynamically stable
hydrides with high hydrogen concentrations without taking stress into
account. Stress-induced hydrides have lower hydrogen concentrations,
followed by high-applied stress [63]. When the local hydrogen con-
centration gets close to or above the material’s solubility limit or when
the mutual solubility ranges are exceeded because of the alloying ele-
ments, hydrides form. There are more chances to form a metal hydride.
To achieve this, alloy systems use non-isotropic crystal structures to
form a hydride. The non-isotropic crystal structure is more resistant to
the formation of HE. Fig. 6(A) explains the metal lattices; hydrogen
enters in the form of foreign interstitial atoms, diffuse and moderately
segregated to develop hydrostatic stress in the crack tip.

Fig. 6(B) shows brittle hydride formation with the addition of
hydride-forming elements Ti, Zr, Mg, etc, exceeding the solubility limit.
Fig. 6(C) shows that, with the help of hydride formation, crack is
arrested. The alloying addition of Ni or Fe are non-hydride forming el-
ements [56].

6.5. Other mechanisms

Hydrogen-enhanced macroscopic plasticity (HEMP) mechanism is
the one in which high-strength materials like steel are influenced by the
hydrogen atoms in the material, reducing its yield strength. Hydrogen
diffusion causes the material to soften in a solid solution. The term
macroscopic enrichment plasticity refers to the material yielding and
plasticization in the entire volume to occur [64,65]. Hydrogen-changed
micro-fracture mode (HAM) is another mechanism that explains how
material crystal structure changes as a result of hydrogen charging. For
instance, the transition from ductile to brittle occurs due to the effects of
hydrogen uptake, which is then advantageous for cup and cone brittle
fracture [66]. Decohesive hydrogen fracture (DHF) is the process in
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which the ductile fracture is initiated by the brittle nature of the sample
with the help of de-cohesion or hydrogen in nature. Mixed fracture (MF)
mode is the condition in which the fractured surfaces are visible to
address fractures that are both ductile and brittle or have a combined
effect. In hydrogen-assisted micro void coalescence (HDMC) mode,
ductile fracture in a material took the form of micro-void coalescence.
There were several stages of the MVC fracture: void nucleation, void
development, void coalescence, crack extension, and shearing off of the
remaining ligament. The convergence of voids in the fracture propaga-
tion direction caused the cracks to expand in a zigzag pattern. Hydrogen
impact results in dislocation motion and localized plastic deformation in
a material [67].

7. Hydrogen embrittlement assessments on HEAs

The development of HEAs is the most promising and successful way
to fulfil the materials requirements for hydrogen storage applications.
Following material development and fabrication of samples, the next
important thing is material characterization based on ASTM standards.
Different characterization methods include mechanical testing,
hydrogen permeation testing, hydrogen uptake measurements, thermal
desorption spectroscopy (TDS), hydrogen diffusion analysis, and envi-
ronmental exposure testing. Hydrogen atoms travel very quickly within
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a substance due to their small size. The techniques used for character-
ization include atom probe tomography (APT) to investigate the nano-
scale distribution of hydrogen in the materials [68]. A secondary ion
mass spectroscopy (SIMS) analysis of hydrogen behaviour character-
ization at the microscale level can also predict how the alloy will
separate inside. The interfaces of Fe-Al, Ti-Al, and Ti-Al-V are exam-
ples of this [69]. The average hydrogen concentration in alloying ele-
ments can be investigated using the glycerine method and found that
increasing the hydrogen concentration in alloying samples directly in-
creases the hydrogen charge current density. The limitations include
material embrittlement, reduced fracture toughness, and increased fa-
tigue crack growth [70]. The inert gas fusion heat conduction method
(IGFHCM) and thermal desorption spectroscopy (TDS) find the
hydrogen desorption rate in the sample. TDS techniques were applied to
determine the activation energy for various hydrogen trap locations.
Hydrogen micro-print techniques (HMT) are another important way to
characterize hydrogen because they look at how changes in the micro-
structure of the pipes affect the flow of hydrogen [71].

