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ABSTRACT

Hydrogen embrittlement (HE) poses a significant threat to the structural integrity and long-term reliability of its
storage tanks, particularly in welded joints, where microstructural heterogeneities increase susceptibility. This
review presents a comprehensive analysis of HE phenomena, emphasizing its critical role in material degrada-
tion. The paper begins by outlining the fundamentals of HE, describing how atomic hydrogen infiltrates metallic
lattices, leading to loss of ductility and premature failure. Various HE mechanisms, including hydrogen-enhanced
decohesion (HEDE), hydrogen-enhanced localized plasticity (HELP), and hydrogen-induced cracking (HIC), are
discussed and classified based on their underlying physical principles. The susceptibility of commonly used
storage tank materials, such as high-strength steels and aluminum alloys, is evaluated, with a focus on micro-
structural and compositional factors. Special attention is given to the welded regions, where residual stresses,
grain boundary structures, and weld metal (WM) composition play a pivotal role in accelerating HE. The review
also highlights key factors influencing HE in welded joints, including hydrogen diffusion pathways, welding
processes, and post-weld treatments. Experimental methodologies, such as slow strain rate testing and thermal
desorption analysis, are discussed alongside simulation approaches that model hydrogen diffusion and crack
propagation. Finally, the paper outlines current mitigation strategies, including material selection, heat treat-
ment, hydrogen barriers, and cathodic protection, offering insights into practical solutions for reducing HE risks
in hydrogen storage systems. This review aims to guide future research and inform engineering practices for safer
hydrogen infrastructure.
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(continued)
Ad Elongation loss
Ac Tensile strength loss
Von Stress gradient
[ Lattice site occupancy
9 Trap occupancy
Abbreviations
AF Acicular Ferrite
BM Base metal
CGHAZ Coarse-grained heat-affected zone
CLR Crack length ratio
CSR Crack sensitivity ratio
CTR Crack thickness ratio
DP Dual-phase
FEA Finite element method
FGHAZ Fine-grained heat-affected zone
FSW Friction stir welding
GBE Grain boundary engineering
GBs Grain boundaries
GMAW Gas metal arc welding
GTAW Gas tungsten arc welding
HAC Hydrogen-Assisted Creep
HAF Hydrogen-assisted fatigue
HAGBs High-angle grain boundaries
HAs Hydrogen atoms
HAZ Heat-affected zones
HE Hydrogen embrittlement
HEA High-entropy alloy
HEDE Hydrogen-enhanced decohesion
HELP Hydrogen-enhanced localized plasticity
HF Hydride formation
HIB Hydrogen-induced blistering
HIC Hydrogen-induced cracking
HIF Hydrogen-induced fracture
HIPT Hydrogen-induced phase transformations
HISC Hydrogen-induced stress cracking
LBW Laser beam welding
L-PBF Laser Powder Bed Fusion
MIG Metal inert gas
MLG Multi-layered graphene
NZ Nugget zone
SSRT Slow strain rate test
TDS Thermal desorption spectroscopy
TIG Tungsten inert gas
TWIP Twinning-induced plasticity
WM Weld metal
XRD X-ray diffraction

1. Introduction

The development of green technologies is a crucial goal for humanity
[1]. As the world confronts the urgent challenge of environmental
degradation, creating renewable and eco-friendly energy resources has
become a central priority [2]. A sustainable future hinge on reducing the
harmful impacts of conventional energy sources and transitioning to-
ward cleaner alternatives [3]. To achieve this transition toward cleaner
energy, diverse energy conversion and storage technologies are being
developed to form the foundation of sustainable power systems. These
include lithium-ion batteries [4,5], supercapacitors [6], fuel cells [7],
and emerging solid-state and bio-inspired systems [8], each offering
distinct advantages in terms of energy density, efficiency, and scalabil-
ity. Moreover, integrated systems such as self-powered electrochemical
energy storage [9] and microfluidic platforms [10]for electrochemical
conversion are gaining attention for their potential in portable and
on-demand applications.

