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Abstract: This review sets out to investigate the detrimental impacts of hydrogen gas (Hy) on critical
boiler components and provide appropriate state-of-the-art mitigation measures and future research
directions to advance its use in industrial boiler operations. Specifically, the study focused on
hydrogen embrittlement (HE) and high-temperature hydrogen attack (HTHA) and their effects on
boiler components. The study provided a fundamental understanding of the evolution of these
damage mechanisms in materials and their potential impact on critical boiler components in different
operational contexts. Subsequently, the review highlighted general and specific mitigation measures,
hydrogen-compatible materials (such as single-crystal PWA 1480E, Inconel 625, and Hastelloy X),
and hydrogen barrier coatings (such as TiAIN) for mitigating potential hydrogen-induced damages
in critical boiler components. This study also identified strategic material selection approaches
and advanced approaches based on computational modeling (such as phase-field modeling) and
data-driven machine learning models that could be leveraged to mitigate potential equipment failures
due to HE and HTHA under elevated H; conditions. Finally, future research directions were outlined
to facilitate future implementation of mitigation measures, material selection studies, and advanced
approaches to promote the extensive and sustainable use of Hj in industrial boiler operations.
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1. Introduction

Boilers, critical pressure vessels for heating water and generating steam, play a dual
role in industrial applications by providing heating solutions and powering steam turbines
for electricity generation [1]. Historically, boiler operations have predominantly relied on
traditional fossil fuels, including natural gas, coal, oil, and diesel, to generate a significant
portion of global electricity [2,3]. Despite their widespread use, these traditional fuels have
significant limitations in achieving clean combustion. Given that their combustion signifi-
cantly contributes to global carbon dioxide (CO;) and overall greenhouse gas emissions,
reducing their carbon intensity is crucial for achieving climate change goals [4-6]. In light
of this, the adoption of renewable and clean energy fuels has garnered significant interest
in supporting environmental protection efforts. Particularly, transitioning to clean energy
fuels such as hydrogen gas (Hj) is becoming increasingly critical for balancing energy
demand with environmental sustainability [7,8].

In recent years, there has been a growing interest in utilizing H; to reduce the carbon
intensity of industrial boiler operations. Several studies have proven that the use of H; as
an alternative to fossil fuels for combustion can significantly reduce CO, emissions and
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enhance environmental sustainability. For instance, Shiro et al. [9] conducted a comparative
analysis of the percentage of CO, emitted during the combustion of traditional fuels and
Hj. The study demonstrated that the combustion of H, and hydrogen-enriched natural
gas (HENG) produced the lowest carbon emissions compared to other traditional fuels.
A summary of their findings is presented in Figure 1. Shiro et al.’s combustion analysis
aligns well with existing literature, confirming the benefits of using Hj as a substitute for
traditional fossil fuels in reducing carbon emissions during combustion [10].

120
EN 100
@)
U]
2 80
o —
e,
>
s 60
Ne]
5
S 40
€
2
“ 20 I
®)
O

0 PR—
N <@ K2 o D N N D &
b(alb \c)é\\ Q\?/c) 0\\0 = 0\0‘2‘ v 0\0\2\’\' 0\0‘20 0\0*2‘ i A
& A ’bc" Q Q bg QO
3 G O & & NS

Figure 1. CO, emissions for the combustion of one energy unit of various fuels [9] CC BY 4.0
(open access).

Some key combustion properties of Hy, compared with conventional fuels such as
methane (CHy), were also highlighted in the literature [11,12]. Table 1 compares these
key combustion properties of CHs and H;. For example, H, exhibits a wider combustible
range, a higher flame temperature, lower spark ignition energy, and a lower autoignition
temperature compared to conventional CHy. Thus, in addition to its clean burning benefits,
these highlighted combustion properties further validate the push for the extensive use of
H; in industrial boiler operations.

Table 1. Combustion properties of CHy and Hj. Adapted from Najjar [11].

Property CHy4 H,
Stoichiometric air/fuel ratio (kg) 17.2 343
Combustible range (%) 5-15 6.7-36.0
Flame temperature (°C) 1914 2207
Minimum spark ignition energy (m]) 0.30 0.017
Autoignition temperature (°C) 600 585

H; has also been widely recognized as a high-energy-density fuel and a potential
low-cost fuel for future economies [10]. It has been reported that 1 kg (kg) of hydrogen
contains 120 megajoules (M]) or 33 kilowatt-hours (kWh) of energy. This is more than twice
the energy density of conventional fuels like natural gas, which can have an energy density
of 43 MJ /kg [13-15]. Table 2 corroborates this claim by presenting the comparison between
the energy contents of gaseous hydrogen, liquid hydrogen, and conventional fuels [10].
The comparison shows that H, has a significantly higher energy density than all traditional
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fossil fuels, further emphasizing its potential as an efficient energy solution. Several
other studies have also confirmed these benefits and proposed H; as an essential solution
to the current energy crisis and the threat that global warming poses to environmental
safety [16-19]. Thus, overall, the adoption of H, has the significant potential to transform
the energy sector and promote environmental conservation.

Table 2. Comparison of some selected energy contents of fuels [10] (with permission from Elsevier).

Fuel Energy Content [M]/kg]
Lower Heating Value Higher Heating Value

Gaseous hydrogen 119.96 141.88
Liquid hydrogen 120.04 141.77
Natural gas 47.13 52.21
Liquified natural gas 48.62 55.19
Still gas 46.89 50.94
Crude oil 42.68 45.93
Liquified petroleum gas (LPG) 46.60 50.14
Conventional gasoline 43.44 46.52
Reformulated or Low-sulfur

gasoline (RFG) 42.35 45.42
Conventional diesel 42.78 45.76
Low-sulfur diesel 42.60 45.56
Coal (wet basis) 22.73 23.96
Bituminous coal (wet basis) 26.12 27.26
Coking coal (wet basis) 28.60 29.86
Methanol 20.09 22.88
Ethanol 26.95 29.84

Despite the benefits of Hj as a potential combustion fuel for boilers, recent research
has been focused on assessing its feasibility for boiler operations. Particular attention
has been given to addressing the challenges associated with its use [20-28]. One such
challenge would be advancing the technology for H, adoption to ensure its safe use and,
consequently, reduce the industrial dependence on fossil fuels [29]. Beyond its wide
flammability range (between 4% and 75%) and significant explosion potential [12], there
are other considerable safety challenges. Currently, these challenges primarily involve
understanding the combustion characteristics of Hy and its impact on materials, industrial
components, and the environment. These issues could pose significant obstacles to the
widespread adoption of H; in industrial boiler operations [9,27,30,31].

The vulnerability of key boiler components to degrade when operating under hydrogen
rich conditions could significantly impede overall boiler operation and lead to catastrophic
accidents. Critical components such as boiler evaporator tubes, pressure vessels, and
fasteners are highly susceptible to a cascade of failure mechanisms under hydrogen-rich,
high-temperature, high-pressure conditions. These mechanisms may include hydrogen
embrittlement (HE) [21,32,33], high-temperature corrosion failure [34], high-temperature
hydrogen attack (HTHA) [35], and high-temperature creep failure [36]. Thus, it is im-
perative to gain a thorough understanding of these underlying failure mechanisms in
hydrogen-rich, high-temperature, and high-pressure operational contexts. This knowledge
is crucial for making informed decisions regarding effective mitigation approaches and
precise material selection.

Notably, extensive mitigation measures, including material selection studies, have
been explored to mitigate the occurrence of both HE and HTHA in industrial boiler com-
ponents [21,32,33]. Nevertheless, there are significant discrepancies in the extensive body
of literature regarding standardized hydrogen-compatible materials that can withstand
hydrogen-rich, high-temperature, and high-pressure conditions. Additionally, previous
mitigation measures and material selection studies often lack robust, confident validation
in specific operational contexts. These unaddressed gaps could result in major equipment
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failures in hydrogen-fuel boilers, potentially leading to undesirable incidents. For instance,
Djukic et al. [21] and Campari et al. [31] have reported severe hydrogen-induced damage
occurrences in boiler evaporator tubes and pressure vessels across numerous industrial
boiler plants globally. Most importantly, the literature investigating hydrogen damage of
components exposed to Hy or HENG (with high Hj, percentages) under industrial boiler
operation conditions is also obscure and limited [12]. This limitation often arises due
to the complexity of experimentally modeling the operating conditions of critical boiler
components in industrial power plants.

To address these gaps and facilitate the broader adoption of Hj in industrial boiler
operations, it is essential to develop more effective mitigation strategies and conduct com-
prehensive material selection studies to tackle the detrimental impacts of H, on materials.
Therefore, a crucial initial step would be preliminary, detailed assessments, which are
vital for identifying and addressing the impact of hydrogen-induced damages on critical
boiler components under high-temperature, high-pressure H, conditions. Consequently,
these assessments would also be indispensable for promoting the wider, more confident
application of H; in industrial boiler operations.

In this context, essentially, the review study sets out to achieve the following objectives:

1.  To provide a fundamental understanding of the HE and HTHA phenomena and their
potential occurrences in hydrogen-fuel boilers.

2. To highlight mitigation measures, hydrogen-compatible materials, and barrier coat-
ings that are feasible under in-service hydrogen boiler operations.

3. To discuss advanced computational and data-driven approaches for the simulation
and prediction of hydrogen-assisted damages in critical boiler components under
varying operational conditions.

4. To provide future research directions to guide the advancement of H; use in industrial
boiler operations.

The remainder of this paper is organized as follows. Section 2 provides an overview of
the potential adverse effects of H, on critical boiler components. It includes a fundamental
discussion of the occurrence of HE and HTHA within specific operational contexts. Section 3
reviews the literature on viable mitigation measures designed to counteract the detrimental
effects of Hy on the boiler components. Section 4 discusses material selection studies for the
selection of hydrogen-compatible materials for elevated H; conditions. A discussion of the
implementation of mitigation measures in an industrial context is also provided. Section 5
highlights both experimental and emerging computational and data-driven approaches for
investigating hydrogen-induced damages in boiler components. Section 6 summarizes the
key findings of the review and presents future research directions aimed at advancing the
use of H; in industrial boiler operations.

2. Adverse Impacts of the Industrial Use of H, in Boiler Operation

H; has been gaining increasing attention as an alternative energy source owing to
its environmental benefits and high energy density, as formerly discussed. However,
the increased use of Hj in industrial boiler operations could potentially have adverse
impacts on critical boiler components and overall boiler operations. In this study, we
discussed the detrimental impact of H, on critical components in water or fire tube boilers,
such as coal-fired and HENG-fired boilers used in thermal power plants. These critical
boiler components are typically made of high-strength steels, plain carbon steels, and
low-alloy steels and operate under a pressure range of 15.5-27.0 MPa and a temperature
range of 300-540 °C [11,21]. However, it is important to note that the combustion of Hp
or HENG (with a high H, percentage) is associated with higher operating temperatures,
often exceeding 540 °C [11,20]. Hence, investigating novel high-temperature hydrogen-
compatible materials would be necessary.

As recognized across the literature, the prominent detrimental impacts, potentially on
key boiler components in thermal power plants operating under hydrogen-rich elevated
conditions, are HE and HTHA [21,26,27,32,33,35,37-39]. For example, earlier investigations
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on the effect of Hy on high-pressure energetic boiler drums for thermal power plants
revealed intensive hydrogenation and subsequent embrittlement. This contributed to the
development of major corrosion damage, which manifested in the form of linear pits and
cracks [37]. Recently, Dwivedi et al. [26] and Venezuela et al. [39] investigated the effect of
H; on advanced high-strength steel (AHSS) suitable for boilers and pressure vessels under
intermediate and moderate temperature conditions. They reported AHSS materials as
highly susceptible to HE, with a drastic reduction in ductility without any fracture behavior
changes. Djukic et al. [21] also investigated the hydrogen damage of low-carbon steel
evaporator tubes in industrial boiler plants through failure and postmortem analysis. Their
experimental analysis also demonstrated the drastic decline in steel ductility due to the
simultaneous action of active HE mechanisms. In fact, these hydrogen-induced damages
(HE and HTHA) continue to be the primary causes of numerous boiler equipment failures
and accidents [21,31,40,41].

Despite these challenges, using H; as a fuel in boilers has the potential to significantly
reduce greenhouse gas emissions, enhance fuel efficiency, and boost overall energy output
in industrial operations. Given the growing demand for cleaner energy sources, the
potential benefits of using Hy could outweigh the associated hydrogen-induced damage of
components [16-19]. Nonetheless, to address the challenges associated with the extensive
use of Hy, it is essential to implement appropriate mitigation measures and conduct proper
material selection studies. These mitigation measures and material selection studies should
incorporate emerging computational and data-driven approaches that can confidently
inform decisions on enhancing or replacing materials traditionally used for critical boiler
components. Therefore, a precise, fundamental understanding of the detrimental hydrogen
damages of boiler components exposed to H; is crucial. Gaining detailed insights into
these hydrogen damages is essential for the development of effective mitigation measures
to safeguard critical boiler components, prevent catastrophic failures, and minimize the
frequency of power plant shutdowns.

2.1. Hydrogen Damage and Simultaneous Embrittlement

Materials used for critical boiler components, particularly steels, exposed to hydrogen-
rich, high-temperature, and high-pressure conditions tend to be highly susceptible to
specific hydrogen-induced damages that can degrade their mechanical performance. Some
hydrogen-engendered damages include cracking due to hydride formation, hydrogen-
induced fissuring, internal hydrogen precipitation, HTHA, and HE [37,42].

HE is predominantly the hydrogen damage assessed in most materials used for critical
boiler components operating under hydrogen-rich conditions [43]. HE is the result of the
ingress and trapping of hydrogen atoms in the metal lattice, which leads to the degradation
of the mechanical properties of the metal (loss of ductility and impact toughness) and
crack initiation under applied loads [32,44]. Under mild to high temperatures, hydrogen
atoms can diffuse into the crystalline structure of metals by occupying interstitial sites.
Under the influence of external forces, these atoms can also shift and accumulate near grain
boundaries or dislocation sites. Due to the inherent instability of hydrogen atoms, they tend
to combine rapidly with other hydrogen atoms, leading to an increase in volume and the
formation of micro-cracks [45]. Figures 2 and 3 show simplistic schematic depictions of the
initiation of the HE mechanism as a result of atomic hydrogen diffusion and segregation.
In most cases, an increase in temperature can also lead to increased diffusion of hydrogen
atoms. This is simply because the solubility of the hydrogen atoms in certain materials tends
to increase at higher temperatures [46]. Moreover, when the concentration of hydrogen
outside the material exceeds that which is inside, hydrogen diffusion can also occur even at
lower temperatures [40].
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Figure 2. The general mechanism of HE is atomic hydrogen diffusion, resulting in microcracks [45]
(Figure redrawn from original image).

Hydrogen atom Formation of bubbles

Hydrogen-rich Hydrogen diffuses diffuses along grain along gram
environment into metal boundaries and boundaries due to
& "[QQ
combines hydrogen atom
combination
o
Ooo o)
%o
9.0
%
1)
o

Figure 3. The diffusion of hydrogen atoms along grain boundaries drives the HE occurrence.