7.1. Mechanical testing (tensile test)

Tensile tests are the most common method for evaluating HE on
materials. The performance of the high-entropy alloys (HEAs) is evalu-
ated under two conditions: with and without hydrogen supply. The
objective is to identify important mechanical parameters such as elon-
gation, yield strength, and ultimate tensile strength. During the tensile
test, the presence of hydrogen in the samples often decreases both the
ductility and strength. Additionally, it influences the hydrogen embrit-
tlement which can be evaluated by estimating the index of loss in
ductility and strength.

Strength loss index = Oref — OH 4)
Oref
RA,.s — RA
Ductility loss index = re{TfH 5)
re)

Here, oy and RAy indicates strength in hydrogen-induced conditions,
and o, and RA.s Indicates strength in hydrogen-free conditions.
Equations (4) and (5) explain the oy (loss of strength) and RAy (loss of
ductility) in hydrogen-induced conditions. The ductility and strength
loss index indicates % of HE susceptibility to the alloy system to the
influence of hydrogen atom attack. The percentage of ductility loss is
measured with the help of elongation to fracture and reduction area
(RA) [72].

Engineering stress-strain values of CoCrFeMnNi-based HEA is
compared with AISI 304 and AISI 316L with and without hydrogen
charging conditions [73]. It was found that the precipitation formed by
the alloys acts as a barrier to dislocation motion and is highly effective in
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reducing the HE in alloy systems. Fig. 7 (a) shows that, compared to
austenitic stainless steel (AISI 304 and AISI 316L) samples, HEAs have
better HE resistance. Since the stainless-steel samples have to absorb a
greater amount of hydrogen compared to HEA, the ductility loss is high
compared to HEAs. HEAs undergo fewer ductility losses and
high-desorbed hydrogen which supports the resistivity to HE. Fig. 7 (b &
c) represents the SEM fractography of CoCrFeMnNi-based HEAs without
hydrogen charging and with hydrogen charge respectively.
Precipitation-strengthened (FeCoNi)gsAl;Tiz-based HEAs were used to
investigate the influence of hydrogen, its HE behaviour, cracking
mechanisms, and deformation behaviour in both hydrogen-doped and
non-doped samples. When these precipitations are used in energy stor-
age, they can help avoid or control the dislocation density and improve
the strength-to-ductility ratio. However, they can also absorb a lot of
hydrogen, which can damage the crystal structure. Fig. 8(a-b) shows
tensile results of (FeCoNi)ggAl;Tiy based HEA in various stress and strain
conditions. The UTS and % of elongation rate are evaluated with and
without hydrogen supply. HEAs subjected to hydrogen supply have high
UTS, and fewer elongation losses when compared to the samples without
hydrogen exposure.

700
ol 304
a 6004 CoCrFeMnNi HEA
2,
® 500
|
g 400 ! 316L
)] 1,
@ 300+ :.I
= | ~279
8 2004 | ,._A’
£ e
2 107 _ ' ~61%
L - L]
0 T T T T l' T T T
00 01 02 03 04 05 06 07

Engineering strain

(a)

Fig. 7. (a) Tensile test results of hydrogen-doped samples of CoCrFeMnNi-
based HEAs compared to AISI 304, and AISI 316L under stress-strain condi-
tions. (b) SEM Fractography of CoCrFeMnNi-based HEAs without hydrogen
charging and (c) SEM Fractography of CoCrFeMnNi-based HEAs with hydrogen
charge [73]. Reuse with journal permission. Copyrights 2024, Elsevier.
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UTS and % of elongation for the samples without hydrogen exposure
are 1324.2 4+ 16.6 MPa and 35.5 + 1.1% whereas for the samples with
hydrogen exposure are 1351.1 + 34.6 MPa and 29.6 + 2.8%. It was
found that the effect of hydrogen exposure has improved the UTS and
reduced the % of elongation [74]. Another possible way to improve the
mechanical properties and resistance to HE is through the grain
refinement effect with a high strength-to-elongation balance. HEAs
made of CoCrFeMnNi with 1.9 pm grain size were reformed and
improved with the help of a thermomechanical process. A comparative
study based on coarse and fine-grain refinement effects on HE evalua-
tion was reported. Fig. 9 explains the performance of the HEAs with and
without hydrogen supply for fine (FG), and coarse grain (CG)
heat-treated samples.