Additionally, hydrogen has emerged as a promising solution,
capturing considerable interest from researchers and policymakers [11].
Hydrogen, being one of the most abundant elements in nature, holds
immense potential as a clean and efficient energy source [12]. When it
undergoes oxidation, it releases three times more energy per unit mass
compared to the combustion of traditional hydrocarbons, making it a far
more efficient option [13]. Importantly, the only byproduct of hydrogen
combustion is water, which makes it an environmentally safe alternative
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to fossil fuels [14]. As global focus shifts to renewable energy, hydrogen
stands out for its versatility and clean energy potential [15]. Produced
through electrolysis from renewable sources like solar, wind, and hy-
dropower, hydrogen can be created without carbon emissions [16]. It
has the potential to replace fossil fuels and reduce greenhouse gases,
with water vapor being the only byproduct when used in fuel cells or for
energy. Hydrogen is key in diverse applications, from powering vehicles
to industrial processes, and is especially valuable in sectors like heavy
industry, aviation, and shipping, where electrification is difficult. With
increasing demand and advancements in hydrogen production and
storage, it is set to become a dominant energy source, offering a cleaner,
greener solution for a carbon-neutral future. However, despite its po-
tential, one of the main challenges with hydrogen is its storage [17]. At
standard temperature and pressure, hydrogen has a low energy density,
meaning it needs to be stored in a compact and efficient way to be used
effectively in practical applications [18]. This highlights the critical
importance of hydrogen storage. There are various methods of storing
hydrogen, each with its own advantages and challenges. Compressed
hydrogen, stored in high-pressure tanks, is currently the most common
method for both transportation and stationary applications [19].
Another promising approach is liquefied hydrogen, which involves
cooling the gas to extremely low temperatures [20]. This method is more
energy-dense, but it requires sophisticated infrastructure and
energy-intensive cooling processes. Solid-state hydrogen storage,
through materials like metal hydrides, offers another route but is still in
the developmental phase [21].

Effective hydrogen storage systems are essential not only for
ensuring the feasibility of hydrogen-based technologies but also for
enabling a hydrogen economy [22]. The ability to store large quantities
of hydrogen safely and efficiently can facilitate its use in fluctuating
energy markets, where it can act as a medium for storing excess
renewable energy produced during periods of high generation, such as
windy or sunny days. This stored hydrogen can then be converted back
into electricity or used in various other applications when demand is
high or renewable generation is low. For this reason, advancing
hydrogen storage technologies is a critical step toward unlocking the full
potential of hydrogen as a clean energy carrier and ensuring a sustain-
able and resilient energy future [23].

HE is a phenomenon where materials, particularly metals, become
brittle and prone to cracking or failure when exposed to hydrogen [24].
This occurs when hydrogen atoms (HAs) diffuse into the metal's struc-
ture, causing changes in its mechanical properties. Over time, the metal
becomes weaker, more prone to fracture, and may fail under stress, even
at lower loads than it would under normal conditions. The process of
hydrogen absorption into a material typically weakens the atomic
bonds, resulting in a loss of ductility and an increased risk of fracture. HE
is a critical consideration for industries dealing with hydrogen, as it can
compromise the integrity and safety of equipment designed to store,
transport, or utilize hydrogen gas [25].

In the context of hydrogen storage tanks, the risk of HE is particularly
significant [26]. Storage tanks are designed to hold hydrogen under high
pressure, which intensifies the potential for HAs to infiltrate the mate-
rials used in the tank's construction. Metals like steel and aluminum,
commonly used in tank fabrication, are especially vulnerable to HE
when exposed to hydrogen gas, particularly under high pressure and at
elevated temperatures. As hydrogen diffuses into the material, it can
form microscopic cracks or fissures that can propagate, leading to
catastrophic failure if not properly managed. Therefore, understanding
and mitigating HE is critical in ensuring the safety and longevity of
hydrogen storage systems [27]. HE impacts the selection and design of
storage tank materials. Engineers must consider hydrogen's effects when
choosing materials, often opting for high-strength steels or composites to
resist cracking. However, these materials must be carefully evaluated for
their susceptibility to embrittlement. To improve resistance, strategies
like surface coatings, alloying, and using carbon fiber composites are
explored. These measures are crucial for ensuring hydrogen storage
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systems are safe, reliable, and durable.

Despite the growing adoption of hydrogen as a clean energy carrier,
HE in storage tanks; particularly in welded joints; remains a critical
challenge for infrastructure safety and durability. Welded regions are
inherently more vulnerable than base materials due to localized
microstructural changes, residual stresses, and hydrogen diffusion
pathways introduced during welding. While numerous studies have
addressed HE in bulk materials, comparatively fewer have examined
welded joints, and existing research often treats HE mechanisms in
isolation without fully considering the combined influence of welding
processes, post-weld treatments, and environmental conditions.
Okonkwo et al. [28] provided a concise overview of HE mechanisms in
hydrogen storage tanks, emphasizing degradation processes and some
mitigation strategies. However, their review did not address hydrogen
embrittlement and its implications for welded joints. Sun and Cheng's
[29] review primarily addressed hydrogen-induced degradation in
high-strength steel pipeline welds, with particular emphasis on dif-
fusion-trapping mechanisms, microstructural heterogeneity, and
computational models for assessing pipeline integrity. Nevertheless,
their analysis was confined to pipeline welds and did not extend to
hydrogen storage tanks. Extending the pipeline perspective, Jia et al.
[30] provided a broader overview of hydrogen embrittlement in
hydrogen-blended natural gas systems, addressing infrastructure-wide
challenges but without a dedicated focus on hydrogen storage tanks.
Yu et al. [31] provided a comprehensive review focused on HE in both
hydrogen storage tanks and gas transportation systems, emphasizing
fundamental mechanisms, atomistic modeling, and emerging materials;
however, the specific influence of HE on welded joints was not examined
in detail.