The diffusion of hydrogen atoms into a material may occur during fabrication and
post-processing. These include casting, carbonizing, surface-chemical cleaning, pickling,
electroplating, electrochemical machining, cathodic protection, welding, roll forming, and
heat treatment [44]. Moreover, the diffusion of hydrogen atoms into the metal can be
further facilitated by environmental exposure during the use of the material. This infiltra-
tion could occur owing to various factors such as cathodic electrochemical reactions [44],
low-temperature corrosion-induced hydrogen evolution [47], or exposure to gaseous hy-
drogen at mild to heightened temperatures—a common scenario in most boiler combustion
operations [48].

The hydrogen-induced degradation of the mechanical properties of most metallic
materials and alloys has been widely studied and confirmed. Essentially, HE reduces the
tensile strength, yield strength, hardness, impact strength, fracture toughness, elongation to
failure, and fatigue life of affected materials [49-51]. More specifically, several studies have
also confirmed the hydrogen-induced mechanical degradation of different grades of steel
used for most critical boiler components. These include low-carbon steels [51], medium-
strength steels [52], high-strength steels [53,54], stainless steels [55], ferritic and martensitic
steels [37-39], and austenitic steels [56]. However, according to Yamabe et al. [57], the
impact of hydrogen on the fatigue crack propagation rate in steels is still a subject of
debate and could be dependent on the stress ratio levels. Nonetheless, Pradhan et al. [58]
reviewed the impact of HE on fatigue strength in high-strength steels and reported that in
intensive hydrogen concentrations, the fatigue crack growth rate increased with increasing
stress intensity factors and stress ratios [59]. Additionally, Briotteet et al. [60] revealed that
fatigue crack initiation and fatigue crack growth may even occur at ambient temperatures
and under an Hj pressure of 0.5-35 Mpa. They also noted that crack growth was highly
dependent on loading frequencies and stress intensity factors.

Murakami et al. [55] identified predominant factors that influence the activation and
severity of HE in metals and metallic alloys. These factors include the source of hydrogen
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(electrochemical charging or gaseous), global and local hydrogen content in the material,
and the hydrogen concentration gradient in the material. For steels and iron, in particular,
Djukic et al. [61] also revealed that the HE mechanism is influenced by the microstructure,
hydrogen content, and the distribution of hydrogen atoms in the materials. For example,
high-strength steels with martensite microstructures can exhibit high susceptibility to
HE [26]. Additionally, the environmental and mechanical loading conditions at different
scales (macro, micro, and nano) can also play a major role in initiating HE in different
grades of steel [61]. Another factor to consider is that the susceptibility of a type of steel
to HE is strongly influenced by its strength [44,62]. High-strength steels are generally
highly susceptible to HE, while low-strength austenitic steels exhibit relatively low levels
of susceptibility compared to ferritic steels [38,44,62].

More generally, factors that could potentially influence HE in metals include material
susceptibility, environmental exposure, stresses, quantity of atomic hydrogen diffusion,
and micro-hardness of the material [45,63]. Figure 4 depicts the general factors that could
influence HE in materials.

Material
Susceptibility

Environment

Figure 4. General factors responsible for HE in materials [63] (Redrawn from original image).

2.1.1. Theoretical Modeling of the HE Phenomenon

Although general mechanistic understandings of HE have been held for several
decades, many specific details remain obscure. This is often attributed to the challenges
associated with detecting hydrogen, given its small size, rapid diffusion, and widespread
presence in the environment [64]. Hence, to date, HE remains a complex phenomenon with
several underlying mechanisms that can influence material failure [40]. Thus, extensive
research has attempted to accurately model this phenomenon and provide a comprehensive
theoretical understanding of its occurrence and manifestations in materials [26,65-67].
Conducting theoretical studies would enable more precise modeling and characterization
of hydrogen uptake, diffusion, and trapping, as well as a deeper understanding of how
these factors influence the kinetics of active HE mechanisms [45]. Such insights are also
crucial for making informed decisions regarding advanced material selection and the
development of hydrogen-specific components.

Several theoretical models have been formulated to describe the underlying mecha-
nisms that influence the manifestation of HE in materials [26]. The common HE mechanisms
highlighted for this study are the hydrogen pressure theory (HPT), hydrogen-enhanced de-
cohesion mechanism (HEDE), hydrogen-enhanced localized plasticity mechanism (HELP),
hydrogen-enhanced strain-induced vacancies (HESIV), and absorption-induced dislocation
emission theory (AIDE) [26,65-70].
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HPT Model

For non-austenitic steels, the earliest and most prominent hydrogen-induced defects
observed were bright, shiny, and snowflake-like cracks [37,71]. The HPT model, initially
proposed by Zapfe et al. [72], provides a more comprehensive description of the devel-
opment of these defects. The model explains that defect locations in these steels, such as
microvoids and inclusion sites, tend to attract hydrogen atoms. The hydrogen atoms tend
to accumulate locally to form hydrogen molecules. Over time, the hydrogen molecules in
the surrounding area continuously diffuse toward the defect sites, resulting in a buildup
of Hy pressure. If the local H, pressure exceeds the material’s critical strength, it leads to
hydrogen-induced cracking (HIC), which manifests as fisheyes or snowflakes [72].

However, Martin and Sofroni [64] identified a discrepancy in this theoretical modeling
of HE. They noted that HE occurs across various metal classes when hydrogen atoms are
present within the metal lattice, and its manifestation typically requires an applied force.
In contrast, HIC is driven by the accumulation of molecular hydrogen within cracks and
is predominantly observed in non-austenitic steels. As a result, the accuracy of the HPT
model in broadly characterizing and modeling HE across different metal classes may be
questionable.

HESIV Model

Nagumo [73] proposed the HESIV mechanism to explain HE in relation to the dynam-
ics of dislocation mobility due to the increased density of vacancies. Nagumo reported that
the presence of hydrogen in a metal results in the formation of vacancies that can cause
premature fracture under strain. The hydrogen atoms can drive the increase in density
of vacancies, forming clusters that limit their mobility and stability. Consequently, the
agglomeration of vacancies would act as a source of voids and weaken the material’s ability
to bear stress [73].

HEDE Model

The HEDE model explains the occurrence of HE in the context of interatomic strength
and intergranular fractures [66,67]. Essentially, higher hydrogen solubility in materials
leads to rapid diffusion of hydrogen atoms in the material. This diffusion weakens the
interatomic bonds at the crack tip, ultimately resulting in cleavage-type fractures [58].

For instance, Li et al. [74] conducted a comparative study of HE mechanisms in
various high-strength steels and expounded on the HEDE mechanism. They explained
that the presence of hydrogen plummets the cohesive interatomic interactions within the
metal, making it more susceptible to atomic separation under low tensile stress. The
degree of reduction in the metallic interatomic forces increases as the local concentration of
hydrogen rises.

Martin et al. [75] also investigated hydrogen-induced intergranular failure in nickel
and provided further insights into the HEDE mechanism. They observed that hydrogen
atoms, similar to other impurities, accumulate at grain boundaries and reduce cohesive
interactions between metal atoms. This ultimately leads to brittle intergranular fractures.
Essentially, a decrease in cohesive strength reduces the material’s surface energy, leading to
a reduction in fracture stress. Consequently, fractures can occur at stress levels below the
material’s acceptable strength threshold [32].

Kappes et al. [76] investigated HE in magnesium and magnesium alloys, noting that
the primary limitation of the HEDE mechanism is the challenge of accurately measuring
the cohesive forces of interatomic interactions. This difficulty may hinder a comprehensive
understanding of the HE phenomenon. Nonetheless, Dwivedi et al. [32] reported that the
HEDE model is one of the simplest theoretical models that can be used to characterize the
HE phenomenon.
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HELP Model

The HELP model has been widely accepted as the theoretical framework for character-
izing the HE phenomenon [58]. The model is based on the principle that hydrogen atoms
facilitate dislocation motion, which results in dislocation coalescence (buildup). Concur-
rently, the dislocation movement enhances hydrogen transport and increases hydrogen
concentration at these dislocation buildups. As a result, localized plastic strain can occur,
leading to brittle fractures. In steels, this can manifest as a transformation from ductile
fracture modes to transgranular, quasi-cleavage, and intergranular fracture modes [77,78].
Pradhan et al. [58] also revealed that hydrogen atoms tend to accumulate near the crack
tip, leading to a reduction in resistance to dislocation movement. As a result, the disloca-
tion motion increases at the crack tip and influences plastic deformation within the metal
lattice. The deformation can be further influenced by factors such as hydrogen clustering,
microstructure, and stress intensity within the material [42,67].

AIDE Model

The AIDE model is employed to explain the HE phenomenon in scenarios where
hydrogen atoms are adsorbed near a crack tip. In this context, the model can simultane-
ously account for the HEDE and HELP theoretical models. The solute hydrogen atoms
located near the crack tip induce dislocation motion, which facilitates crack growth through
slip and leads to microvoid formation, as described by the HELP model [58,73,76,79,80].
Subsequently, further adsorption of hydrogen at the crack tip weakens the interatomic
bonds and cohesive strength of materials, as explained by the HEDE model. Table 3 outlines
the general key features, strengths, and limitations of the theoretical models discussed to
aid the interested reader.

Table 3. Summary of key features, strengths, and limitations of theoretical models of HE.

Model Key Features Strengths Limitations
Hydrogen atoms accumulate at Limited to non-austenitic
defect sites, forming molecular Provides a clear mechanism for steels; less applicable to other

HPT hydrogen; hydrogen-induced cracking (HIC) metal classes; questionable
which leads to increased local in non-austenitic steels. accuracy in general HE
pressure and potential cracking. characterization.

Hydrogen increases vacancy Highlights the role Focuses on vacancy behavior,
density, causing clusters that limit of vacancies in HE; which might not capture all

HESIV ) . o . : .
dislocation mobility and lead to explains premature fractures under aspects of HE, particularly in
premature fracture. strain. different metal types.

Provides insight into
Hydrogen reduces interatomic hydrogen-induced intergranular Difficulty in measuring
strength, leading to fracture and cohesive forces; may

HEDE . . . .
intergranular interface oversimplify the HE
fractures. decohesion; phenomenon.

Simple to apply.
Hyd.rogen facilitates dislocation Widely accepted model; Hl.ghly dependent on

HELP motion, explains hydrogen-induced plastic microstructure and stress
dislocation buildup at the crack tip . . intensity; limited by hydrogen

. deformation and brittle fracture. . .
leads to brittle fractures. clustering assumptions.
Hydrogen adsorption weakens Integrates aspects of both Complex mechanism; it may
AIDE interatomic bonds near crack tips; decohesion and dislocation-based require more experimental

combines elements of HEDE and
HELP.

models, providing a more
comprehensive view.

validation to fully capture its
applicability.

Potential Gaps in Theoretical Modeling of HE

Djukic et al. [21,61] investigated hydrogen damage in plain carbon steels and observed
that the simultaneous action of both HEDE and HELP mechanisms was responsible for the
decline in the ductility of steels. In this context, it is possible for different HE mechanisms
to coexist and act synergistically within materials. However, research to investigate such
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coexistence is still obscure. Also, identifying the dominant mechanism influencing the
HE phenomenon has been a challenging area of research. Nonetheless, Djukic et al. [61]
recently proposed the HEDE+HELP model. This model explains that when hydrogen atoms,
transported by dislocations through the HELP mechanism, reach a critical concentration
at dislocation coalescence sites caused by barriers such as carbides and inclusions, the
HEDE mechanism is initiated. This combined effect ultimately leads to an early fracture of
the material.

Meanwhile, there is still an ongoing debate regarding the accurate modeling of the
micromechanisms that influence the HE phenomenon. In this sense, several other theo-
retical models are continually being developed for specific materials to account for the
precise mechanisms that influence HE. These models were not captured in the present study.
Nonetheless, a more comprehensive discussion has been provided elsewhere [26,58,74]
for the interested reader. Advancing the theoretical understanding of these mechanisms is
crucial for informing precise industrial decisions and developing accurate computational
predictive models [21,61].

2.2. HTHA under Higher-Temperature Hy Conditions

There are notable similarities between HE and HTHA, such as the permeation of
hydrogen atoms through susceptible materials such as steel, carbon steel, and low-alloy
steel. Both hydrogen damages also result in intergranular cracking, a decrease in material
ductility, and premature metal failure [81]. This presents a common misconception where
some researchers characterize HE as HTHA, particularly under elevated temperature
conditions. The primary distinction between HE and HTHA lies in the temperature range
in which each phenomenon predominantly occurs. HE is most prevalent at temperatures
ranging from ambient to ~149 °C, whereas HTHA dominates within the temperature range
of 204 °C to ~800 °C [82-84].

Additionally, the materials susceptible to each mechanism differ significantly. HE
can affect high-strength nickel-based alloys, carbon steels, and specific stainless steels, as
formerly captured [44,62,75]. In contrast, HTHA mainly affects carbon steels and low-alloy
steels [82]. It is crucial to highlight these significant differences in hydrogen-induced dam-
ages during material testing, as they can inform the design and tailorability of materials
and hydrogen-specific critical boiler components. This insight would also aid in accurately
informing appropriate mitigation measures for specific critical components in different
operational contexts. An elaborate discussion of the significance of appropriate mitiga-
tion measures for tackling hydrogen-induced damages in various operational contexts is
presented in Section 3.

HTHA refers to the irreversible degradation of the mechanical properties of carbon
steel and low-alloy steels when exposed to Hj at elevated temperatures [35,85-87]. It is
also important to note that while HE can occur during the manufacturing of the material
and develop during the service of the material, HTHA occurs and develops only when the
material is in service under high-temperature conditions [88]. HTHA has been noted to
typically affect boiler tubes and pressure vessels [89].

Essentially, HTHA is the hydrogen damage induced by the reaction or combination
of dissolved hydrogen atoms with themselves, impurities, or metal atoms. At elevated
temperatures and pressures, atomic hydrogen has the ability to diffuse through steel-
based alloys and undergo internal reactions with specific types of solutes (elements and
compounds) [35]. One of the most prevalent reactions in steel involves the reaction between
hydrogen and iron carbide (Fe3C), resulting in the formation of CHy [33]. This reaction is
shown in Equation (1).

Fe;C + 4H — CH,4 + 3Fe 1)

Since CH4 molecules are too large to diffuse out of the steel, they lead to a substantial
increase in pressure. This pressure buildup creates cavities or voids, commonly known
as CHy bubbles, at locations such as grain boundaries or other areas with high interfacial
energy, such as inclusion surfaces [90]. The formation and accumulation of CHy within the
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steel matrix, grain boundaries, and cracks ultimately result in surface decarburization and
internal decarburization (fissuring) [35,91,92]. Surface decarburization (or simply decarbur-
ization) occurs under a combination of relatively low H; pressure and high temperature.
The increased temperatures facilitate the diffusion of carbon to the surface, where it forms
gases such as CHy and CO,. On the other hand, fissuring occurs under the combination
of relatively high Hj pressure and low temperature, where atomic hydrogen infiltrates
the steel and interacts with carbon in solution. Consequently, the CH4 produced becomes
trapped internally, leading to the formation of micro-fissures along grain boundaries,
which eventually result in cracking. [93,94]. Figure 5 shows the manifestation of both
decarburization and fissures as a result of HTHA.

Fissure Carbon and low alloy steel A

\ ©, ~
B, @
Decarburization -/
“\\Bubbles

Crack

Figure 5. Schematic representation of the occurrence of HTHA manifested as decarburization or
fissure [94] (Redrawn from the original image).