That stress-strain rate explains the degradation of mechanical
properties based on the exposure to the hydrogen (with and without
hydrogen supply). While comparing the tensile strength results of the
FG800 and CG800, the FG800 has shown an improvement in strength
because of its lower hydrogen uptake. The strength of FG800 is 1.5 times
higher compared to CG800. However, the samples with FG700 have
more strength compared to the FG800 and CG800. The results indicate
that grain refinement is an important consideration for preventing HE
[75].

7.2. Thermal desorption analysis based on hydrogen trapping

Hydrogen permeation tests and thermal desorption analysis (TDS)
are hydrogen trapping (HT) evaluation processes. The HT is an intrinsic
approach that introduces microstructure changes as hydrogen is added
to the alloying system. The extrinsic approach involves a metal surface
coating. In HT, the uniform hydrogen concentration leads to an increase
in the solubility limit of hydrogen throughout the alloy system, as
explained in the HT principles: (I) activation energy is one of the
influencing factors for reduction of hydrogen accumulation in the lattice
site; (II) migration of the trapping site depends on activation energy; (III)
de-trapping energy required for trapped hydrogen atoms to diffuse the
lattice; (IV) binding nature of the trapping site [76].

Fig. 10 explains the working principle of Thermal Desorption Anal-
ysis (TDA). Bulk samples were placed over the furnace and hydrogen
was charged at the inlet. The sample absorbed the excess hydrogen in
the form of desorbed hydrogen. The vacuum pump and gas detector
desorbed the hydrogen gas. After collecting a sample from the furnace,
the hydrogen desorption rate between the various temperatures is
evaluated with the help of hydrogen desorption peaks.

8. Taming the hydrogen threat: strategies to prevent the
hydrogen embrittlement in high-entropy alloys (HEAs)

8.1. Hydrogen embrittlement

Maintaining a green environment is challenging for society as a
whole. Moreover, the CO, level has increased because of the increased
human population, transport sectors, energy demand, and deforestation.
Consequently, current research primarily concentrates on utilising sus-
tainable energy sources, including hydrogen. The synthesis of hydrogen
generation, storage, and transport is a complex endeavour because of the
storage container’s inherent vulnerability to chemical degradation.
Mechanical properties degrade, causing the material to fail [77]. The
safe handling of hydrogen is crucial. When the concentration of
hydrogen in the air exceeds the lower explosive limit, it becomes
combustible and requires careful handling. In that situation, increasing
the credibility of hydrogen among the people is an important consid-
eration in developing hydrogen-based vehicles for society. The Austra-
lian National Survey Institute conducted a hydrogen-related safety
survey, providing results on a 5-point scale and four significant factors
based on customers’ willingness to use hydrogen. Safety-related ratings
are 4.5/5, reliability 4.3/5, convenience to use 3.6/5, and economic cost
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4.2/5 [56]. The mechanism of HE and the analysis of microstructure are
important for the evaluation of HE formation and its prevention
methods. There are two different forms of HE in materials (a) internal
hydrogen implantation (IHE). Remaining hydrogen from production
and processing techniques triggers the IHE, or industrial hydrogen
embrittlement, which leads to the accumulation of hydrogen in the
crack tip through diffusion from the crystal lattice. (b) External
Hydrogen Embrittlement (EHE). The term EHE refers to the influx of
hydrogen from outside sources, such as environments that are rich in
hydrogen, and causes the materials for hydrogen adsorption, diffusion,
and decomposition. EHE is an example of the stress corrosion cracking
factor [78]. Many factors contribute to the HE in materials namely, se-
lection of alloying elements, (ii) microstructure, (iii) stress development
over the materials, (iv) hydrogen content, (v) stress and strain ratios, (vi)
temperature, (vii) surface condition, and (viii) percentage of hydrogen
purity level [23]. Fe-based alloys are more likely to be affected by HE
due to their higher penetrating level of hydrogen (<1 ppm) and high
strength in nature. The following criteria are to be considered to strike a
balance between the mechanical properties (strength, corrosion, mate-
rial ductility) of the developed material and HE: (i) Inadequate hydrogen
diffusivity and the absence of gradients in the local electrochemical
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process contribute to the development of these mechanical properties.
ii) When testing for slow strain rate tensile, the solute hydrogen in the
bulk alloy matrix creates deformation twins that stop cracks from
spreading. (iii) To control hydrogen uptake and minimize the formation
of defects, such as point defects, oxide-based films are applied over the
surface [79]. Hydrogen diffusion and hydrogen characterization are
important methods for the evaluation of HE [78]. Mechanical failure,
such as fractures (intergranular and transgranular) is a significant factor
in HE failure. These types of fractures are caused by hydrogen’s ease of
trapping in metals. The presence of HE in a material is determined not
only by its natural trapping, but also by factors such as temperature,
pressure, alloying element addition, material strength, stress, and strain
rate, microstructure, internal surface conditions, heat treatment, and
working nature [80]. HE is categorized as a catastrophic failure due to
the loss of mechanical parameters such as toughness, ductility, and
strength, as well as the propagation of subcritical cracks and fracture
initiation. At fracture initiation, the stress level is between yield and
ultimate tensile strength levels. In comparison to other alloying systems,
HEAs are highly resistant to HE because the influence of a single alloying
system doesn’t influence the mechanical properties of HEAs. Various
alloying additions enhance the resistance to hydrogen evaporation
(HEy). These days, a highly effective method for storing hydrogen is in
metal-based tanks that can withstand high pressure or low temperature.
In this way, HEAs are more effective at resisting HE. HE is evaluated