Building on these gaps, this review consolidates and critically ana-
lyzes current knowledge on HE, focusing on welded joints where
mechanisms such as HEDE, HELP, and HIC act concurrently to degrade
ductility and fracture resistance. Experimental investigations and
modeling approaches demonstrate that material susceptibility varies
with alloy composition and welding procedure, while mitigation stra-
tegies such as post-weld heat treatment, protective coatings, and alloy
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optimization can reduce but not completely eliminate embrittlement
risks. The findings highlight that no single solution is universally
effective; instead, an integrated approach is required to enhance the
long-term reliability of hydrogen storage systems.

2. Types of hydrogen tanks

HE is a critical consideration for industries dealing with hydrogen, as
it can compromise the integrity and safety of equipment designed to
store, transport, or utilize hydrogen gas [25]. Among the most vulner-
able components are the hydrogen storage tanks (HSTs), where the risk
of HE is particularly significant [26]. These tanks are engineered in
various configurations, ranging from all-metal to fully composite de-
signs, each tailored to balance pressure capacity, weight, manufacturing
complexity, and application suitability. Table 1 provides an overview of
the primary classifications of HSTs, their design characteristics, and
their typical application environments. HE and corrosion are major
concerns for metallic hydrogen storage tanks, especially Types I, II, and
III. HE occurs when HAs diffuse into metals like steel and aluminum,
weakening their structure and making them brittle, particularly under
high pressure. Over time, this can lead to cracks and structural failure.
Corrosion, caused by chemical reactions with elements like moisture or
salt, gradually degrades metal surfaces—even in resistant materials like
stainless steel. In hydrogen storage, corrosion can cause leaks or wall
weakening, compromising tank integrity. Both issues require ongoing
monitoring, maintenance, and protective measures to ensure safe
operation.

Welding joints are commonly used in the construction of hydrogen
storage tanks, especially to join the various components such as the
tank's shell, nozzles, and fittings. However, the use of welding in these
tanks requires careful consideration due to the unique challenges posed
by hydrogen, particularly HE and the risk of corrosion. Welding creates a
fusion between metal parts, and in the case of hydrogen storage tanks,
these joints are critical for maintaining the integrity of the tank under
high-pressure conditions. One of the primary concerns when welding
hydrogen storage tanks is HE. This occurs when HAs infiltrate the metal

Table 1
Overview of HSTs design, pressure ratings, and performance characteristics [32-34].
Type Construction Pressure (bar) Advantages Limitations
Type I Made entirely of metal (e.g., steel = Al: 175 = Simple and robust design = Heaviest type
LT L] or aluminum) = Steel: 200 = Easy to manufacture = Lower storage efficiency

(All-metal)

Type |

Metal liner + hoop-wrapped
fiberglass or carbon fiber

Type Il

wrapped)

Metal liner + fully-wrapped
composite (e.g., carbon fiber)

Type Il

w { A (Fully-wrapped

+ metal)
Type IV Polymer liner + fully-wrapped

Fucahon ire oGy gless composie composite (typically carbon fiber)
oS Fully wrapped

+ polymer)

Type V Made entirely of composite
Ful composio shen material
(All-
e Metalend boss 4

composite, linerless)

Al/glass: 263

(weight-to-gas ratio)

Not ideal for mobile applications
(e.g. vehicles)

Still relatively heavy

Lighter than Type I due to

= Steel/carbon partial composite wrapping = Limited pressure rating
fibre: 299 m Better weight-to-storage compared to fully wrapped types
efficiency
m Cheaper than fully composite
tanks

Al/glass: 305
Al/aramid: 438

Much lighter than Types I & II
Higher pressure tolerance

More expensive than Type I and
II

Al/carbon: 700

1000

Very lightweight

High corrosion resistance
Excellent for mobile
applications (e.g. vehicles)

Requires complex
manufacturing

Ultra-lightweight

Maximum storage efficiency
No corrosion issues
Excellent for aerospace
applications

Very high cost

Limited commercial availability
Structural challenges with no
liner
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during the welding process, causing the material to become brittle and
prone to cracking. Metals like steel and aluminum, which are commonly
used in hydrogen tanks, are particularly vulnerable to this phenomenon,
especially in high-stress or high-pressure environments. As a result,
welding procedures must be carefully controlled to avoid introducing
hydrogen into the material. Special welding electrodes, preheating of
the material, and moisture control during welding are necessary to
mitigate the risk of embrittlement and ensure the strength and durability
of the welds.