Based on the above discussion on the manifestation of HTHA damage, HTHA can, to
some extent, be characterized as hydrogen reaction embrittlement (HRE). This is because
both mechanisms involve the internal reaction of diffused hydrogen with elements or
compounds at elevated conditions. However, Lee and Woods [33] noted that HRE could
also occur at relatively low temperatures (typical temperatures for HE occurrence) and may
involve the reaction of hydrogen atoms with the metal matrix itself to form metallic hydride
compounds. In this sense, in addition to iron or steel-based alloys, HRE can manifest in
materials such as titanium and zirconium [33].

2.2.1. Factors Influencing HTHA Damages

Temperature, pressure, exposure time, stress, microstructural composition, and the
environment are common factors that can influence a material’s susceptibility to HTHA [35].

Temperature

HTHA is highly sensitive to temperature variations, as the severity and rate of damage
greatly increase as temperatures rise [92]. For instance, Fletcher and Elsea [95] demonstrated
that a temperature increase of 25 °C could transform the condition of a material from
minimal to severe HTHA. It is also important to mention that the temperature range of any
system to initiate HTHA is approximately between 200 and 800 °C [33,82-84,90,92].

Pressure

Compared to temperature, HTHA is less sensitive to pressure variations. However,
when the pressure increases, the rate and severity of HTHA damage can be significantly
accelerated [35]. For instance, the rupture life of a material under H, conditions can
decrease by approximately fourfold when the H; pressure doubles [96]. Nevertheless, there
is a longstanding debate among researchers regarding the minimum H; pressure required
for HTHA initiation in carbon steels [84,92,97-100].
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Exposure Time

The temperature and pressure thresholds for materials susceptible to HTHA can de-
crease significantly with prolonged exposure to H; [35,101]. Nelson’s [97] incubator period
curves for carbon steels and Cr-0.5Mo steel have demonstrated a decrease in temperature
and pressure limits with increasing exposure time [35]. Although these curves were used
to assess the potential for HTHA damage under varying operating conditions, they did
not adequately account for all materials and operational scenarios. Notably, Cr-Mo steel
and certain material conditions, such as welded but not post-weld heat-treated (PWHT’ed)
carbon steel, were initially excluded. Consequently, emerging research has focused on
developing precise mechanistic models for HTHA evolution, with the goal of establishing
robust time-dependent curves that can be applied to a wide range of steel types and opera-
tional conditions [102]. These curves can provide a more rapid and accurate assessment
of safe operating parameters, better predicting failure times under specific pressure and
temperature conditions [35].

Stress

Stress may not play a significant role in influencing HTHA damage in materials, as
this factor has not been accounted for in models and curves [35]. However, Woods and
Scott [103] investigated the effect of H; exposure and applied stresses on 2 1/4 Cr-1 Mo steel
(bainitic), which is widely used in high-temperature pressure vessels. In their study, they
subjected steel to increasing pressures and temperatures and observed that the temperature
threshold for HTHA reduced significantly at high applied stresses. Sakai and Asami [104]
similarly observed that applying a stress of 150 MPa (21.8 ksi) to 2.25 Cr-1 Mo steel at
454 °C had an effect comparable to increasing the H, pressure by ~5 MPa. The increased
applied stress lowered the critical temperature limits of the steel for HTHA occurrence by
~28 °C and ~14 °C at H; pressures of 10 and 20 MPa, respectively. Allevato [105] also noted
that stresses induced by thermal gradients, commonly encountered during equipment
cool-down or start-up procedures, can induce HTHA. This can even occur in equipment
that operates within safe operating regimes defined by Nelson curves. Consequently, the
high frequency of thermal gradient incidents, such as unplanned shutdowns followed by
start-ups, can significantly contribute to the development of HTHA in materials [105].

Material Composition

The susceptibility of a material to HTHA is highly influenced by its microstructural
content and type. In particular, steel such as HTHA is highly dependent on the carbon
content, the solubility limit of the carbon in the metal matrix, and the stability of the
carbide-rich areas under elevated temperatures [35,101,106]. In this context, carbon steels
and Cr-Mo steels have been regarded as being highly susceptible to HTHA. This is because
the carbon content in their cementite carbide areas is not thermally stable at elevated
temperature conditions and dissolves rapidly upon reaction with atomic hydrogen [35].
For instance, Chiba [106] investigated the impact of carbon content on hydrogen attack
in steels and found that increasing the carbon content in 2.25Cr-1Mo steels from 0.05%
to 0.17% led to a linear reduction in the time required for HTHA to occur. However,
Yokogawa et al. [107] reported that even a small percentage of carbon (0.011%) dissolved in
ferrite-induced HTHA in single-phase steels exposed to a temperature of 500 °C and a Hp
pressure of 9.9 MPa. This suggests that steels with extremely low carbon content can also
be susceptible to HTHA.

3. General Mitigation Measures for Hydrogen-Induced Damages

Generally, material control measures for mitigating hydrogen-induced damage include
but are not limited to: (1) maintaining operating parameters within established safe limits,
such as those specified by Nelson curves, to regulate temperature and pressure conditions;
(2) employing appropriate thermo-mechanical treatments to enhance material properties
and resistance to hydrogen damage; (3) optimizing alloy compositions to improve their
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resistance to specific hydrogen damages; (4) the use of liners or surface coatings that can
significantly reduce hydrogen permeation or act as insulators to reduce metal surface
temperatures; and (5) the appropriate selection of materials [33].

3.1. Mitigation Measures to Improve the HE Resistance of Materials

Conventional measures for controlling the manifestation and severity of HE in materi-
als include, but are not limited to (1) the use of appropriate thermomechanical treatments;
(2) the use of surface barriers and coatings; (3) the addition of inhibitors to reduce H, purity;
(4) ensuring proper weld procedures and post-heat treatments; (5) the selection of proper
operating temperatures and pressures; and (6) the proper selection of materials.

The selection of thermomechanical treatment can have profound effects on the severity
of HE in materials. These effects are often influenced by the evolution of grain structures
and phases due to processes such as annealing, solution, and aging heat treatments. The
formation of these microstructures and precipitates can either degrade or enhance the
HE resistance of a material. For instance, annealed heat-treated steel-based materials
with low tensile strengths exhibit better HE resistance than high-strength alloys. Aging
heat treatments have also been noted for drastically affecting HE behaviors in iron-based
superalloys. This is because aging treatment increases the yield strength and ultimate
tensile strength of materials, making them less ductile and highly susceptible to HE. For
example, solution treatment of A-286, JBK-75, and Incoloy 903 with aging can drastically
decline their HE resistance [33]. On the other hand, solution treatment without aging
has been noted to enhance their HE resistance capabilities. Cold-work heat treatment of
metallic alloys such as Monel-400 also exhibits lower HE resistance capability compared to
annealed Monel-400 [33,35].

The use of gaseous inhibitors can also decrease the severity of HE in some steel-
based materials. The addition of gases, such as nitrous oxide (N,O), oxygen (O,), and
carbon monoxide (CO), to Hy has been experimentally shown to inhibit embrittlement. For
example, the addition of O, to Hj at a pressure of 7 MPa eliminated the HE effects on the
fatigue crack growth of X42 pipeline steel. Similar results have also been demonstrated for
gaseous inhibitors such as CO in Hy. The use of liquid inhibitors such as nitrites, phosphates,
chromates, and organic amines can also reduce HE in aqueous, acidic environments [33].
However, to ensure high resistance to HE, it is essential to use the appropriate type and
amount of inhibitors when mixing with Hy. Therefore, it is crucial to thoroughly investigate
the efficacy of these inhibitors in preventing HE before their application.

It has also been noted that applying a slow cooling rate to materials exposed to thermal
cycling conditions at high temperatures can enhance their HE resistance. However, the
rapid cooling of industrial components undergoing thermal cycling can decrease their
resistance to HE, even without externally applied stress. This phenomenon occurs because
materials exhibit higher hydrogen solubility at elevated temperatures. Hence, as the
temperature is rapidly reduced, the material can become supersaturated with hydrogen,
thereby increasing the risk of HE [33,105].

As mentioned previously, HE can occur during fabrication, particularly during weld-
ing. To mitigate HE induced by welding, it is crucial to employ appropriate measures, such
as (1) the use of an inert shielding gas to minimize hydrogen uptake from humidity and air;
(2) utilizing dry welding electrodes; and (3) ensuring thorough cleaning and degreasing
of welded joints [33]. For some steel-based materials, such as carbon-manganese steels,
appropriate post-weld heat treatment (PWHT) would be required to further improve the
HE resistance of the material [33,35].

During industrial operations, the selection of appropriate operating conditions is also
critical for preventing the manifestation and severity of HE in materials. For instance, for
most traditional steel-based materials, HE is severe under ambient temperature conditions.
Hence, the selection of a higher or lower operating temperature range for specific material
components can reduce HE. Nevertheless, some superalloys, such as nickel-based single-
crystal PWA 1480E, can exhibit high HE resistance at high temperatures [33]. This is
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because of the enhanced hydrogen mobility and reduction in hydrogen trapping sites
within their metal lattice. Meanwhile, it is essential to consider the potential occurrence
of HTHA in some steel-based materials at elevated temperatures. Therefore, conducting
HE investigations at the intended operating temperatures is crucial for validating the
manifestation of specific hydrogen-induced damages.

Increasing Hj pressure can also result in severe HE effects in materials. At constant
operating temperature, an increase in H, pressure will increase the amount of atomic
hydrogen available per unit volume, thereby enhancing the localized HE effects at disloca-
tion buildups (crack tips). Hence, at constant temperature conditions, by reducing the Hp
pressures, susceptible materials can become less susceptible to HE.

A more comprehensive discussion of mitigation measures for controlling HE in mate-
rials can be found elsewhere [9,26,33,35].

3.2. Mitigation Measures to Improve the HTHA Resistance of Materials

Numerous studies have investigated the use of alloying elements to enhance the
HTHA resistance of materials. These alloying elements are strong carbide formers and can
significantly improve the thermal stability of carbide regions [101,108,109]. For instance,
Raoff et al. [108] investigated hydrogen attack in 3Cr-1.5Mo steels at high temperatures and
reported that by increasing the chromium content in the steels, carbides transitioned to more
stable forms, such as M»3C7 (M: metal). However, other studies have also investigated the
effect of the reduction of some alloying elements in steels [110-114]. For instance, Imanaka
et al. [111] investigated the hydrogen attack in 2.25Cr-1Mo steels and found that reducing
the silicon content to 0.15 wt.% and introducing vanadium up to 0.15 wt.% significantly
improved the HTHA resistance of the steel. The enhanced HTHA resistance of the steel
was attributed to the improved carbide stability [113]. Moreover, Imanaka et al. [114] noted
that reducing elements such as sulfur and nitrogen could significantly improve the HTHA
resistance of Cr-Mo steel.

The temperature and duration employed for the tempering treatment of certain steel
alloys can also enhance carbide stability [35]. For example, Tiejian et al. [115] reported
that increasing the tempering temperature of 1.25Cr-0.5Mo steel from 520 °C to 710 °C
led to the transformation of M3C precipitates into a more stable M»3C¢ form with high
HTHA resistance. However, Tiejian noted that tempering at 610 °C for 30 min decreased
the HTHA resistance of 1.25Cr-0.5Mo steel. Thus, a tempering duration of 30 min may
be insufficient to stabilize the carbide regions properly. In this context, other studies have
reported that the PWHT of Cr-Mo steels at high tempering temperatures of 690 °C for an
extended duration of 16 h is sufficient for enhancing the HTHA resistance [116-118].

Spheroidizing heat treatment has also been noted to improve the HTHA resistance
of quenched and tempered carbon steels. This treatment enhances HTHA resistance by
coarsening carbide regions and reducing the carbon content in the solution [119,120].
Generally, heat treatment can also be used to recover carbon steels affected by HTHA by
repairing hydrogen-induced fissures [35]. For instance, Dong et al. [121] reported that
fissures measuring 10 microns (um) or smaller were completely eliminated after subjecting
carbon steels to cyclical heating. The heating was conducted between room temperature
and 1000 °C for five cycles over a period of 10 h. However, heat treatment of steels at critical
temperatures above 720 °C can drastically alter their microstructure due to austenization
and grain enlargement. This can compromise their HTHA resistance and mechanical
properties [35].

A comprehensive discussion of measures to improve the HTHA resistance of materials
can be found in Poorhaydari’s review [35] for the interested reader.

3.3. The Importance of Controlling HE and HTHA under Different Operational Contexts

As previously established, damage from HE may occur during material fabrication
and also while the material is in service in the lower-temperature regions of the boiler
system [89]. Conversely, damage induced by HTHA manifests only during the service of
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the material in relatively high-temperature regions of the boiler system. These damage
phenomena can manifest individually or collectively in specific critical components. There-
fore, mitigation measures, such as material selection for critical boiler components, must be
precise and specific.

From this perspective, when exploring mitigation measures, it is crucial to consider the
specific operational environments of the critical components and the potential hydrogen-
induced damage mechanisms (HE or HTHA) that may affect them in their respective
applications. In fact, Shiro et al. [9] reported that critical components exposed to HENGs
(with high H, percentages) can experience varying temperatures due to changes in com-
bustion properties, including heat exchange mechanisms, flame temperature, and flame
shape [30]. Additionally, they noted that the geometric and material characteristics of a
component can have a significant effect on the combustion conditions (mainly varying
temperature levels). In this context, material selection criteria for critical components such
as burners, boiler tubes, heat exchanger tubes, pressure vessels, valves, flanges, pipelines,
hoses, storage tanks, and fasteners may vary significantly. For instance, boiler evaporator
tubes located in the high-temperature regions of the boiler system are particularly vulnera-
ble to HTHA damage [21]. Conversely, fasteners, such as bolts, which are often made of
high-strength steel [26,39], are more susceptible to HE. Consequently, for each case, it is
crucial to conduct specific and rigorous material selection studies and safety analyses to
mitigate the distinct damage mechanisms accordingly.

Marchi et al. [122] further corroborated this logic, emphasizing the importance of a two-
step process during material selection and qualification for Hy-service conditions. The two
steps include (1) hydrogen compatibility (material evaluation); and (2) hydrogen suitability
(component evaluation). Hydrogen compatibility tests typically involve the investigation
of material properties and performance in Hy environments. These compatibility tests must
be followed by hydrogen suitability tests. These tests involve further detailed engineering
analysis to assess the appropriateness of a compatible material in specific applications or
an intended service condition [122].

4. Material Selection of Hydrogen-Compatible Materials
4.1. Technical Databases, Standards, and Charts for Selecting Hydrogen-Compatible Materials

Several organizations, such as the National Aeronautics and Space Administration
(NASA), Sandia National Laboratories, the American Society of Mechanical Engineers
(ASME), and the American Petroleum Institute (API), have developed hydrogen-specific
material databases, standards, and charts. These resources are readily available to assist
in the selection of hydrogen-compatible materials and the design of hydrogen-specific
components, including piping, pipelines, valves, flanges, fittings, storage tanks, and boiler
vessels [33,123-129].