using the embrittlement index (E1) and determines the
hydrogen-induced ductility loss.
E, :Eh (air) — Eh( hydrogen) « 100 % e

Eh (air)

Ep: homogeneous deformation.

The investigation of CoCrFeMnNi-based HEAs is focused on the effect
of temperature ranges like 298 K, 177 K and 77 K. For the 177 K range, a
higher number of twins forms, which improves hydrogen diffusion and
minimizes stress concentration at boundaries. Moreover, further
reduction in temperature to cryogenic conditions (77 K) HE issues are
not visible to address. Fig. 11 shows that with and without the supply of
hydrogen at various temperature limits, materials do not get affected by
the HE problem because, at that particular temperature, more defor-
mation twins are present in the microstructure. For the temperature of
77K, it was noted that there is an increase in the strain or elongation
level for a decrease in the temperature limits [81]. A kernel average
misorientation map (KAM map) is used in Fig. 12 which shows the ef-
fects of elongation in a hydrogen-absorbed CoCrFeMnNi-based alloy.
Fig. 12(a—f) displays the EBSD results for a sample that did not have a
hydrogen supply. The red and black lines show the boundaries of the
deformation twins and the high-angle grain boundaries. The deforma-
tion twin boundaries highly elongated during the tensile test in the
tensile direction at a temperature range of 298 to 77 K. Compared to this
limit, 77 K has high deformation. This is primarily due to the high twin
length per unit area. Fig. 12 (g to 1) shows that the hydrogen supply
sample at 77 K has more deformation compared to 298 and 177 K. The
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Fig. 12. (a)-(f) EBSD results for a sample without hydrogen supply and (g) to (i) EBSD results for a sample with hydrogen supply at the same temperatures (298 K,

177 K, and 77 K) [81].

blue colour denotes less deformation and fewer deformation twins,
which concludes that the high temperature causes more deformation
and less possibility for HE [81].

Factors which influence the HE are listed below [82].

e Flow of hydrogen - external (gaseous form) and internal (dissolved
form)

e Exposures time

e Pressure and temperature in various conditions

o Effects of solvents (acidic solution)

e quantity of metal discontinuities.

e Handling of exposed panels or surfaces (Barrier coating)

e Treatment of metal surface

e Heat treatment effects
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8.2. Prevention of hydrogen embrittlement using HEAs