Additionally, the choice of material is crucial when welding
hydrogen storage tanks. Materials used for the welding process must be
resistant to HE and corrosion, which are common issues in hydrogen
environments. Stainless steel and aluminum alloys are often preferred
for their ability to resist these issues. For tanks made of composite ma-
terials, such as Type II and Type III tanks, welding is typically used only
for the metal liner, while the composite overwrap is bonded using other
methods like adhesive bonding or filament winding.

The welding process itself also needs to be carefully managed.
Techniques such as Tungsten Inert Gas (TIG) welding or Metal Inert Gas
(MIG) welding are typically used in the construction of hydrogen storage
tanks because they provide strong, clean joints that minimize defects.
Any flaws in the weld could lead to leakage or failure of the tank under
pressure. To ensure the integrity of the welded joints, non-destructive
testing methods such as ultrasonic testing, X-ray inspection, and
hydrogen leak detection are often employed to detect any potential
weaknesses that could compromise the safety of the tank.

Another concern with welding is the creation of heat-affected zones
(HAZ) around the weld. These areas, which experience a temperature
change during the welding process, can alter the metal's properties,
making it more susceptible to embrittlement or corrosion. In hydrogen
storage tanks, these zones must be carefully controlled to ensure that
they do not weaken the structure or lead to failure. In some cases, post-
weld heat treatments or surface coatings are used to restore the mate-
rial's strength and prevent further degradation.

Hydrogen permeation refers to the process by which HAs or mole-
cules pass through a material, typically a membrane or a barrier. This
phenomenon occurs due to the movement of HAs from an area of higher
concentration to an area of lower concentration, driven by concentra-
tion gradients and, in some cases, pressure differences. Hydrogen
permeation is an important factor in various industrial and scientific
applications, such as hydrogen storage, fuel cells, and membrane tech-
nologies. Materials that are permeable to hydrogen can allow hydrogen
to diffuse through them, which may be beneficial in certain applications
(e.g., hydrogen purification or separation) or a potential problem (e.g.,
in pipelines or storage containers, where unwanted hydrogen leakage
can occur).

There are several key steps involved in hydrogen permeation.

I. Adsorption: Hydrogen gas is absorbed onto the surface of the
material.

II. Dissociation: Hydrogen molecules split into individual HAs on the
surface of the material.

III. Diffusion: HAs move through the material's interior, often via
mechanisms such as diffusion or through lattice sites in the ma-
terial (in metals, this process is often diffusion-based).

IV. Desorption: The HAs are released from the opposite side of the
material, recombining into hydrogen molecules.

Hydrogen permeation can be influenced by the properties of the
material (such as its structure, temperature, and pressure), and materials
that exhibit low hydrogen permeability are often sought for applications
involving hydrogen storage or containment to prevent leaks and ensure

safety.
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3. Fundamentals of HE
3.1. HE and its impact on material degradation

HE reduces a metal's strength, ductility, and toughness due to
hydrogen atom diffusion into its microstructure [24]. This can cause
brittle phases, cracks, or voids, leading to issues like HIC or delayed
fracture, depending on the material and conditions [35].

HE is a critical form of material degradation, as it weakens the
structural integrity and safety of components exposed to hydrogen en-
vironments [36]. In industries such as energy, aerospace, and
manufacturing, where high-strength materials are essential, hydrogen
can cause premature failure of components under stress [37]. This is
particularly concerning for applications like hydrogen storage and
transport, where materials must remain strong and reliable under
extreme conditions [26]. HE is especially dangerous because it can cause
catastrophic failure without visible signs of damage, making early
detection and prevention difficult [24]. As a result, understanding HE's
mechanisms and its impact on material properties is essential for
selecting, designing, and maintaining safer, more durable materials in
hydrogen-related applications.

Fig. 1 illustrates the primary mechanisms and consequences of HE in
metallic materials. HE initiates with hydrogen atom diffusion into the
microstructure, leading to a reduction in strength, ductility, and
toughness. It promotes defect formation such as cracks and voids, which
compromise structural integrity and can result in sudden, undetectable
failure. These effects are especially critical in high-strength alloys used
in hydrogen storage and transport, emphasizing the need for careful
material selection, stress control, and predictive maintenance to ensure
long-term reliability.