For example, the ASME Boiler and Pressure Vessel Code (BPVC) VIIL3, Article KD-10
outlines specific requirements for designing pressure vessels used for high-pressure hy-
drogen transport and storage [127]. ASME B31.12, a recent addition to the ASME code
for pressure piping, also provides prescriptive design codes and standards for hydrogen-
specific pipelines [125]. The American Petroleum Institute Recommended Practice (API RP)
941 [124] provides a comprehensive discussion on hydrogen-compatible steels designed
for elevated temperature and pressure applications. It includes revised Nelson curves,
which are essential for selecting materials for new equipment and determining the oper-
ating limits of steels for elevated H; service to mitigate HTHA [123,124]. Additionally,
the “Technical Reference for Hydrogen Compatibility of Materials” developed by Sandia
National Laboratories and the “Hydrogen Embrittlement” document reported by NASA
provide laboratory-scale mechanical testing data for various materials under different H
conditions [33,129].
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4.2. General Material Selection of Hydrogen-Compatible Materials

Metallic materials, including austenitic stainless steel, aluminum alloys, copper, and
copper alloys, have been commonly explored as feasible materials for Hy-service conditions
to withstand HE [9,130]. For example, austenitic stainless steels with more than 7% nickel
content (such as 304, 304L, 308, 316, 321, and 347 stainless steels) have been regarded
as suitable for elevated H; applications [131]. Superalloys such as JBK-75 stainless steel,
A286 stainless steel, A216 stainless steel, A310 stainless steel, A286 stainless steel, nitronic
10 stainless steel, and 18-3-Mn stainless steel have also exhibited remarkable HE-resistant
capabilities under high H, pressure conditions [33]. In particular, some nickel-based
superalloys have been recognized for their low susceptibility to HE under high-pressure,
high-temperature H, conditions. For example, single-crystal PWA 1480E superalloys
exhibited remarkable HE resistance when exposed to high H, pressure (34.5 MPa) and
high temperature (870 °C) [33]. Similarly, nickel-based superalloys such as Inconel 625 and
Hastelloy X exhibited a high resistance to HE when subjected to an H; pressure of 34.5 MPa
and a high temperature of 678 °C [129].

The addition of alloying elements such as chromium and molybdenum to carbon
and low-alloy steels is also beneficial for preventing HTHA [132]. Thus, under elevated
H, conditions, alloy steels such as 5Cr-0.5Mo or 9Cr-1Mo have been noted as suitable
steel candidates for withstanding HTHA [33]. Cr-Mo steels with higher chromium con-
tents generally exhibit high HTHA resistance because of their ability to form more stable
carbides [108]. High-strength micro-alloyed steels, such as those containing 0.02-0.14%
niobium, can also exhibit greater resistance to HTHA when compared to Cr-0.5Mo steel
alloys. This is because of their ability to form stable MC-type carbides [133]. A detailed
discussion of material selection studies for HTHA can be found in Poorhayadi’s review [35].

Machi and Somerday [129] have developed a comprehensive database to assist in
selecting materials compatible with H, under various conditions. Their technical references
reported the literature on mechanical testing data used to assess the susceptibility of
structural materials to HE. Similarly, Lee and Woods [33] have reviewed studies over
the past five decades on the susceptibility of metallic materials to hydrogen-induced
damage. Although the present study refrained from comprehensively discussing these
existing databases, a wealth of information is readily available for interested readers in
the “Hydrogen Embrittlement” and “Technical Reference for Hydrogen Compatibility of
Materials” documents provided in the references [33,129]. Although these reviews may
offer a thorough analysis of hydrogen-compatible materials, they lack detailed information
on rigorous fracture mechanics tests, such as fatigue and creep failure tests, for the majority
of the materials examined. Moreover, most of the materials discussed in their study
were investigated under high pressure and constant ambient temperature conditions.
Consequently, the existing technical databases may not provide definitive recommendations
for materials suitable for use in elevated H, environments.

However, currently, aside from the Nelson curves, there is limited comprehensive
data available for material selection under high-pressure, high-temperature H; conditions.
Therefore, the highlighted material selection databases should be used primarily for initial
qualitative assessments of material susceptibility to hydrogen-induced damage. Following
this screening phase, conducting more rigorous fracture-mechanics analyses is advisable to
ensure material suitability for specific applications.

The Emergence of High-Entropy Alloys

High-entropy alloys (HEAs), an emerging concept of metallic alloys based on multi-
principal alloy systems, have gained significant attention in the hydrogen economy, partic-
ularly for hydrogen storage applications [134-136]. Unlike traditional alloys, which display
complex intermetallic phases with one or two principal elements, HEAs can consist of
five or more principal elements. These elements can be present in ratios ranging from 5
to 35 at.%, showcasing simple solid solution phases such as body-centered cubic (BCC),
face-centered cubic (FCC), and hexagonal close-packed (HCP) [134]. HEAs have been noted
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to exhibit outstanding physicochemical properties, including high ductility, high strength
(at elevated temperatures), and high resistance to wear, oxidation, and corrosion [137-139].

Although HEAs development research for hydrogen is in its nascent stages, HEAs
have been noted to have shown promising capabilities for hydrogen storage [134]. For
example, Shahi et al. [134] highlighted the four core effects of HEAs development that
influence their enhanced capabilities in remarkable hydrogen storage applications. These
effects include the high-entropy effect, sluggish-diffusion effect, severe-lattice-distortion
effect, and cocktail effects. The high-entropy effect of HEAs provides an increased number
of void spaces for hydrogen atoms by the formation of BCC and FCC solid solution phases.
The sluggish-diffusion effect also enhances the hydrogen absorption and desorption kinetics
in HEAs by the formation of nanograins. The severe-lattice-distortion effect also improves
accommodation in HEAs by providing more interstitial sites for hydrogen atoms. Finally,
the cocktail effects allow tailoring of the physical and chemical properties of HEAs by the
selection and control of specific principal alloying elements.

Moreover, Marques et al. [136] noted that HEAs with BCC structures possess excellent
hydrogen storage capabilities because of their high hydrogen-to-metal ratio. This allows
alloys such as refractory BCC HEAs to absorb up to 4 wt% of Hj. Recent studies have also
shown that BCC HEAs exhibit remarkable hydrogen storage potential because of the ability
of hydrogen atoms to undergo crystallization in BCC structures. For instance, titanium-
and vanadium-rich BCC HEAs have shown remarkable hydrogen storage capacities of
3.67 wt% and 2.75 wt%, respectively. In particular, TiZrNbTa, TiVZrNb, and TiVZrHfNb
HEAs have been extensively studied for their potential hydrogen storage capabilities.

The advanced properties associated with the core effects of HEAs and their physico-
chemical characteristics make them well-suited for extensive hydrogen applications, such
as industrial boiler operations. To the best of our knowledge, there is a lack of litera-
ture investigating the feasibility of HEAs for critical boiler components and their ability
to withstand hydrogen-induced damage in high-pressure, high-temperature boiler op-
erations. Thus, rigorous fracture mechanics investigations are required to verify their
viability as hydrogen-compatible materials and to advance their application in industrial
boiler operations.

4.3. Nelson Curves for Material Selection

Nelson curves were progressively developed based on past equipment failures and
are primarily based on empirical observations accumulated over several years [140]. Conse-
quently, they may not fully account for factors such as the material microstructure, carbide
stability, and underlying failure mechanisms of HTHA. However, they remain the predom-
inant tool used by industries and researchers for material selection and design practices
against HTHA [97,141-144]. These curves, constructed using data from past HTHA fail-
ures, outline safe operational regimes for materials on a temperature and hydrogen partial
pressure diagram [145]. In view of this, Nelson curves have been widely used by designers
to select the appropriate type of steel for specific operating conditions, such as temperature
and pressure [102].

The Nelson curves are fundamentally defined by four key variables: temperature
(ranging from 204 to 800 °C), hydrogen partial pressure (ranging from 0 to ~90 MPa),
steel-based material of interest, and specific type of HTHA damage mechanism. For
HTHA damage, the curves are distinguished to represent either surface decarburization or
fissuring [93]. When a steel-based material operates below the designated limiting curves,
it is considered within a safe zone with no susceptibility to surface decarburization or
fissuring. Conversely, if the material operates above the curve, the region is deemed unsafe,
and the material becomes prone to a specific type of HTHA failure [81].

Steel-based materials typically represented under these curves include carbon steel,
0.5 Mo steel, 1Cr-0.5Mo steel, 2Cr-0.5Mo steel, 3Cr-0.5Mo steel, and 6Cr-0.5Mo steel [93].
Nelson curves have undergone major revisions over the years since the first set of curves
for carbon steel and low-alloy chromium steel (1, 2, 3, and 6% chromium) was published
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by Naumann [35,101,108,109]. For example, the curves were revised to differentiate be-
tween non-PWHT’ed and PWHT’ed carbon steels. This revision was necessary because
of a series of reported failures involving carbon steels without PWHT. These steels were
operating in regions previously considered safe according to the Nelson curves [93,146,147].
Additionally, several reported failures of C-0.5Mo steel occurred even within the region
deemed safe by Nelson curves. These failures persisted despite subsequent revisions that
lowered the curve by ~30 °C [97,113,148]. Connor [81] also observed that several instances
of HTHA damage were reported for C-0.5Mo carbon steels under temperature and pressure
conditions of 442 °C and 3.07 MPa, respectively, despite operating within the safe zone of
the Nelson curves. Consequently, these accidents and failures have led to the removal of
C-0.5Mo steels from the Nelson curve diagrams. Consequently, this material is no longer
considered suitable for high-temperature, high-pressure hydrogen services, and designers
should exercise additional caution when considering its use [148].

Evidently, equipment failures may still occur within designated safe zones. This may
be because the actual operating conditions exceeded the designated nominal
values [35,146,149]. In this context, the API RP 941 industry code recommends that end
users or designers establish a safety factor below the curves [124]. This precaution is recom-
mended because operating the equipment very close to the curves may render it vulnerable
to HTHA [93]. Figure 6 illustrates typical Nelson curves depicting the safe operational
regimes for selected steels under high-temperature and high-pressure conditions.
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Figure 6. Safe operating limit Nelson curves for some selected steels [35] (reproduced with permission
from Springer Nature).

Enhancement of Nelson Curves to Mitigate HTHA Damages

Clearly, significant discrepancies exist in the application of Nelson curves when se-
lecting appropriate steel materials for elevated H; applications. Designers have criticized
the extensive use of these curves because they have found them to be too optimistic and
significantly lacking because of their simplicity [150]. This is primarily due to the inability
of the curves to account for additional critical variables, such as the state of working stress,
carbide stability, chemical composition, grain size, type of weld, duration of operation, and
operating conditions such as low-cycle fatigue [81,150,151]. In response to these limitations,
several studies have attempted to improve or replace the Nelson curves. For instance,
Prager curves were recently introduced as time-dependent curves to better assess safe zone
regions. Unlike conventional Nelson curves, which do not account for time, Prager curves
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are based on multiple curves for different time periods established using the Monte Carlo
analysis approach [35].

Hattori and Aikawa [102] also introduced the hydrogen attack tendency (HAT) chart as
an additional tool to incorporate specific hydrogen conditions and time exposure variables
in determining the probability of HTHA damage. A HAT chart typically consists of
two diagrams. The upper diagram consists of Nelson curves for carbon, C-0.5Mo, and
1Cr-0.5Mo steels. The lower diagram shows hydrogen exposure conditions determined
quantitatively based on the H; pressure, temperature, and service duration. By pairing
the hydrogen condition with the exposure times, the chart can predict four distinct zones
where equipment may be operating. These zones are safe, unsafe for the as-welded heat-
affected zone (HAZ), unsafe for PWHT HAZ, and unsafe for normalized-and-tempered
base metal [152]. The original HAT charts were updated to include a carbide morphology
zone. This zone considers the influence of carbide stability on the transition between zones,
resulting in a more precise representation of the structural integrity of a material against
HTHA. A more detailed description of HAT charts can be found elsewhere [35,102].

Dewees et al. [153] also identified significant gaps in the current application of Nelson
curves for equipment life management. These gaps include failure to account for time
to failure, variability in operational data, and treatment of welds. To address these gaps,
they utilized existing HTHA mechanistic models to recreate Nelson curves for varying
operational histories and work durations. This study was further validated using advanced
non-destructive examination (NDE) models to promote judicious equipment management.

In a subsequent study, Dewees et al. [154] further enhanced time-based Nelson
curves [153]. They reintroduced C-0.5Mo steel, which had previously been omitted from
standard Nelson curves [81,148]. They also accounted for additional factors, such as resid-
ual weld stress and nucleation effects in the materials. The enhanced model demonstrated
remarkable capabilities for correlating HTHA damage with the remaining useful life of
a component. Moreover, it provides capabilities for detecting and sizing HTHA flaws to
prolong equipment life spans [154].

4.4. Defining the HEE Index for Evaluating Material Susceptibility to Hydrogen-Induced Damages

To facilitate rapid and informed decisions in material selection studies, it is essential to
develop a reliable tool to characterize the susceptibility of materials to hydrogen-induced
damage. The hydrogen environmental embrittlement (HEE) index was formulated to
address this requirement. This index serves as a screening and quantitative rating tool,
allowing for quick experimental evaluation of the severity of environmental hydrogen dam-
age in materials [33,155,156]. To quantitatively assess the effects of HEE on the mechanical
properties of a material, changes in the HEE index, ranging from 0 to 1, were monitored
under varying hydrogen conditions. Materials that are less susceptible to HE have HEE
index values closer to 1 [33]. The HEE index is typically determined experimentally by
comparing the mechanical property ratios of notched tensile stress (NTS), reduction in area
(RA), and plastic elongation (EL) in an H, environment to those in helium or air [33].

Marchi et al. [122] later introduced a logic diagram for the rapid screening and qual-
ification of materials for H, applications. This diagram, as shown in Figure 7, is based
on the concept of HEE indexing. Essentially, the diagram indicates that materials with
a notched tensile strength ratio (RNTS) or a reduction in the area ratio (RRA) of 90% or
higher are compatible with H,. However, materials with RNTS values of at least 50%
may require additional validation to confirm their suitability for specific H, applications.
These compatibility tests should involve rigorous fatigue testing in a gaseous hydrogen
environment [33,122,129]. Materials such as austenitic stainless steel and aluminum alloys,
which are widely accepted for hydrogen service applications, should be included in these
tests to ensure confident validation of their suitability.
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Figure 7. Standard logic flow diagram for qualifying hydrogen-compatible materials [122] (Redrawn

from the original image).

It is important to mention that the HEE index is based on accelerated laboratory tests
and serves primarily as a screening method for material selection in hydrogen-rich services.
Consequently, this approach alone is insufficient for designing hydrogen-specific critical
boiler components, and further comprehensive fracture mechanics analysis is necessary to
ensure the suitability of material in elevated hydrogen environments.

4.5. Defining a Hydrogen Safety Factor in Material Selection Studies

The material selection technical references and approaches reviewed thus far do not
offer definite recommendations for feasible hydrogen-compatible materials under ele-
vated H, conditions. This is because the compatibility of a given material with Hj is
highly dependent on the complex interplay of factors, including intrinsic material proper-
ties, hydrogen concentration, and environmental loading conditions, which is difficult to
model [129]. Therefore, to address this complexity during material selection and the design
of hydrogen-specific components, it is essential to establish a specific hydrogen safety
factor that considers the mechanical properties of the material and relevant environmental
conditions [157].