In hydrogen embrittlement, a mechanical property degradation
phenomenon commonly known as hydrogen-assisted cracking (HAC)
occurs. Hydrogen-induced-phase transition is one of the effects of HAC
on the trapping of activation energy for hydrogen. Crack-tip failure
constantly occurs during the HAC phenomenon, followed by continuous
and multiple crack growth caused by the influence of hydrogen. The
addition of alloying elements, microstructure modification, and oxide
films over the surface are the possible solutions to prevent continuous
failure in materials. The goal of using oxide films is to reduce hydrogen
uptake. For liquid-hydrogen transportation sectors, for high safety and
critical fracture, strong and ductile materials are mostly recommended
[83]. In recent years, advanced material development sectors have made
use of high-strength materials like nickel-based Inconel alloys and
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superalloys, titanium-based alloys, aluminium, and stainless steels [84].
These alloy systems are high-strength and have better corrosion resis-
tance, but their limitations are a very small amount of prevention of
hydrogen embrittlement due to this microstructure constraint. To rectify
these issues entropy-based alloys were developed. One of the best things
about some HEAs is that they make it easy to change the microstructure
by adding different alloying elements that can be equal or unequal in
number. The addition of alloying elements such as Cu, Ni, Co, Cr, Nb,
Mo, Ti, Mn, Al, and microalloying elements makes it highly resistant to
hydrogen embrittlement. Based on a selection of alloying elements in
HEAs, microstructure changes are possible and improve the strength of
the alloy system, e.g., This is because the microstructure changes that
make the material stronger—interfaces and second-phase precipitates,
which cause galvanic corrosion—cause changes in the electrochemical
potential that are only localized. In the same way, hydrogen builds up at
interfaces, inside precipitates, and in places with a lot of micro-
mechanical contrast. This makes the material soften more quickly [85,
86]. The addition of alloying elements concept was used to develop
CoNiV-based entropy alloys with FCC structure at a strain rate of 10~
S, CoNiV-based alloys work better mechanically in hydrogen envi-
ronments, don’t become weaker when exposed to hydrogen, and resist
corrosion well at 300K in a range of acidic environments. Fig. 13 (a)
shows the tensile behaviour of CoNiV alloys with and without hydrogen
charge. The UTS without hydrogen samples was 1095 + 10 MPa, with
an elongation of 85.8 + 2.0%. Samples with hydrogen exposure resulted
in a UTS of 1079 + 12 MPa and elongation of 84.3 + 1.5%. Fig. 13 (b)
indicates the hydrogen desorption rate based on TDS curves for
hydrogen with and without charge. Fig. 13(c) presents a comparative
study of the diffusivity of hydrogen in individual elements such as Co,
Ni, and V, as well as in the combined form of CoNiV. The comparison of
individual elements reveals that the CoNiV-based alloys exhibit a higher
amount of hydrogen diffusivity. Fig. 13(d-h) shows the fracture surface
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of the hydrogen-charged sample [83]. As the alloying elements
(Nb4o-xMox)40TizoNizo (X = 0, 5, 10) are added, the level of hydrogen
absorption has to go down, and the solubility has to go down as well. In
an alloy system, the addition of Mo to other elements has high diffusivity
in nature and is highly effective for HE [52].