3.2. Hydrogen charging methods

Hydrogen charging (HC) is commonly used to simulate real-world
conditions to test material performance, particularly the susceptibility
to hydrogen embrittlement, cracking, or other degradation mechanisms.
The key parameters in HC include H-charge time, which affects the
amount of hydrogen absorbed, the temperature, which influences the
diffusion rate of H into the material, H-concentration, which affects the
amount of hydrogen that can be absorbed, and pressure, which signifi-
cantly influences absorption rates [38-40]. The common hydrogen
charging methods include high-pressure HC, thermal charging, elec-
trochemical charging, etc. [41-43]. In high-pressure HC, the material is
exposed to hydrogen gas under high pressure, allowing hydrogen atoms
to diffuse into the material. This method simulates the conditions that
materials might experience in hydrogen-rich environments, such as in
hydrogen storage systems or fuel cells. Thermal charging involves
exposing the material to a hydrogen atmosphere at elevated tempera-
tures. This technique is typically used to study hydrogen absorption at
high temperatures; simulating conditions found in applications such as
gas pipelines or high-temperature reactors. In electrochemical charging,
hydrogen is introduced into a material by applying an electrical current
to an electrolyte, which causes hydrogen ions to be reduced at the sur-
face of the material. This method is commonly used in laboratory set-
tings where precise control of hydrogen uptake is necessary. Zhao et al.
[44] investigated the effects of HC methods, gaseous (G-) and electro-
chemical (E—) charging, on the hydrogen distribution and nano-
mechanical properties of CoCrFeMnNi high-entropy alloy (HEA) and
compared it with 316 L austenitic stainless steel. Through thermal
desorption spectroscopy (TDS) and nanoindentation experiments, they
found that E-charging creates a steep hydrogen concentration gradient
near the surface, leading to significant hardening (~63 % increase in
hardness). In contrast, G-charging results in homogeneous hydrogen
distribution throughout the material, causing negligible changes in
mechanical properties despite higher total hydrogen content. The dif-
ferences were attributed to the localized high hydrogen concentration
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Critical
Concern for
Hydrogen
Applications

Particularly significant for
hydrogen storage and
transport, where materials
must maintain
performance under
extreme pressure and
temperature conditions .

Formation
of Defects

Promotes the formation of
brittle phases, micro-
cracks, or voids, which
can lead to HIC or
delayed fracture
depending on material
type and conditions
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Catastrophic
and
Undetectable
Damage

HE can lead to sudden,
catastrophic failure
without visible
warning, making early
detection and
prevention difficult.

Fig. 1. Key aspects of material degradation due to HE.

near the surface in E-charged samples, which enhances solid solution
strengthening and slip planarity, whereas the uniform distribution in
G-charged samples does not reach the threshold for noticeable hard-
ening. Fig. 2 shows a schematic representation of hydrogen atom dis-
tribution under G-charging and E-charging conditions, along with the
nanoindentation hardness variations among uncharged, G-charged, and
E-charged specimens. Rahimi et al. [45] conducted a comparative study
on the HE of pipeline steels under slow and high strain rate tensile tests
in both gaseous and electrolytic environments. They concluded that
while both charging methods degrade ductility, E-charging generally
results in greater embrittlement. Additionally, slower strain rates were
found to enhance HE by allowing more time for hydrogen diffusion and
interaction with dislocations. Microstructural features, including
non-metallic inclusions and phase interfaces, were identified as critical
factors influencing crack initiation and propagation. For welded sam-
ples, assessing the effects of hydrogen on different regions, such as the
HAZ, base metal, and WV, is crucial. These regions often exhibit
different susceptibilities to embrittlement due to variations in micro-
structure and residual stresses from the welding process. Feng et al. [46]
investigate the HE behavior of the CoCrFeMnNi high-entropy alloy
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(HEA) in comparison with two conventional alloys, 304 stainless steel
(304SS) and IN718. Through electrochemical hydrogen pre-charging,
slow strain rate tensile tests, and fracture surface analysis, the authors
demonstrate that the HEA exhibits superior resistance to hydrogen
embrittlement under the tested conditions (1.79 mA cm ™2 for 24 h and
48 h, and 179 mA cm 2 for 2h). The hydrogen embrittlement index was
lowest for the HEA, followed by 304SS and then IN718. Additionally, the
ductility of the HEA was found to be dependent on hydrogen charging
time: it increased after short charging periods due to
hydrogen-enhanced twin formation, but decreased after longer charging
due to the dominance of the hydrogen-enhanced decohesion (HEDE)
mechanism. Ma et al. [47] explored the effects of electrochemical
hydrogen charging on Q690 steel, focusing on current density and
charging time's impact on HIB, cracking, and mechanical properties.
Higher current densities lead to more and larger blisters, deeper cracks,
and higher hydrogen concentrations, which increase active sites on the
steel surface and initiate blister formation. At high densities
(50 mA/cmZ), cracking shifts from mixed to intergranular modes, and
mechanical properties degrade, causing a transition from ductile to
brittle fracture. These findings highlight the increased sensitivity of
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Fig. 2. (A) Schematic representation of hydrogen atom distribution under G-charging and E-charging conditions; (B) Nanoindentation hardness variations among

uncharged, G-charged, and E-charged specimens [44].
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Q690 steel to HE with higher charging conditions. The hydrogen con-
centration C(x, t.) at a depth x after a charging time t. can be calculated
using Eq. (1), where Cy is the local hydrogen concentration at the surface
of the H-charged specimen, Dy is the hydrogen diffusivity [44,48].