Fortunately, the CSA group has produced the Compressed Hydrogen Materials Compati-
bility (CHMC1) reports approved by the American National Standard Institute (ANSI) to
establish such a safety factor. The documents provide standard test procedures (tensile,
fracture, and fatigue) for evaluating metals under high-pressure H, conditions with specific
equipment and environmental requirements [122]. In particular, the reports outline a safety
factor multiplier approach (based on fatigue testing) for qualifying materials for specific Hp
service applications. This approach considers that different components may have varying
design requirements and applications [9,158].

The stress-based safety factor approach involves determining a safety factor multiplier
from fatigue life tests of notched specimens in both gaseous hydrogen and a reference
environment, such as air. This multiplier is the largest ratio obtained from the RNTS and
fatigue stress ratios of the specimens in these environments at several fatigue cycle numbers.
It is then used to adjust the standard stress-based safety factor in the design of hydrogen
service components by multiplying it with other safety factors. Further details on the
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protocol for establishing the hydrogen safety factor through fatigue testing can be found in
other sources [122,158].

Nonetheless, general experimental fatigue tests performed below the fatigue limits
of materials or advanced computational fatigue tests conducted in accordance with the
CHMC1 standards can serve as viable alternatives for establishing hydrogen safety fac-
tors. This can ensure the safe application of materials under elevated gaseous hydrogen
conditions [33,122,129].

4.6. Hydrogen Permeation Barriers

It has become economically viable to investigate accelerated mitigation approaches
centered on surface barrier coatings (SBCs) or thermal barrier coatings (TBCs) during
material selection studies. SBCs can provide a temporary and limited solution for mitigating
the effects of H on critical boiler components. This approach is essential to avoid the need
for a complex overhaul of boiler infrastructure. This is also because novel studies on
hydrogen-compatible metallic alloys are still being validated and standardized [33,129].
The primary purpose of SBCs is to protect the components from harsh environmental
conditions and corrosion, thereby improving the durability of the underlying substrate
material [159-161]. SBCs can modify the adsorption properties of a surface to reduce the
absorption rate of atomic hydrogen and subsequent hydrogen attacks [33,159-161].

Lee and Woods [33] observed that in aqueous environments, stable SBCs can be applied
to metal surfaces to protect against corrosion and limit hydrogen absorption. However,
in high-temperature, high-pressure H; environments, these coatings may not be effective
for long-term use. This is because H; has a high diffusion rate, which allows atomic
hydrogen to permeate most metallic materials easily. Nonetheless, extensive studies have
investigated the efficacy of hydrogen permeation barriers (HPBs) designed particularly for
low-alloy steels, high-strength steels, and other metallic alloys [162,163]. The efficiencies of
several HPBs, mostly dielectric materials such as oxides, carbides, and nitrides, have been
reported [162]. These materials were evaluated based on their hydrogen permeabilities
over the temperature range of 400-600 °C [163].

Oxides have been noted as compelling candidates for HPBs because of their minimal
inherent hydrogen permeability and their capacity to coat uneven geometrical shapes at
elevated temperatures [162-165]. The most widely studied oxides for HPB applications
are aluminum oxide or alumina (Al,O3), chromium oxide (Cr,O3), erbium oxide or erbia
(Er,O3), and silicon oxide or silica [165-168].

Al,O3 has proven to be a stable, suitable oxide for high-temperature hydrogen condi-
tions, capable of achieving permeation reduction factor (PRF) values of ~1000 for temper-
atures up to 800 °C [163]. PRF is defined as the steady-state ratio of the permeation rate
through the uncoated membrane to the permeation rate through the coated membrane.
PRF values much greater than 1 (>>1) are usually desired to characterize viable HPBs.
However, because hydrogen permeation through a coated membrane may involve the
interplay of various processes, the PRF value may be insufficient to accurately characterize
the permeation properties of HPBs [163]. For a 1 um thick Al;O3 coating, the lowest hy-
drogen permeability reported in the literature is 25.9 x 1078 mol-s~!-m~1.(y/Pa)~! [164].
It is important to note that this was achieved using the filtered arc discharge disposition
technique. However, Serra et al. [165] reported that using a commercial alumina tube
for disposition, a bulk permeability value of 9 x 10717 mol-s~'-m~!-(v/Pa)~! could also
be achieved.

Cry0O3 has also demonstrated high anti-permeation efficiency. These HPBs can achieve
PRF values of ~1000 within an operational temperature range of 700 to 800 °C. Other studies
have also highlighted the promising performance of Al-Cr-O, which is a composite mixture
of Al,O3 and CryO3. Al-Cr-O can exhibit high PRF values ranging from ~2000 to 3500 at an
elevated temperature of 700 °C [169]. ErpOs has also been recognized as a good candidate
for HPBs. However, its bulk hydrogen properties are still not well established [163]. A1 pm
layer of Er,O3, deposited using a filtered arc discharge technique, can achieve PRF values
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of ~800-1000 at temperatures between 600 and 800 °C [167]. Silica is widely recognized for
its protection against oxidation. However, its PRF values have not been easily evaluated
and validated [170]. Consequently, silica has not yet been considered a viable candidate for
HPB applications [168].

Nitrides such as boron nitride (BN) [171], titanium nitride (TiN) [172], and silicon
nitride (SiN) [163] have also been recognized as viable candidates for HPB applications.
However, some experimental evaluations have not been confidently validated [163]. There-
fore, other studies have attempted to optimize and validate their performance. For instance,
Tamura et al. [171] reported the improved performance of BN HPBs within a temperature
range of 300-500 °C. Notably, combining TiN and AIN to form TiAIN coatings can achieve
the most promising permeability values of the order of 1078 mol-s~t-m~1.(/Pa)~! [95].

Carbides have not garnered significant interest in HPB applications [162]. However, per-
meability values of 2.8 x 107> mol-s~1-m~!-(v/Pa) ! and 1.5 x 10~'%> mol-s~'-m~1.(v/Pa)~!
have been reported for titanium carbides (TiC) and silicon carbides (SiC), respectively [173,174].
TiC can also be used as a bilayer in combination with other barrier coatings to reduce per-
meability. Promising permeability values ranging from 3 x 10713 mol-s~!-m~!.(v/Pa)~! to
3.2 x 1071 mol-s~!-m~!.(v/Pa) ! can be achievable with this design [175]. A summary of
the efficiencies of dielectrics suitable for HPBs at 400 °C is presented in Table 4. Where Ds
and Df represent the diameters of the substrate and HPB film, respectively, and Ps and Pf
represent the permeabilities of the substrate and HPB film, respectively.

Table 4. Efficiency of selected dielectrics for HPB applications [163] CC BY-NC-ND 4.0 (open access).

D D Ps Pe
Dielectrics PRF (mr;) (e I:l ) x10~11molH, x10~11molH,
.Sfl.mfl.(\/ﬂ)fl .Sfl.mfl.(\/ﬂ)fl
AlL,O3 1000 0.5 1 1.30 25.9
Cr,03 1000 1.6 101! 0.017 0.721
Cr,03/AL,0 3500 0.5 1 1.30 7.41
Er,O3 1000 0.5 1 1.30 25.9
Er,O3 1000 0.5 1.3 1.30 33.7
SiO, 1 0.15 0.2 0.13 1711
BN 100 0.1 1.5 0.13 193
TiN 100 0.1 15 0.13 193
TiN 1100 0.35 1.7 0.13 5.7
TiN 1000 0.1 1.7 0.13 21.8
TiAIN 6800 0.35 1.7 0.13 0.92
TiIAIN 20,000 0.5 5 1.30 6.5
SiN 2000 0.5 0.5 1.30 6.5
WN 38 0.5 2.3 1.30 1570
CrWN 100 0.5 44 1.30 1140
CrN 117 0.5 2.6 1.30 576
CrpN 286 0.5 2.2 1.30 241
ALCrN 350 0.5 45 1.30 333
ZrN 4600 0.5 14 1.30 79
TiC 10 0.1 1 0.27 2750
TiN+TiC 100 0.5 1+0.25 1.30 324

1 Nemanic [163] assumed Cr, O3 thickness for calculations as it was not captured in the literature.

HTHA resistance cladding has also been identified as an efficient permeation-barrier
solution. The liner materials used in cladding exhibit low hydrogen permeabilities, sig-
nificantly reducing the amount of hydrogen that diffuses into susceptible materials [176].
For instance, metallurgically bonded austenitic stainless steel liners are highly efficient for
lining carbon steel vessels because of their lower hydrogen diffusivity than ferritic steel
liners [177].

Nonetheless, the efficacy of cladding liners in restricting hydrogen diffusion and mit-
igating hydrogen-induced attacks is questionable. For instance, Fletcher and Elsea [95]
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observed that hydrogen molecules tend to accumulate at the interface between the liners
and metal substrate, eventually diffusing through the liners. Consequently, this accumu-
lation can lead to the swelling and detachment of the liner or cladding material, thereby
undermining its protective capabilities. Eventually, this can facilitate the occurrence of
HTHA in affected regions. Nonetheless, an effective approach to address this issue is to
create small “weep holes” in the material to alleviate the buildup of hydrogen pressure at
the interface [141,142].

4.7. Implementation of General Mitigation Measures in an Industrial Context

The effective implementation of mitigation measures in the design of hydrogen-specific
engineering components is crucial, as significant and fatal hydrogen-induced damage
accidents continue to occur in hydrogen-related industrial operations. For instance, one
of the major fatal incidents was the 2010 fatal incident at the Tesoro Anacortes Refinery
in Washington [151]. The incident was caused by HTHA in a carbon steel heat exchanger,
which led to its rupture. Interestingly, this heat exchanger component operated within the
safe zone limits as defined by the Nelson curves [124].

The Hydrogen Incidents and Accidents Database (version 2.0) (HIAD 2.0) also re-
vealed that HE and HTHA were responsible for 20 of 24 recorded failures of industrial
equipment [31]. These hydrogen-induced damages caused major failures in critical compo-
nents, such as evaporator tubes, hydrogen tanks, high-pressure vessels, and high-pressure
cylinders. HIAD 2.0 identified the following as the primary root causes of hydrogen-
induced damages leading to equipment failures: (1) improper material selection; (2) lack of
PWHT; (3) severe operating conditions; (4) off-design operating conditions (such as high
pressure and near-room temperature, which facilitated HE occurrence); and (5) undetected
hydrogen-induced fractures in the HAZ. A detailed discussion of the accident report of
hydrogen-induced material failures in industrial equipment is available elsewhere [31].

Campari et al. [31] emphasized that welded regions of industrial components were
highly prone to HE occurrence, as 51.1% of industrial equipment failures caused by HE
were in the proximity of welded joints. The lack of PWHT at the HAZ and an extensive
understanding of the susceptibility of the HAZ microstructures of the welds to HE have
led to other major, undesired, and fatal industrial incidents. From this perspective, optimal
preventive mitigation measures to address the occurrence of hydrogen-induced damage
in industrial boiler components may include, but are not limited to (1) proper PWHT
on welds and HAZs; (2) generic component replacement and precise material selection
through rigorous fracture mechanics analysis; (3) precise implementation of standards and
codes for material testing and component design; and (4) implementation of state-of-the-art
inspection methods for the accurate and rapid detection of hydrogen-induced damage.

It is important to mention that the implementation of these mitigation measures, along
with recent standards and codes such as ASME B31.12 and CHMC1 reports, has signifi-
cantly improved the design of new hydrogen-specific critical components [33,122,124,129].
However, most existing industrial boiler infrastructures were designed before the introduc-
tion of these mitigation measures and hydrogen-specific standards. Hence, applying these
measures to older boiler infrastructure may be ineffective, and critical components may not
comply with the updated guidelines.

In this context, it is essential to conduct rigorous inspection procedures regularly
to minimize the occurrence of hydrogen-induced damage to equipment. In addition to
visual inspection, advanced techniques such as liquid penetrant testing (LPT), phased-array
ultrasonic testing (PAUT), shear-wave ultrasonic testing (SWUT), and magnetic particle
testing (MPT) have been recommended. These techniques are effective for detecting
surface cracking, internal damage, microvoids, microfissures, and the depth of cracks.
The implementation of these preventive inspection techniques can enable timely decision-
making to prevent further material degradation and potential equipment failure. For a
more detailed discussion of NDE techniques for the rapid detection of hydrogen-induced
damage in industrial equipment, refer to the literature [35].
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5. Experimental and Computational Modeling of Hydrogen-Induced Damages
5.1. Experimental Investigation of Hydrogen-Induced Damages

Experimental investigations of hydrogen-induced damage usually focus on hydro-
gen charging, diffusible hydrogen measurements (e.g., the mercury method), thermal
desorption spectroscopy (TDS) analysis, mechanical testing, corrosion testing, microstruc-
tural characterization, and chemical composition analysis. These approaches are favored
because investigating the effects of hydrogen damage mechanisms in materials under
natural (in-service) conditions is time-consuming and has proven to be a challenging area
of research [58].

Investigations typically involve the use of hydrogen-enriched materials, either ex-
tracted from failed industrial components affected by hydrogen damage or prepared
through the hydrogen charging of specimens. These materials are then analyzed to mea-
sure the hydrogen concentration levels contributing to the severity of failure. Subsequently,
microstructural and fractographic analyses are conducted to examine the microstructure
and fracture surfaces of the material, thereby providing insights into the active damage
mechanisms responsible for failure. Finally, standard mechanical tests are conducted to
correlate the mechanical performance of the material with its microstructural properties
and the identified damage mechanisms [21,26,58,178-181]. In this section, we highlight
the experimental investigations conducted by Djukic et al. [21], which assessed hydrogen
damage in plain carbon steel. In addition, we discuss the challenges associated with the
experimental investigation of hydrogen-induced damage.

5.1.1. Experimental Investigation of Hydrogen Damage in Plain Carbon Steels

Djukic et al. [21] investigated the active HE mechanisms responsible for hydrogen
damage in plain carbon steel (S5t.20) evaporator tubes in industrial thermal powerplant
boilers. They conducted failure and postmortem analyses on samples extracted from
coal-fired boiler evaporator tubes (enriched with hydrogen) that failed after 73,000 h
of operation.

The initial failure analyses utilized conventional experimental methods to identify the
root causes of the boiler tube fractures. These traditional experimental methods included
visual inspection, tube-wall thickness measurements, chemical composition analysis, macro-
scopic mechanical testing (such as hardness and tensile testing), metallographic analysis,
and corrosion testing in the vicinity of the fracture. Subsequently, post-mortem analyses
were conducted using a specially applied experimental concept. This specialized exper-
imental approach was employed to investigate the active HE mechanisms contributing
to the failure of 5t.20 steel owing to local hydrogenation of the tube metal during boiler
operations. This investigation established a structure-property relationship by correlating
scanning electron microscopy (SEM) micrographs of fracture surfaces from Charpy samples
with macromechanical testing characteristics (impact strength values).