The addition of alloying and micro alloying elements like Cu, Ni, Co,
Cr, Nb, Mo, Ti, Mn, and Al makes hydrogen embrittlement highly
resistant. The addition of copper (Cu) to the high-strength steel has good
resistance to HE. In general, high-strength materials have very little
hydrogen resistance and are more susceptible to hydrogen embrittle-
ment. But, the addition of Cu improves the resistance to hydrogen
embrittlement [87]. The electrochemical hydrogen permeation test
identifies the effect of copper addition and its influence, while the slow
strain rate test scrutinizes its influence in the alloy system. Adding
copper to the alloying system makes the other elements more uniform
and slowly lowers the buildup of hydrogen because the different ele-
ments are pushed down [88]. The alloying elements benefit greatly from
the addition of copper. Cu has a very good precipitation former for that
effect strength versus HE resistance trade-off, but the advantages do not
affect the UTS of core material properties. Moreover, the addition of
copper to the alloying process easily forms the oxide layer and reduces
hydrogen penetration on the surface [89]. Adding Pd-based alloys to HE
works very well because they don’t let too much hydrogen through, last
longer, bind hydrogen very well, and can be used to have strong cata-
lytic properties on their surfaces [90]. The inclusion of Al in the alloy
system raises the stacking fault energy (SFE) which is the primary reason
for using Al-based HEAs as the most advantageous ones for HE reduc-
tion. High SFE strengthens the barrier against hydrogen-induced
delayed cracking (HE) [91]. Therefore it is preferred to increase the
SFE to increase the isotropic hardening and reduce the kinetic hardening
behaviour in the dislocation pile-up mechanism [89]. In energy-based
sectors, the density of materials has played a major role in effective
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Fig. 13. (a) Mechanical behaviour of CoNiV-based alloys with and without hydrogen charging. (b) Effect of various temperature and its influence factors for
hydrogen desorption rate in CoNiV-based alloys. (c) hydrogen diffusivity compared to individual and alloying elements. (d-h) Hydrogen-charged sample and its
fracture surface [83]. Open access article, which permits unrestricted use.
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energy consumption based on the development of lightweight materials.
The addition of Mg to other elements has reduced the density of HEAs
and is more favorable for the fabrication of lightweight hydrogen stor-
age applications based on HEAs concepts. In HEAs, the addition of Mg to
other elements increases the gravimetric hydrogen storage capacity.
Magnesium is a great option for hydrogen applications due to its high
gravimetric capacity, high abundance, and affordable cost. High-energy
ball milling (HEBM) forms the alloy system of Mgj2Al;1TizsMnj1Nbss,
which absorbs hydrogen at 1.7 wt% and forms the BCC crystal structure
with a hydrogen-to-metal ratio of one (H/M = 1). Another HEAs, namely
MgZrTiFe( 5Cog sNig 5 developed using HEBM, absorbed hydrogen at a
rate of 1.2 wt% (H/M = 0.7). H/M generally denotes hydrogen uptake
from the fabricated materials. The H/M level is low, making them ideal
for high-quality hydrogen storage materials due to their low affinity for
hydrogen [92]. This increase in HE susceptibility with increased P
concentration is typically caused by the intergranular segregation of P,
which promotes H-induced intergranular cracking through additive or
synergistic actions, or by P enhancing H absorption [89,93]. HEAs
containing FENiCoCrMn was fabricated and experimented for HE sus-
ceptibility. The addition of Mn to the FeNiCoCr alloy system in cryo-
genic (—196 °C) temperature at different strain conditions (at cold rolled
conditions like 15%, 30%, and 45% of strains) and their morphologies
are shown in Fig. 14. In that figure, white dashed lines indicate grain
boundaries (GBs), and a red circle indicates deformation twins (DTs). At
45%, more intense twinning forms and nano-twins develop into clusters
and bundles to raise the strain rate from 15% to 45% [94].

For hydrogen accumulation, a single face-centered cubic (FCC) phase
reduces the local micromechanical contrast. The solid solution’s ele-
ments slow down the diffusion of hydrogen, preventing the production
of hydride. With the help of alloying additions, the formation of nano-
twins is better for making the work-hardening behaviour better when
hydrogen is added. The low stacking fault energy aids in nanotwin
formation. The dense surface oxide coating can increase the HE resis-
tance by preventing hydrogen absorption [83]. During the deformation

15%

30%

45%

100 nm
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process, Mo can encourage the formation of c¢ (NTs) in the
hydrogen-charged specimen. When NTs engage with dislocation, they
can prevent the local accumulation of hydrogen and disrupt the GBs’
perpetual motion, which prevents intergranular decohesion and en-
hances the HE resistance. The formation of NTs in an alloy system
subsequently reduces the development of failure in a sample, such as
crack formation. Mn, Mo, and other elements are added to the alloy
system to boost the hydrogen-enhanced local plasticity, aided by NTs.
Elements like Ni and Fe metals, which have absorbed hydrogen, exhibit
low hydrogen solubility at atmospheric pressure and temperature. These
elements have a low critical hydrogen content and a low part per million
in weight (wt. ppm). The range between wt. ppm <2 lower levels affect
the ultimate tensile strength (UTS). The influence of hydrogen signifi-
cantly impacts the UTS when the weight ppm exceeds 5 [95]. In auto-
motive applications, the hydrogen concentration has wt. ppm <1 for a
better optimum condition for the mitigation of HE [96]. When Ti is
added to a multicomponent alloying system (HEAs), it makes the system
easier to shape and absorbs hydrogen. This changes the phase from HCP
(a-Ti) to BCC at high temperatures [56]. The HEAs based on (FeCo-
Ni)geAl;Tiy, with an average grain size of 42.3 mm was fabricated using
vacuum arc melting process and was subjected to precipitation hard-
ening under various aging conditions. Fig. 15(a) explains the effects of
various thermodynamic processes under different heat treatment con-
ditions. Fig. 15(b) indicates the Inverse Pole Figure (IPF) elements with
random distribution natures. Fig. 15(c) indicates the Twin boundary
formation with the help of annealing. Grain boundaries guide the
identification of the twin locations. Reports indicate that the brittle L12
phase enhances the alloy’s strength, subsequently reducing its ductility.
Therefore, the imbalanced phase contributes to the transition from
brittle to ductile. Fig. 15 (d) indicates the grain size distribution. Fig. 15
(e—f) presents the misorientation angle distribution and XRD results to
confirm that alloys are FCC + L12 phases [74].