x
Clx,t.) =Co(1—erf( ——x 1
o=t (5)) @
The surface concentration C, is given by Eq. (2):
Co=Wlm [ T @

4 Dyt

Where w is the sample thickness and Cy is the mean hydrogen con-
centration in the sample. The hydrogen trap density Nt (in cm‘3), which
represents the number of hydrogen trapping sites per unit volume in a
material, can be estimated using Eq. (3) [49]:

D Ep
N; =N, (D;)eiRI;" 3)
e

where Nj is the density of interstitial lattice sites (cm™), Dy is the lattice
diffusion coefficient (cmz/s), Dy is the effective diffusion coefficient
(cm?/s), E, is the trap binding energy (eV), R is the universal gas con-
stant, and T is the absolute temperature (K). This relation quantifies the
number of hydrogen trapping sites based on the influence of diffusion
and thermal activation.

@ Ex-situ Vs. In-situ Testing Methodology

To assess how HE affects welded materials, researchers typically use
two main HC techniques: ex-situ and in-situ, which are employed to
introduce hydrogen into test specimens [50]. Ex-situ HC involves
pre-charging the material with hydrogen before mechanical testing
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through one of the previously described methods. In contrast, in-situ HC
introduces hydrogen during mechanical testing, enabling real-time
observation of hydrogen-material interactions under stress. This
method, however, presents a higher level of complexity in terms of
setup, as it requires precise integration of hydrogen delivery systems
with the mechanical testing apparatus as shown in Fig. 3 (A). Zafra et al.
[52] conducted a study to compare hydrogen-assisted fatigue crack
growth of welded 42CrMo4 steel under in-situ and ex-situ HC. In their
work, they focused on both the base steel and the coarse-grain hea-
t-affected zone (CGHAZ), which are known to exhibit different suscep-
tibilities to HE due to their distinct microstructures. The study revealed
that fatigue crack growth rates are significantly higher than an order of
magnitude when samples are tested directly in a hydrogen-containing
environment compared to pre-charged samples tested in air. This pro-
nounced difference is attributed to the continuous supply of hydrogen at
the crack tip during in-situ testing, which accelerates crack propagation.
Notably, the CGHAZ consistently showed greater vulnerability to HE,
regardless of the testing method. The differences between the two
testing approaches are illustrated in Fig. 3 (B). The figure presents fa-
tigue crack growth rate (da/dN) curves as a function of the stress in-
tensity factor range (AK) for both the base steel and CGHAZ under
various conditions: in air, after hydrogen pre-charging, and during
in-situ exposure to hydrogen gas. As can be seen, for a given AK, the
crack growth rates in the in-situ hydrogen environment are substantially
higher than those observed in pre-charged specimens. This effect is
especially pronounced at lower loading frequencies, where hydrogen
has more time to diffuse to the crack tip, further accelerating crack
propagation. Additionally, the figure highlights that the CGHAZ exhibits
a steeper increase in crack growth rates compared to the base metal,
underscoring its heightened susceptibility to hydrogen-assisted fatigue.
Lee et al. [53] conducted a comprehensive investigation into the effect
of EX-situ and In-situ on the mechanical behavior of a CoCrFeNi
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high-entropy alloy (HEA) fabricated by laser powder bed fusion (L-PBF).
In the ex-situ condition, hydrogen was electrochemically pre-introduced
into the specimen and then mechanically tested in air. This setup results
in hydrogen becoming largely immobilized at relatively shallow depths,
primarily in weak traps like dislocations and some grain boundaries.
Thermal desorption spectroscopy (TDS) revealed that hydrogen uptake
in this case was limited (~5.7 wt ppm), and microstructural damage was
mostly confined to the near-surface region. By contrast, the in-situ
condition, where hydrogen charging continues concurrently with ten-
sile testing, produced significantly higher hydrogen uptake (~9.72 wt
ppm), along with deeper and more aggressive crack penetration. Fig. 3
(C) represents a detailed schematic illustration of hydrogen permeation
under both in-situ and ex-situ HC conditions. Hydrogen diffusion in the
ex-situ condition is limited to slow lattice diffusion, which, based on
Fick's law and reported diffusivity values (~3.7 x 10716 mz/s), leadstoa
shallow affected zone of just a few micrometers. In contrast, the depth of
hydrogen permeation under in-situ HC,reached nearly 500 pm, corre-
sponding to approximately half the sample's thickness. Christ et al. [54]
studied the HE susceptibility of S690QL HSLA steel base material and
gas metal arc welds using SSRT with in-situ HC. The effects of heat input
on HE susceptibility were examined by welding with two different heat
inputs. Results showed a significant loss of fracture elongation in
hydrogen-charged specimens. Higher heat input led to WM with lower
yield strength, increased ductility, and higher HE susceptibility due to a
sharp hardness gradient in the CGHAZ. Gou [55] investigated the HIC
behavior in the CGHAZ of X80 steel welds using in-situ HC tensile ex-
periments, hydrogen permeation tests, and surface analysis techniques.
The results showed that even small amounts of hydrogen can signifi-
cantly reduce the material's elongation and area reduction. At a heat
input of 29.2 kJ/cm, the steel showed minor HE sensitivity, with ductile
fractures in the absence of hydrogen and brittle fractures when
hydrogen was present. As heat input increased, the fracture mode
transitioned from intergranular to a mixed intergranular-transgranular
fracture, and eventually to transgranular fracture. The CGHAZ exhibi-
ted weak HE resistance, especially in the lath bainite structure, while
GRB showed lower susceptibility to HE. Increased hydrogen concen-
tration led to a rise in the Young's modulus of the base material but had
less impact on the CGHAZ. The ultimate tensile strength (UTS) of
CGHAZ decreased as hydrogen concentration increased.