The failure analyses revealed that local hydrogen enrichment in the evaporator tubes
induced HTHA in the vicinity of welded joints, which manifested as “window”-type frac-
tures. The analyses also indicated that localized hydrogen enrichment caused under-deposit
corrosion of the tube metal during the boiler operation. This hydrogen-induced corrosion
was exacerbated by the thermal cycling experienced by the tube metal during operation.
Figure 8a depicts the representation of the “window”-type fracture and the underdeposit
corrosion formed on the inner surface of the tube. From Figure 8b, one can observe
the formation of corrosion products on the inner surface of the tube near the “window”-
type fracture. The corrosion products were characterized using energy-dispersive X-ray
spectroscopy (EDS), atomic absorption spectroscopy (AAS), and Zimmermann—Reinhardt
(Z-R) methods.
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Figure 8. Fractured evaporator tube: (a) schematic representation of the “window” type fracture;
(b) corrosion on the tube’s inner surface in the vicinity of the fracture [21] (reprinted with permission
from Elsevier).

Subsequent post-mortem analysis confirmed that both the HELP and HEDE mech-
anisms were active in the steel, with their relative dominance dependent on the local
hydrogen concentration. The macrohardness of the specimens was strongly correlated with
the measured hydrogen concentration levels. Specifically, macrohardness increased with
higher hydrogen concentrations, regardless of the predominant embrittlement mechanism.
At lower hydrogen concentrations, the HELP mechanism was predominant, leading to
ductile fracture features. This also resulted in a modest increase in hardness without a
substantial loss in ductility. However, as the hydrogen concentration increased, the HEDE
mechanism prevailed, causing a transition from ductile to brittle fracture and a significant
reduction in the impact strength.

However, the coexistence of HELP and HEDE mechanisms led to reduced ductility
in the steel, although the precise critical hydrogen concentration at which this transition
occurs was not determined. The experimental approaches effectively detected both HTHA
and HE mechanisms and assessed their impacts on the macroscopic mechanical properties
of steel. Nonetheless, further research is required to fully understand the coexistence and
dominance of active HE mechanisms under varying operating conditions, which remains
a challenging area of study. Djukic et al. also observed that SEM fractography analysis
of fracture surfaces was insufficient to fully understand the deformation and fracture
mechanisms in the hydrogen-enriched steels.

5.1.2. Challenges Associated with Experimental Modeling of Hydrogen-Induced Damages

Dwivedi et al. [26] reviewed the effects of hydrogen on the mechanical and microstruc-
tural properties of AHSS. They reported that experimental investigations typically in-
volve diffusible hydrogen measurements, strength degradation tests, fractography, and
microstructural analyses. Diffusible hydrogen measurements were conducted using several
techniques to determine the hydrogen content in the materials that contributed to the
failure. These methods include the glycerin method, vacuum hot extraction, the mercury
method, and gas chromatography. Among these, the mercury method was particularly
noted for its effectiveness in measuring the diffusible hydrogen content, especially when
the hydrogen concentration was very low. Mechanical testing involved linearly increasing
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stress tests (load control testing) and slow stress rate tests (strain control rate testing) to
determine key properties, such as yield strength, ultimate tensile strength, percentage
elongation, and percentage reduction in the area of damaged steels. Fractographic analysis
was also conducted to examine the transition of the fracture surface from ductile to brittle
features as a result of increased hydrogen content in the material. A microstructural analy-
sis was conducted using SEM to examine the austenite and martensite microstructures that
developed during mechanical degradation and fracture.

They revealed that the effect of hydrogen on specific AHSSs, such as twinning-induced
plasticity (TWIP) steels, remains a subject of ongoing debate. While some studies have
suggested that hydrogen does not significantly impact the mechanical and microstructural
properties of these steels, others have reported notable degradation in their mechanical
performance due to hydrogen exposure. However, the properties of other AHSSs, such as
transformation-induced plasticity (TRIP), exposed to hydrogen conditions have been well
established, as their properties are severely affected by HE. When TRIP steels undergo HE,
the austenite phase transforms into the martensite phase, which releases excess hydrogen
to the crack tip. The accumulation of hydrogen at the crack tip substantially reduces
the ductility of the material through the HELP mechanism. Fractography analysis also
confirmed that cracks were initiated in the martensite regions, which then grew toward the
ferrite regions.

Nonetheless, Dwivedi et al. [26] noted that investigations into the effects of hydrogen
on AHSS were typically conducted under controlled laboratory-scale testing conditions,
which may not accurately reflect the complexities of the actual operating environments.
Hence, the correlation between the actual operating condition results and the experimental
results remains unclear. Fagnon et al. [180] also noted that the use of advanced techniques,
such as TDS, to measure the hydrogen concentration in high-strength steels necessitates
immediate measurement following material fracture. This requirement poses significant
challenges for accurately assessing the hydrogen concentration in steel, which may fail
during service.

Clearly, these experimental methods would require accurate validation under actual
in-service hydrogen conditions. The impact of hydrogen-induced damage on material
properties can vary significantly owing to differences in hydrogen concentration levels
and the specific locations of atomic hydrogen diffusion within the materials [178,180].
Hydrogen atoms can diffuse not only to the interstitial lattice sites of the material but also to
carbide-rich areas, inclusions, dislocation cores, and along the grain boundaries [26,182,183].
Consequently, if these specific changes are not adequately accounted for and monitored,
accelerated laboratory assessments of hydrogen damage may lack accuracy.

Despite the extensive development of experimental setups and methodologies over the
years to simulate hydrogen-induced damage in metals, these setups still fail to accurately
characterize hydrogen uptake, diffusion, concentration, and defect severity [26,184-186].
These macroscale assessments might also not define and predict actual in-service conditions
such as hydrostatic pressure, temperature, and local hydrogen content distribution in the
material over extended periods of time [21,58]. Hence, overall, the ability to predict
hydrogen content and the severity of damage based on service conditions remains limited
and substandard [180].

However, computational and numerical investigations conducted at multiple scales
can offer a precise assessment and mechanistic understanding of hydrogen-induced dam-
age phenomena, as well as their true impact on the mechanical properties of materials.
Although research into these advanced assessments remains limited, they have garnered
significant attention from experts in the field. These approaches are crucial for advancing
the current understanding of damage mechanisms as well as their impact and manifestation
in materials [57].
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5.2. Emerging Computational Models for Simulating Hydrogen-Induced Damages

Computational modeling and simulations have proven valuable in structural analysis,
failure analysis, and material selection studies. They have allowed for the assessment
of material performance and viability in varying operational contexts, as well as the
identification of the root causes of component failures [187-189]. Given that the physical
experimental assessment of hydrogen-induced damage and its impact on materials is
often challenging, time-consuming, and costly, it would be more practical to rely on
computational modeling. These approaches can allow for the simulation of relevant in-
service boiler conditions and provide accurate predictions of the damage mechanisms in
the boiler materials. Models such as density functional theory (DFT), molecular dynamic
(MD) models, and continuum approaches based on finite element modeling (FEM) have
been well utilized for the simulation of damage mechanisms [81,190-194]. These models
have proven promising for predicting hydrogen diffusion and the intricate and extricate
factors that influence hydrogen damage in steels and other susceptible materials across
multiple scales [191].

For example, Chavoshi et al. [195] utilized FEM with commercial Abaqus 2019 software
to evaluate the service lifetime of C-0.5Mo steel exposed to H; pressures of 4-6.48 MPa at
high temperatures of 350-500 °C over a period of 80,000 h. They implemented a coupled
Fick’s diffusion law and a multiaxial creep ductility model to simulate the combined
effects of creep and HTHA on a C-0.5Mo steel inlet nozzle in service. Their simulation
results successfully predicted safe operational regimes for an in-service nozzle based on the
following findings: (1) nozzle operating at temperatures and H, pressures below 300 °C
and 4.0 MPa, respectively, for 100,000 h experienced no damage; (2) increasing the operating
temperatures from 400 °C to 500 °C at a Hy pressure of 4 MPa resulted in ~88% increase
in damage depth; and (3) increasing the H, pressure to 6.48 MPa while increasing the
operating temperature from 400 °C to 500 °C led to significant damage due to creep or
the combined effects of creep and HTHA, which can potentially cause premature nozzle
failures. Figure 9 shows the evolution of the total damage of the nozzle owing to the
combined effect of creep and HTHA with increasing exposure time. This simulation was
performed at a temperature of 400 °C and a Hy pressure of 4.0 Mpa.

Connor [81] also utilized MD to provide an atomistic perspective on the occurrence of
HTHA in susceptible materials such as those with Fe;C structures. The MD model was
used to simulate atomistic-scale mechanisms that influenced the formation of HTHA, such
as (1) how hydrogen atoms migrate from the surface to a cementite structure (fissuring
occurrence); (2) how the hydrogen atom takes carbon out of a cementite structure; and
(3) the rate of formation of CHy at different operating temperatures and void sizes. The
simulation results demonstrated that the formation of CHy4 on a surface was considerably
more difficult, requiring twice as much energy as the formation of CHy inside a void.
This result corroborated Poorhaydari’s [35] prior review, which identified fissuring as
the primary HTHA damage mechanism observed in materials rather than surface decar-
burization. Fissuring, which is commonly observed in steels, often leads to catastrophic
hydrogen-induced damage.

Computational models based on extended finite element modeling (XFEM), damage
modeling, decohesion zone modeling, and remeshing have been extensively explored to
simulate crack propagation and general mechanical damage failures in materials. How-
ever, these conventional computational models face significant limitations that can hinder
their widespread application in accurately simulating hydrogen-assisted cracks and other
complex crack topologies. These models typically rely on the sharp interface (discrete)
approach to simulate crack evolution in materials, making it challenging to account for
complex features, such as microcracks, microvoids, and branching. The sharp-interface
approach assumes that cracks propagate only between two discrete elements, necessitat-
ing additional ad hoc criteria and sophisticated computational coding to account for the
behavior of microcracks and branching, which may contribute to material deformation.
Additionally, in these conventional computational predictive models, it is necessary to
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assume the potential location of the crack formation and perform fine meshing in that
region accordingly. Clearly, this approach is not ideal for simulating crack evolution, as it
limits the flexibility and accuracy of the model in capturing the unstable and unpredictable
nature of crack propagation.
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Figure 9. (a—c) Total damage evolution of the C-0.5Mo inlet nozzle due to creep and HTHA at

a temperature of 400 °C and a H; pressure of 4.0 MPa with increasing H, exposure times [195]
(reprinted with permission from Elsevier).

However, on the other hand, phase-field modeling has garnered significant attention
as a powerful computational tool, providing a diffuse-interface approach for simulating
complex crack topologies [196-199]. This method excels at accurately simulating phenom-
ena such as crack branching and microcracks, thereby addressing the shortcomings of
discontinuity-based methods that rely on conventional discrete FEMs [199]. It employs
a variational mathematical approach by extending Griffith’s formulation of crack forma-
tion [197]. This continuum-based damage mechanics model has shown great promise for
modeling hydrogen-assisted fractures, showing remarkable agreement with experimen-
tal data.
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For example, Martinez-Paneda et al. [197] successfully developed a robust phase-field
model framework for predicting hydrogen-assisted cracking that can be adapted for a
wide range of engineering conditions. In their study, the material surface and diffuse crack
topology were numerically modeled in terms of the phase field and displacement variables.
Similarly, the governing balanced equations regarding the bulk stored and surface energies
of the material were also modeled as functions of the displacement variable and phase field
parameter. Fick’s diffusion law was also extended to model hydrogen diffusion into the
material. Subsequently, the mechanical deformation, phase-field fracture, and hydrogen
transport problems were weakly coupled and solved. The model was implemented using
the Abaqus user element (UEL) and user material (UMAT) subroutines written in Fortran,
which allow one to define materials, properties, loads, and elements that are not available
in commercial Abaqus built-in models. The model successfully predicted unstable crack
growth due to hydrogen and internal hydrogen-assisted fractures under specific conditions
of increasing hydrogen concentration. These predictions showed remarkable agreement
with experimental results [200-203].

Figures 1012 present the results of their benchmark studies on a simple 2D-notched
square plate subjected to uniaxial tension. The load is applied by prescribing a constant
total displacement of 0.01 mm, as done in experimental uniaxial tensile testing. Considering
high-carbon steel (an iron-based material typically used for boiler drums), the following
material properties were chosen: Young’s modulus of E = 200 GPa, Poisson’s ratio of v = 0.3,
and critical energy release rate of Ge¢ = 27 MPa-mm. An initial hydrogen concentration (C)
(in wt ppm) was prescribed and kept constant along the boundaries of the plate to mimic
laboratory-scale testing.

Figure 10. Phase field crack growth contours at varying displacements for an initial hydrogen
concentration (Cp) of 0 wt ppm of a square plate under tension [197] (reprinted with permission
from Elsevier).

Figure 11. Hydrogen concentration buildup in the horizontal crack region of a square plate under
tension at varying displacements for Cy of 0.5 wt ppm [197] (reprinted with permission from Elsevier).
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Figure 12. Net section strength (cf) of a notched AISI 4135 steel bar under tension as a function
of hydrogen concentration, showing good consistency with the prior experimental work of Wang
et al. [197] (reprinted with permission from Elsevier).

Figure 10 shows the phase-field fracture evolution of the notched square plate at
different load steps and displacements. The red contour regions depict a fully cracked state
represented by a phase-field damage parameter (¢) of 1, whereas the blue contour regions
depict a fully intact state with a ¢ of 0. One can observe diffuse crack growth rather than
sharp crack growth, as shown in the fracture process zone, because of the definition of a
length scale parameter. The length scale parameter defines the smoothness of the crack
surface and accounts for other microcracks and branching that may contribute to crack
growth. A length scale parameter that is 10 times larger than the finite element size is
usually chosen to resolve the solution at the fracture process zone by ensuring a sufficient
number of elements within the process zone. Moreover, the model demonstrated mesh
independence by accurately predicting the crack growth location without relying on ad
hoc criteria or remeshing along the fracture process zone.

Figure 11 also shows the hydrogen concentration contours at the onset of crack growth
in the fracture process zone. The red and blue contours represent the highest and low-
est hydrogen concentration levels in the material, respectively. The highest hydrogen
accumulation was observed at the crack tip, where the hydrostatic stresses were high.
This observation is consistent with the widely accepted HELP theoretical model, which
postulates that hydrogen atoms tend to accumulate near dislocation buildup (crack tip),
leading to reduced resistance to dislocation movement [21,58]. To investigate the level of
agreement of the phase-field model with prior experimental investigations of hydrogen-
induced damage in steels, Martinez-Paneda et al. mimicked laboratory-scale testing of
hydrogen-enriched notched AISI 4135 steel. Figure 12 demonstrates the remarkable con-
sistency of the phase-field formulation with prior experimental work by Wang et al. [199],
who experimentally investigated the influence of hydrogen concentration on the NTS of
AISI 4135 steel. It is evident that the strength of the steel material significantly decreases at
lower hydrogen concentrations. However, beyond a hydrogen concentration of 0.5 wt ppm,
the strength stabilizes, with minimal changes in failure stress observed. This evolution may
be attributed to the saturation of hydrogen concentration at the lattice or microstructural
traps within the material, a behavior commonly observed in most low-alloy steels.
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Valverde-Gonzalez et al. [204] also integrated the phase-field approach with a de-
cohesion zone formulation to predict HE in polycrystalline materials, including Ni-Cu
superalloys. It is worth noting that the model also showed good agreement with Harris
et al.’s [205] prior experimental work on hydrogen-induced intergranular cracking in poly-
crystalline nickel. Valverde-Gonzalez et al. observed that the combined model effectively
predicted the crack evolution without convergence issues.