Fig. 14. Twinning morphologies in various strain rates (a—d) 15%, (e-h)30 %, (i-1) 45% of strains [94]. Reuse with journal permission. Copyrights 2024, Elsevier.
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Fig. 15. (a) Heat treatment process of (FeCoNi)gsAl;Ti; HEAs. (b) IPF based on EBST results. (c) FCC + L1, crystal structure. (d) Grain size distribution chart with the
help of EBST results. (e) Recrystallization twins evaluation with the help of EBST misorientation angle distribution. (f) XRD results of HEAs [74]. Reuse with journal

permission. Copyrights 2024, Elsevier.
9. Conclusion

This review identified recent developments in mitigating strategies
for hydrogen embrittlement behaviour in hydrogen storage equipment
using the high-entropy alloy concept. Adding multiple elements to in-
crease the entropy level, which supports high-phase stability in all
environmental conditions is an important reason for using HEAs to
mitigate HE failures. The next-generation hydrogen storage systems
focus on high hydrogen storage capacity, increased energy density ca-
pacity, high phase stability in moderate environmental conditions, and
good cycling performance. In this direction, HEAs are most suitable for
hydrogen storage tank development. The high hydrogen storage ca-
pacity and fast diffusion kinetics play major roles in the effective storage
of hydrogen materials. In this direction, the selection of alloying ele-
ments decides the high storage capacity and diffusion kinetics. The
addition of alloying elements like Co has a strong affinity to hydrogen,
high reversibility, and high corrosion resistance, which is beneficial for
using a high life span. The addition of Fe to HEAs promotes the hydride
formation to achieve a high volumetric energy density and maintain a

Nomenclature section:

low-pressure level inside the hydrogen storage equipment. But more %
of Fe addition to other alloys has a higher chance of developing a failure
and loss of mechanical strength. To overcome this aspect, Ni is added to
resist the HE failure because Ni is a good austenitic stabilizer, and either
with or without hydrogen conditions the stable grain structure is
maintained. The inclusion of Mn in HEAs aims to develop a nanosized
twin formation inside the alloy system. The twins eliminate the dislo-
cation motion, which also improves the strengthening behaviour of the
alloy system. The multi-component alloys eliminate the crystal structure
changes (to BCC) followed by intergranular cracks developing inside the
grain boundaries and ensure high-phase stability in a hydrogen-induced
environment.
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EHE
EL
FCC
FG
HAC
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HCP
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HEV
HEAs
HEBM
HEDE
HELP
HEMD
HIC
HMT
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IHE
IPCC
IPF
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LENS
MF
MS
MVC
Dts
SDP
SEM
SFE
SIMS
SLD
SOP
SS
TDS
UTS
VEC
WHR
XRD

External hydrogen embrittlement
Embrittlement index

Face centered cubic

Fine grain
Hydrogen assisted cracking

Hydrogen changed Micro fracture Mode
Hexagonal close Packed

Hydrogen assisted Micro void coalescence
Hydrogen embrittlement

Hydrogen evaporation

High entropy alloys

High energy ball Milling

Hydrogen enhanced de cohesion Mechanism
Hydrogen enhanced local plasticity Model
Hydrogen enhanced Macroscopic ductility
Hydrogen induced cracking

Hydrogen Micro print techniques

Hydrogen trapping

High temperature hydrogen attack

Internal hydrogen implantation
Intergovernmental panel on Climate change
Inverse Pole Figure

Intermediate temperature embrittlement
Lattice distortion effects

Laser engineered net shaping

Mixed fracture
Melt spinning
Micro void coalescence
Deformation twins

Simple disordered phase

Scanning electron Microscopy
Stacking fault energy

Secondary iron Mass spectroscopy
Sluggish diffusion

Simple ordered phase

Simple solid solution

Thermal desorption spectroscopy
Ultimate tensile strength

Valence electron concentration
Work hardening rate

X Ray Diffraction
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