3.3. Classification of HE mechanisms

HE poses a critical challenge to the structural integrity of welded
storage tanks, often leading to catastrophic failures without visible
warning signs. This phenomenon arises when atomic hydrogen in-
filtrates the material, interacting with the microstructure to induce a
brittle fracture, reduced ductility, or delayed cracking. The mechanisms
by which hydrogen degrades mechanical properties are complex and
depend on material composition, welding-induced residual stresses, and
environmental exposure. This section provides a foundation for under-
standing material behavior under hydrogen exposure and the subse-
quent protective strategies. Hydrogen-related damage mechanisms
(refer to Fig. 4) can be broadly classified into the several types based on
the interaction between hydrogen and the material's microstructure
[56-59]. Table 2 provides an overview of various hydrogen-related
damage mechanisms, the types of materials most susceptible to each,
the environmental conditions under which these mechanisms typically
occur, and effective mitigation strategies. Hydrogen embrittlement
resistance can be assessed through the analysis of elongation (A8, %)
and tensile strength (Ao, %) losses at different stress levels, as described
by Eq. (1) and Eq. (2) [95].
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Where, 5y and &4 are the elongation values obtained from quasi-static
tensile tests conducted under non-hydrogen-charged and hydrogen-
charged conditions, respectively. 6o and Sys represent the correspond-
ing ultimate tensile strengths under the same testing conditions.
Hydrogen-induced cracking (HIC) for example can be evaluated using
quantitative parameters such as crack length ratio (CLR), crack thick-
ness ratio (CTR), and crack sensitivity ratio (CSR) (refer to Egs. (6)-(8))
[63]. CLR is the ratio of the total crack length (}_ a) to the specimen
width (W), indicating surface crack distribution. CTR is the ratio of total
crack depth (>°b) to specimen thickness (t), reflecting
through-thickness propagation. CSR quantifies the relative impact of
cracks by calculating the combined effect of their length and depth,
normalized against the specimen’s total cross-sectional area.

CIR — % % 100% ®)

CIR = % x 100% @

csR = 22X P) 3600, ®
Wxt

3.4. Comparison of HE in different material types

HE impacts metals, composites, and polymers differently due to their
distinct structures and material properties. Metals; especially high-
strength steels, titanium, and aluminum alloys are most vulnerable, as
HAs readily diffuse into their microstructure, interacting with grain
boundaries, dislocations, and defects, leading to embrittlement through
mechanisms like HIC, HELP, and HISC [24,96]. Composites, which
combine a matrix (often polymeric or metallic) with reinforcing fibers
like carbon or glass, are generally more resistant; however, hydrogen
can still degrade the matrix or cause fiber-matrix delamination, reducing
overall strength [97-99]. Polymers are less prone to embrittlement but
can still suffer from hydrogen-induced effects such as swelling,
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Table 2

Overview of hydrogen-related damage mechanisms, material susceptibility, environmental influences, and mitigation approaches.
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Mechanisms

Materials Affected

Environmental Conditions

Mitigation

HIC: HIC occurs when hydrogen atoms diffuse into a material
and accumulate at internal defects like grain boundaries
(GBs), or non-metallic (e.g., sulfur), causing crack initiation
and growth [60].

HELP: Hydrogen enhances dislocation mobility, leading to
localized plastic deformation and reduced ductility [64].