In practical applications, most industrial boiler components may be subjected to
cyclic mechanical loading during operation. Therefore, extending the phase-field model
to simulate hydrogen-assisted fatigue crack growth is highly beneficial. In view of this,
Cui et al. [206] have recently developed an extended and robust phase-field model for
predicting hydrogen-assisted fatigue crack growth. The model combined the phase field
description of fracture and fatigue, stress-assisted hydrogen diffusion, and the toughness
degradation formulation with cyclic and hydrogen concentration contributions.

The model was capable of predicting the influence of H, pressure, loading frequencies,
and loading ratios on hydrogen-assisted fatigue crack propagation. The hydrogen-assisted
fatigue crack growth predictions also showed excellent agreement with experimental fa-
tigue data, showing remarkable predictive capabilities and the ability to map safe regimes
of loading frequencies in pressure vessel steels. The robustness of the model also allowed
for the simulation of both laboratory-scale samples and large industrial-scale critical engi-
neering components such as pressure vessels and tubes.

Benchmark simulation results captured from their work are shown in Figures 13-15.
Figure 13 shows the phase-field fatigue crack contours, describing the evolution of fatigue
crack growth under representative conditions of Hy pressure, loading frequency, and load-
ing ratio. Likewise, Figure 14 also depicts the hydrogen concentration contours, showing
the accumulation of hydrogen at the moving crack tip, which is a high hydrostatic stress
location. The predictions of hydrogen-assisted crack growth and hydrogen concentration
evolution are consistent with the findings of Martinez-Paneda et al. [197] under static load-
ing conditions. Figure 15 shows the influence of H; pressure on fatigue crack growth (based
on the Paul Paris rule), showing remarkable agreement with experimental data. Observing
closely, the model adequately predicted the experimental data for both H, pressures of
55 MPa and 106 MPa.

a=a,+2 mm a =ag+8 mm a=ay+16 mm

Figure 13. The contour of phase field fatigue crack growth at different stages (2 = a9 + 2 mm,

0.00.10203040.5060.70.8091.0

a=ap+8mm, and a = gy + 16 mm), where a represents the crack size, and a( represents that initial
crack size. The simulation contour was obtained under the following conditions: H, precharged
samples under an H; pressure of pH; = 106 Mpa, loading frequency of f = 1 Hz, and a loading ratio
of R =0.1. [206]. CC BY 4.0 (open access).
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Figure 14. The contour of hydrogen concentration evolution at different stages of crack growth:
a=ay+2mm,a=ay+8mm,and a =ag + 16 mm. The simulation contour was obtained under the
following conditions: Hy precharged samples under an Hj pressure of pH, = 106 Mpa, loading
frequency of f = 1 Hz, and a loading ratio of R = 0.1. [206]. CC BY 4.0 (open access).
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Figure 15. Influence of H, pressure on the fatigue crack growth for pressure vessel steels, where
a = crack size, N = fatigue cycle, pH, = H; pressure, R = loading ratio, and f = loading frequency [206].
CC BY 4.0 (open access).

However, the model developed by Cui et al. [206] was only capable of predicting the
degradation of fracture toughness owing to increasing hydrogen content. In this context, it
was assumed that the hydrogen content only affected the reduction in fracture toughness
and did not influence fatigue crack growth. This assumption may be acceptable, as fatigue
crack growth is usually sensitive to enhanced fatigue crack growth rates, loading frequen-
cies, and stress intensity factors rather than hydrogen concentration [58—-60]. However,
other experimental studies have also reported changes in the fatigue curve (5-N curve)
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behavior owing to the increasing hydrogen content in the materials [57]. This implies that
the nucleation and growth of fatigue cracks are also highly sensitive to hydrogen content.
Therefore, to achieve a more accurate and robust assessment, it is essential to extend the
present model to account for the synergistic interplay between hydrogen concentration and
fatigue crack growth. The present phase-field model should be extended to incorporate
additional material parameters in Hy environments and simulate their impact on fatigue
crack growth behavior [206].

Nonetheless, the phase-field frameworks presented by both Martinez-Paneda et al. [197]
and Cui et al. [206] have shown remarkable capabilities for qualitative and quantitative
predictions of hydrogen-assisted fracture and fatigue behaviors under various static and
cyclic H, pressure conditions. These models have sufficiently facilitated rapid and cost-
effective numerical investigations beyond the limitations of accelerated laboratory-scale test
conditions. Additionally, the models are capable of handling complex 2D and 3D geometries,
allowing one to perform advanced virtual testing of industrial engineering components.
Hence, these computational tests can offer a significant advantage in simulating complex
practical scenarios with minimal challenges, such as critical boiler components operating
under elevated H, conditions. They also show promise for the evaluation and validation
of novel hydrogen-compatible materials. More comprehensive documentation of general
phase-field modeling of fractures or phase-field formulation of hydrogen-assisted fracture
and fatigue with several benchmark studies can be found elsewhere [195,197,198,206].

Going forward, subsequent studies focusing on multiscale material characterization
are necessary. These studies should explore the accurate implementation and integration
of theoretical models, micro- and macro-scale experimental models, and computational
fracture mechanics models, such as phase-field models and MD. Additionally, employing
advanced high-computing visualization techniques, such as atomic probe tomography
(APT), to visualize hydrogen distribution is worthwhile. This can assist in resolving
discrepancies and challenges in accurately analyzing the location of atomic hydrogen
within materials [180,207]. The insights and knowledge gained from these advanced
studies will aid in efficient material selection and validation studies. These can also assist in
defining safe operational regimes where critical boiler components can adequately perform.

5.3. Data-Driven Approaches for the Prediction of Material Susceptibility and Compatibility

It is also important to highlight the current state-of-the-art, where both advanced and
traditional machine learning (ML) data-driven models have been utilized for the rapid pre-
diction of material susceptibility and compatibility under specific H, conditions. Advanced
ML algorithms, such as neural networks, along with traditional methods, such as support
vector machines (SVM) and extreme gradient boosting (XGBoost), have demonstrated re-
markable capabilities for the design of novel metallic materials and the prediction of defects
and mechanical properties [208-211]. By training these models on extensive datasets that
include features such as mechanical performance, environmental stresses, material com-
position, hydrogen concentration, hydrogen solubility, and hydrogen diffusivity, material
designers can develop robust predictive models. These predictive models can rapidly and
accurately estimate material susceptibility to hydrogen-induced damage, greatly enhancing
the reliability of material selection studies and designs. Moreover, by analyzing various
specific material properties, environmental factors, and their synergistic influence, these
models can provide valuable insights into the compatibility of boiler materials with specific
H; boiler conditions.

The use of traditional ML models and artificial neural networks (ANNSs) for evaluating
material susceptibility to hydrogen-induced damage and their compatibility with H; is an
emerging field that is steadily gaining traction. Consequently, to the best of our knowledge,
there is limited research on this topic. Nonetheless, it is pertinent to acknowledge the few
existing studies in this data-driven field that have investigated the prediction of hydrogen-
induced damage.
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For instance, Campari et al. [212] employed a traditional supervised ML approach to
predict material susceptibility to HE using data from the “Technical Reference for Hydrogen
Compeatibility of Materials” [129]. In their study, they developed a gradient boosting (GB)
classification model to evaluate material susceptibility to HE, categorizing susceptibility
into two distinct classes: “small/medium /high” (SMH) and “extreme” (E). The GB model
demonstrated an accuracy of 88.6% for predicting the severity of HE in metals under
specific environmental and loading conditions. However, they noted that the model has
the tendency to mislabel an E susceptibility as an SMH susceptibility, which is more critical
than vice versa. Such inaccurate predictions could result in erroneous assessments of the
susceptibility of a metal to HE. Consequently, this may lead to improper material selection
for specific working conditions and a higher risk of component failure during service.

Following this work, Subedi et al. [213] also applied a classical supervised ML model
to assess factors influencing HE in pipeline steels. Similarly, their study relied on data
sourced primarily from industrial reports, such as the “Technical Reference for Hydrogen
Compatibility of Materials” [129], with input features, including environmental conditions,
material properties, and mechanical loading parameters. They also trained a decision tree
classifier (DTC) model, which achieved an accuracy of 82.5% in predicting HE severity
in pipeline steels. It is important to note that the synergistic interplay of various factors,
such as environmental conditions, material properties, and loading conditions, in driving
HE remains a complex concept to model. Failure to account for this complexity can affect
the prediction accuracy of the traditional ML models discussed. Campari et al. [212] and
Subedi et al. [213] recognized this limitation, highlighting that expanding datasets and
utilizing more advanced ML algorithms have significant potential to enhance the accuracy
and performance of models in predicting and classifying HE severity in materials.

Kim et al. [214] also evaluated the performance of four traditional ML models: random
forest (RF), linear regression (LR), bayesian regression (BR), and SVM in predicting the
influence of alloying elements, environmental conditions, and experimental variables on
the HEE index of austenitic steels, specifically in terms of RRA. Their dataset included ten
input features: environmental and experimental variables (such as H; pressure and strain
rate) and alloying elements (including nickel, molybdenum, chromium, manganese, silicon,
carbon, nitrogen, and copper).

They employed Pearson’s correlation coefficient (PCC) and maximum information
coefficient (MIC) to quantitatively investigate the correlations between these input features
and the HEE index. From the correlation analysis, both PCC and MIC identified nickel and
molybdenum as the strongest features influencing the HEE index in austenitic stainless
steels. The correlation analysis was consistent with the existing literature, identifying nickel
and molybdenum as significant alloying elements affecting the HEE index in austenitic
stainless steel [33,129]. Additionally, the analysis revealed a negative correlation with
H, pressure, indicating that a higher H, pressure, which influences higher hydrogen
concentrations in materials, can adversely affect the HEE. This correlation analysis also
resonated with prior experimental and computational studies on the effect of hydrogen
concentration on the HE of steels [33,129,197,206].

Figure 16 depicts the prediction accuracy of the HEE index using the four ML models:
LR, BR, RF, and SVM. By calculating the coefficient of determination (R?), the RF model,
with an accuracy of ~82%, outperformed the other models in predicting the HEE index of
austenitic steels. In contrast, LR, BR, and SVM showed significant errors when compared
with the RF model. The prediction of the RF model also showed remarkable agreement with
the experimentally reported HEE indices of austenitic steels [33,129]. However, Kim et al.
noted limitations in ML models despite their high prediction accuracy. These limitations
were attributed to factors such as the small size of the dataset (57) and variations in the
surface roughness and geometry of the samples considered for the dataset.



Hydrogen 2024, 5

608

1.2 —
B Random forest (RF) i
x Linear regression (LR)

1.0 Baysian regression (BR) g

@ Support vector machine (SVM)

0.8+

0.6

0.4 -

Predicted value

0-0 = " I N I ! I ! I Y 1 !
0.0 0.2 04 0.6 0.8 1.0 1.2

Actual value

Figure 16. Predicted values versus actual values of RRA for new test data. The dashed lines represent

the 100% and 90% accuracy intervals, respectively, and the blue line indicates the result of linear
fitting of the RF model expressed as slope and y-intercept [214]. CC BY 4.0 (open access).

The application of other advanced ML algorithms to investigate the effects of hydrogen
on mechanical properties and the severity of damage to materials has also been reported.
For example, Fagnon et al. [180] developed two ANNSs to predict the influence of hydrogen
concentration levels on the evolution of hydrogen-induced failures in martensitic ultra-
high-strength steels. The two ANN models, Model I and Model 1I, exhibited identical
architectures. However, the topology of these models varied in terms of the size of the
input features. Model I had an input layer of 12 nodes, while Model II had an input layer
of 14 nodes, corresponding to their feature sizes. The input layers of both models were
followed by four hidden, densely connected layers with node configurations of 7, 5, 3, and
2, respectively. These hidden layers were then summed up with a single-node output layer.
Hence, the topologies of Model I and Model II can be summarized as follows: 12-7-5-3-2-1
and 14-7-5-3-2-1, respectively.

Their dataset included input features such as the mechanical properties of the tested
steels (both in air and under continuous hydrogen charging), hydrogen charging param-
eters, and hydrogen concentration levels determined through TDS analysis. The models
were designed to receive input from these features and predict a target output of the total
hydrogen concentration influencing mechanical property degradation for a specific data
sample. Both ANN models demonstrated comparable hydrogen concentration prediction
capabilities with remarkable accuracy despite variations in mechanical responses due
to different prior austenite grain (PAG) morphologies. However, they noted that these
models might be less effective in predicting the hydrogen concentration levels at fracture
for high-strength steels with ferritic or austenitic microstructures. This limitation arises
because these high-strength steels respond differently to hydrogen-induced fracture when
compared to the tested steels. To address this limitation, an extensive dataset that considers
the unique responses of other high-strength steels is required.

Other studies have also evaluated the performance of both traditional and advanced
ML models in predicting the severity of hydrogen-induced damage to materials. For exam-
ple, Ahmed et al. [211] comparatively studied the use of seven traditional and advanced
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ML models: RF, DTC, XGBoost, GB, Adaptive Boosting (AdaBoost), Categorical Boosting
(CatBoost), and ANN, to predict neck reduction of areas in low-carbon and low-alloy steels
due to HE. They obtained data from laboratory-scale tensile testing of low-carbon and
low-alloy steels subjected to pressurized H; conditions.

The prediction results indicated that the CatBoost model outperformed the other
models in predicting neck reduction in the area of steel exposed to Hj, achieving a testing
accuracy of 72.50%. Additionally, feature importance analysis identified H, pressure,
the ultimate tensile strength of the material, and iron percentage weight composition as
the most significant factors influencing the prediction of HE. Subsequently, a sensitivity
analysis of the CatBoost model was conducted based on these three key parameters and
validated against the existing literature. By examining these critical input features, the
sensitivity of the model was found to be in good agreement with the existing literature.

For instance, the sensitivity analysis of Hy pressure revealed that an increase in Hj
pressure resulted in a significant decrease in the neck area reduction of the steels. This
observation validated the capability of the model to accurately predict the decline in the
ductility of steel due to an increase in Hy pressure, as reported in the literature [197,215].
Observing Figure 17a closely, one can notice an initial sharp decline in ductility, followed by
a plateau steady-state progression beyond the saturation limit. The authors attributed this
evolution to the fact that the lattice traps in the material attained a hydrogen concentration
saturation point. Previous studies corroborated this observation, indicating that for low-
carbon and low-alloy steels, the neck area reduction plateaued at an Hy pressure of 6.9 MPa,
with a hydrogen saturation point being attained at pressures exceeding 13.8 MPa [215].
Similarly, the sensitivity analysis of the ultimate tensile strength demonstrated a linear
decrease in ductility with increasing strength, as shown in Figure 17b. This trend also
agrees remarkably with the established literature, which postulates that as the strength
of steel increases, its susceptibility to HE is heightened [33,129,180]. Figure 17c shows the
sensitivity analysis of the iron weight composition. Observing closely, one can notice a
consequent linear decrease in ductility with increasing iron content. The amplification of
HE with an increase in iron composition is also consistent with previous studies, further
validating the model’s predictive capabilities [33,129]. Overall, the accurate prediction
of HE using the CatBoost model, coupled with feature importance analysis, provides
a valuable industrial tool for material scientists and designers. This tool can assist in
optimizing Hj pressure elemental composition and the selection of appropriate materials
for hydrogen pipelines, potentially reducing the risk of hydrogen-induced fractures in
practical applications.

Subedi et al. [216] demonstrated a more practical application of ML for the advance-
ment of H; utilization in industrial applications. They evaluated the performance of
traditional and advanced ML approaches in assessing the safety of hydrogen pipeline
transport. In their study, three ML models (RF, AdaBoost, and ANN) were comparatively
analyzed to evaluate the HE susceptibility of pipeline steels. Their dataset was curated
from in situ tensile test results conducted in hydrogenated environments. Comparative
analysis identified RF and AdaBoost as the most effective models for predicting HE sus-
ceptibility (based on an embrittlement index). RF and Adaboost achieved prediction
accuracies of 84% and 84.5%, respectively. Based on the embrittlement index, they ranked
the HE susceptibility of various pipeline materials, as well as their compatibility with
Hy. The study highlighted X100 as the pipeline material with the highest susceptibility to
hydrogen-induced degradation, whereas X120 pipeline steel was identified as the most
suitable low-alloy steel for hydrogen pipeline applications. These models were also able
to predict the Hy compatibility of the pipeline network connecting Norway and other
European countries.



Hydrogen 2024, 5

610

Ductile gg

60

20

o
% Predicted Reduction of Area (%)

40 -

Sensitivity of Model to Pressure

Sensitivity of Model to Ultimate Strength

Ductile 100
. ---- Trend Line
------ Trend Line
8
; 80
1 9
i 1 <
i I ué
. - o 60
b LT = & ® v L] ° &
.l =1 i NS *
O 0.
I 3 .,
: 2 a0 o Ve
| g Bt ” SR
Saturation 9
limit b
g 20
a
Brittle 0 +— - -
0 10 60 80 100 200 400 600 800 1000 1200

Pressure (MPa) Ultimate strength

(a) (b)

Ductile 100 Sensitivity of Model to Fe

-=-=- Trend Line

80

60

40 Ve e e

20

Predicted Reduction of Area (%)

Brittle 0

93 94 95 96 97 98 99
Fe (wt.%)

(c)

Figure 17. Sensitivity analysis of (a) Hy pressure, (b) ultimate strength, and (c) Fe weight composition
in the CatBoost model [211] (reprinted with permission from Elsevier).

Limitations of Data-Driven Approaches

Clearly, the limited availability of extensive training datasets and lack of a precise
mechanistic understanding of the interplay between several input features can significantly
affect the predictive performance of these models. As observed, the prediction accuracies
for most of the models discussed were generally below 90%, which may be insufficient
for making confident decisions regarding material selection studies. The datasets used
for training most of the ML models are typically curated from accelerated laboratory test
settings. These tests often focus on high-pressure, ambient-temperature conditions (~22 °C)
and are conducted in the absence of gaseous inhibitors and impurities [33,129,212]. These
laboratory-scale assumptions are based on the justifications that the severity of HE in
metals, particularly ferritic steels, is most pronounced near room temperature and that the
pure hydrogen concentration within a metal lattice is directly proportional to the hydrogen
partial pressure, as described by Sievert’s law, as shown in Equation (2) [33,212]. Moreover,
it has been argued that hydrogen atoms exhibit increased mobility at elevated temperatures
and are easily detrapped from the metal lattice. In contrast, at relatively low temperatures,
hydrogen diffusion through the lattice requires longer exposure times to reach critical local
concentrations. This accumulation of hydrogen leads to embrittlement, particularly when
combined with localized stress conditions [212].
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C =5y/p(Ha) 2)

where C, S, and p(H;) represent hydrogen concentration, solubility, and H; partial
pressure, respectively.

Nonetheless, expanding the datasets to encompass measurements obtained under a
broader range of testing conditions, including high temperatures, varying H, pressures,
different loading frequencies, and gaseous impurity conditions, would be valuable. This
comprehensive dataset is essential for enhancing the prediction accuracy of these models
and extending their capability to also predict additional damage occurrences, including
HTHA and hydrogen-assisted fatigue. Meanwhile, meticulous data collection is crucial to
avoid inhomogeneous or irrelevant data, which can negatively impact both the prediction
accuracy and validation efficiency of the models. In this context, it is essential to develop a
consistent and high-quality database that encompasses diverse boiler operating conditions.
This comprehensive dataset is crucial for training robust ML algorithms capable of making
rapid and accurate material selection decisions under elevated hydrogen boiler conditions.

However, creating such a standardized and robust database poses a significant chal-
lenge because of the broad range of operational scenarios that must be considered in
boiler systems during data collection. Inconsistencies in data collection may arise owing to
variations in testing techniques, equipment failures, and environmental conditions. Cur-
rently, the “Technical References for Hydrogen Compatibility of Materials” document [129]
remains the primary material selection database for curating data. However, the report
provides a limited, inconsistent amount of experimental (slow-strain rate tensile testing)
data, and certain data, such as fatigue testing results for most materials, have not been re-
ported. Therefore, expanding such a database and developing standardized data collection
procedures in elevated hydrogen environments beyond laboratory-scale testing would be
highly beneficial.

Nonetheless, incorporating ML techniques, or more broadly, artificial intelligence (AI),
into the study and selection of materials for critical boiler components holds significant
promise. This can revolutionize the evaluation and prediction of material performance
under high-temperature, high-pressure H, conditions. In fact, engineers can accelerate the
material assessment process by leveraging computational fracture mechanics for confident
data curation and validation alongside data-driven approaches. This integrated strategy
can facilitate the rapid identification of materials with superior resistance to hydrogen-
induced damage, thereby enhancing the efficacy of material selection studies. Consequently,
this approach can reduce the overreliance on conventional materials such as austenitic
stainless steel and aluminum for hydrogen-service applications. The insights gained
from this approach can inform the design of new hydrogen-specific boiler materials and
critical components and guide risk-informed strategies for the inspection of existing boiler
components [213].

6. Conclusions and Future Studies
6.1. Conclusions

This critical review has highlighted the significant potential of H, as a sustainable
alternative in industrial boiler operations. This is an important step towards advancing
the hydrogen economy and achieving global decarbonization goals. Among its key ad-
vantageous findings, Hy’s high heating value, high energy content, and near-zero carbon
emissions stand out, promising a substantial reduction in greenhouse gas emissions. How-
ever, the gradual transition to extensive use of H, in industrial boiler operations presents
significant challenges. The effects of damage mechanisms such as HE and HTHA on
critical boiler components under elevated conditions present a crucial gap that must be
addressed to enable the widespread adoption of Hj in these systems. Based on this review,
the following key conclusions were drawn:
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Over the years, the HE and HTHA phenomena have been complex damage mech-
anisms to understand and daunting research hurdles for material designers and
engineers. Nonetheless, significant experimental, theoretical, and computational ad-
vancements have been made to substantially bridge these gaps. These advancements
have yielded satisfactory accuracy in characterizing hydrogen diffusion into materials
and assessing the subsequent effects of hydrogen-assisted damage. Nevertheless, sig-
nificant challenges remain as the acceptance of the most accurate theoretical model for
driving the HE mechanism in materials continues to be a major point of debate among
experts. Establishing a standard theoretical model for defining HE manifestations
could enhance the precision of numerical modeling and simulations of hydrogen-
assisted fractures, thereby supporting the development of novel hydrogen-specific
materials and components.

To reduce the occurrence of HE and HTHA in boiler components, general mitigation
measures that could be explored include proper thermomechanical treatments, the use
of HPBs, the addition of inhibitors to reduce H; purity, proper weld procedures and
post-heat treatments, the selection of proper operating temperatures and pressures,
the introduction and reduction of alloying elements, and the proper selection of
materials. In an industrial context, visual and advanced inspection procedures using
sophisticated inspection techniques such as LPT, PAUT, SWUT, and MPT can also be
utilized for rapid failure detection to inform decisions to prevent potential equipment
failure. However, when exploring mitigation measures, it is important to consider the
specific operational contexts of the critical components and the potential hydrogen-
induced damage mechanisms (HE or HTHA) that may affect them.

Numerous studies and technical references have identified several prominent metals
and metallic alloys, such as aluminum, austenitic stainless steel alloys, and superalloys,
as promising candidates for H; boiler applications. In particular, superalloys such
as single-crystal PWA 1480E, Inconel 625, and Hastelloy X exhibit promising HE-
resistant capabilities under high-pressure, high-temperature H, conditions. However,
the material selection for both traditional and emerging alloys, such as BCC HEAs,
must be validated through rigorous fracture mechanics analysis to establish hydrogen
safety factors and confirm their suitability as hydrogen-compatible materials for
elevated hydrogen boiler operations.

Metallurgically bonded austenitic stainless steel liners and dielectrics, such as oxides,
carbides, and nitrides, have been considered promising candidates for HPB coating
applications. Notably, the TIAIN HPBs exhibit the most promising HPB coating char-
acteristics, with permeabilities on the order of 10718 mol-s~1-m~1.(/Pa)~!. Therefore,
TiAIN coatings can be further explored for use in coating boiler components. However,
extensive investigation of these coatings beyond laboratory-scale conditions would
be valuable for validating their effectiveness in industrial hydrogen boiler operations.
Emerging numerical and computational models, such as MD and phase-field models,
have proven to be efficient tools for modeling and predicting HE, HTHA, and complex
crack morphologies in materials subjected to H, conditions. In particular, phase-field
modeling of hydrogen-assisted fracture or hydrogen-assisted fatigue crack growth
can allow sophisticated virtual testing of hydrogen-specific critical boiler components.
In the future, computational modeling of hydrogen-assisted damage in hydrogen
boiler materials can assist in: (1) confident validation of material selection studies;
(2) informing major material development decisions of hydrogen-specific engineering
components; and (3) mapping out safe regimes of operations for materials working
under elevated H; boiler conditions to ensure good performance.

Data-driven machine learning (ML) models, such as DTC, have shown significant
potential for the rapid prediction of material susceptibility to hydrogen-induced
damage and their compatibility with H, under specific loading conditions. These
models were validated against experimental and theoretical studies and demonstrated
remarkable agreement with the observed data. However, limitations such as small
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datasets and a lack of consistent, standardized databases can significantly impact
the prediction accuracy and validation of these models in a practical context. In
the future, the development of more sophisticated ML algorithms and the creation
of exhaustive material testing databases using advanced computational modeling
can offer valuable insights into the design of novel, advanced hydrogen-compatible
materials and infrastructure for H boiler operation.

6.2. Future Research Roadmap

To facilitate the gradual widespread adoption of H; in industrial boilers, future re-
search should focus on, but not be limited to, the following;:

1.  Implementation of hydrogen-specific standards and codes for rigorous fracture me-
chanics investigations into the feasibility of traditional alloys, superalloys, and novel
materials, such as BCC HEAs, for the design of hydrogen-specific boiler components.

2. Extensive investigations into the viability of HPBs and liners on critical boiler compo-
nents under actual H, conditions beyond laboratory-scale testing.

3. Employing phase-field modeling to conduct rigorous virtual testing of hydrogen-
specific components to assess their suitability for specific H, conditions and industrial-
scale applications. Additionally, these models should be employed to design safe
operational regimes for conventional components and old boiler infrastructures.

4. Development of robust ML algorithms and standardized, extensive mechanical testing
databases to ensure remarkable prediction accuracy of a material’s susceptibility to
hydrogen-induced damages and its compatibility with Hy. As previously mentioned,
phase-field modeling of hydrogen-assisted fracture and fatigue crack growth enables
efficient and cost-effective numerical testing, extending beyond laboratory-scale condi-
tions. Thus, phase-field modeling can be instrumental in developing a comprehensive,
standardized ML database. This approach can guide industrial decision-making in
selecting materials and designing components specifically for hydrogen-fuel boilers.
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Nomenclature, Subscripts, Superscripts, Acronyms, and Abbreviations

CO, Carbon dioxide

H, Hydrogen gas

HENG Hydrogen-enriched natural gas

CHy4 Methane

kg Kilogram

MJ Megajoules

kWh Kilowatt-hours

LPG Liquified petroleum gas

RFG Reformulated gasoline

HE Hydrogen embrittlement

HTHA High-temperature hydrogen attack

AHSS Advanced high-strength steel

HIC Hydrogen-induced cracking

HPT Hydrogen pressure theory

HEDE Hydrogen-enhanced decohesion

HELP Hydrogen-enhanced localized plasticity
HESIV Hydrogen-enhanced strain-induced vacancies
AIDE Absorption-induced dislocation emission theory
HRE Hydrogen reaction embrittlement

N>,O Nitrous oxide

O, Oxygen

CO Carbon monoxide

PWHT’ed Post-weld heat treated

PWHT Post-weld heat treatment

APIRP American Petroleum Institute Recommended Practice
HAT Hydrogen attack tendency

HAZ Heat-affected zone

NDE Non-destructive examination

NASA National Aeronautics and Space Administration
ASME American Society of Mechanical Engineers
BPVC Boiler and pressure vessel codes

HEAs High-entropy alloys

BCC Body-centered cubic

FCC Face-centered cubic

HEE Hydrogen environment embrittlement
NTS Notched tensile strength

RA Reduction in area

EL Elongation

RNTS Notched tensile strength ratio

RRA Reduction in area ratio

ANSI American National Standard Institute
CHMCI Compressed Hydrogen Materials Compatibility
SBCs Surface barrier coatings

TBCs Thermal barrier coatings

HPBs Hydrogen permeation barriers

AL, O3 Aluminum oxide

Cr,O3 Chromium oxide

Er,O3 Erbium oxide

PRF Permeation reduction factor

BN Boron nitride

TiN Titanium nitride

SiN Silicon nitride

TiC Titanium carbide

SiC Silicon carbide

Ds Substrate diameter

Dy Film diameter

Ps Substrate permeability value
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P¢ Film permeability value

HIAD Hydrogen Incidents and Accidents Database
LPT Liquid penetrant testing

PAUT Phased array ultrasonic testing
SWUT Shear wave ultrasonic testing
MPT Magnetic particle testing

TDS Thermal desorption spectroscopy
SEM Scanning electron microscopy
EDS Energy-dispersive X-ray spectroscopy
AAS Atomic absorption spectroscopy
Z-R Zimmermann-Reinhardt

AHSS Advanced high-strength steel
TWIP Twinning-induced plasticity
TRIP Transformation-induced plasticity
DFT Density functional theory

MD Molecular dynamic

FEA Finite element analysis

UEL User element

UMAT User material

¢ Phase-field parameter

Co Initial hydrogen concentration

C Hydrogen concentration

a Crack size

ag Initial crack size

K Stress intensity factor

N Fatigue cycle

R Loading ratio

f Loading frequency

Fe;C Iron carbide

APT Atomic probe tomography

ML Machine learning

SVM Support vector machine

PAG Prior austenite grain

XGBoost  Extreme gradient boosting

ANN Artificial neural network

GB Gradient boosting

DTC Decision tree classifier

RF Random Forest

LR Linear regression

BR Bayesian regression

PCC Pearson’s correlation coefficient
MIC Maximum information coefficient
R? Coefficient of determination

AdaBoost  Adaptive Boosting
CatBoost ~ Categorical Boosting

S Solubility
p(Hy) Hydrogen partial pressure
Al Artificial intelligence
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