HISC: This mechanism occurs primarily near the surface of a
material due to the diffusion and accumulation of hydrogen
under stress. It is characterized by surface-initiated cracks
that are typically isolated, larger near the surface, and
decrease in size and number toward the material's interior.

HEDE: When hydrogen atoms accumulate in the metal lattice,
they reduce the cohesive energy between atoms, lowering
the energy needed to crack the crystal along GBs,
crystallographic planes, or phase interfaces.

HIB: In this mechanism, HAs diffuse into a material and
accumulates at specific locations (e.g., microvoids and
internal cracks), forming pockets of hydrogen gas, known as
blisters [75]. These gas pockets create internal pressure,
causing the material's surface to bulge or blister ss shown in
the figure.

HF: Hydrogen reacts with certain metals (e.g., Ti, Zr, V) to form
brittle hydride phases, which can lead to crack initiation and
catastrophic failure under stress.

HAF: HAF is a hydrogen-related damage mechanism where
hydrogen atoms, absorbed from corrosive environments or
high-pressure gas, weaken a material's structure and
accelerate fatigue crack growth under cyclic loading.

HIF: A brittle fracture mechanism where hydrogen reduces
fracture toughness, leading to sudden failure under stress.

HAC: In this mechanism, the presence of hydrogen accelerates
the time-dependent deformation, or creep, of a material
under stress, particularly at elevated temperatures.

HIPT: HIPT is a form of hydrogen damage mechanism where
hydrogen alters the phase stability of a material, resulting in
the creation of brittle phases or changes in the
microstructure that reduce its mechanical strength [90].

= Pure iron
u Low-to medium strength steels [61]

Ferritic, martensitic, and austenitic
steels, iron, nickel, and zirconium
alloys [64,65]

Duplex and supermartensitic
stainless steels [68]

High-Mn and high-Al steel

Nickel superalloys

Titanium alloys

Ni-based alloys [70-73].

Ferrous (e.g., pure iron, AISI 304 and
430 AISI stainless steel) & non-ferrous
(e.g., 1100 Al, a-brass, Ni) materials
[76].

= Titanium alloys

= Zirconium alloys

= Vanadium alloys [78]
m Carbon steels

= Stainless steels

n Nickel alloys [80-82]

High strength steels
Aluminium alloy
Titanium alloys [84-86]
a-Fe

Ni-Cr-Fe alloys [88,89]

= Stainless steels
= Titanium alloys
m Zirconium alloys [91-93]

= Mostly found in sour
environments, such as those
containing hydrogen sulfide
(H2S).

= HIC can develop even
without residual or applied
tensile stress [62].

High hydrogen fugacity

environments (e.g., high-

pressure H, gas).

m Applied or residual stress
accelerates HELP [66,67].

HISC occurs due to the

combination of three

conditions:

o Tensile stress

A susceptible

microstructure

A hydrogen source (e.g.,

cathodic protection systems,

subsea equipment)

Higher hydrogen
concentrations and material
strength levels [74]

Larger current densities and
longer charging times

High temperature, stress,
and hydrogen-rich
environments

Hydrogen Source + Cyclic
Loading

= High hydrogen fugacity

= active corrosion with
damaged paint
High-temperature hydrogen
environments

Significantly affected by the
levels of creep stress

High hydrogen
concentrations

Reducing the amount, the size, and
the volume fraction of inclusions
decreases the material
susceptibility to HIC [63].

Lowering hydrogen exposure
through coatings or inhibitors.

The risk of HISC can be reduced by
maintaining austenite spacing
below 30 pm [69].

Use of hydrogen-resistant elements
(e.g., boron, molybdenum,
tungsten)

Inclusion control and coatings [77]

Use of hydride-resistant alloys
Heat treatments [79]

Increasing the density of
microstructural traps [83]

Hydrogen Barrier Coatings
Avoiding high-stress concentration
[87]

Lower service temperatures and
stresses

Annealing in air [94]
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softening, or degradation of polymer chains, particularly under
high-pressure or high-temperature conditions [100]. While metals face
the most severe consequences, HE can still compromise the structural
integrity of composites and polymers in hydrogen-rich environments.

In plain carbon steel, HE typically results from hydrogen diffusion
into the metal, accumulating at GBs and defects, which leads to crack
initiation and growth [101]. Carbon compounds like carbides can trap
hydrogen, intensifying this effect and further weakening the material
[102]. Stainless steels, despite their corrosion resistance, are still sus-
ceptible; especially high strength grades; as hydrogen reduces ductility
and promotes stress corrosion cracking at GBs [103]. Aluminum and its
alloys are generally more resistant to HE, but under high hydrogen
pressures, hydrogen absorption can still cause hydride formation,
leading to brittleness and cracking; particularly in copper- or
magnesium-containing alloys [61,62,104]. Copper alloys show good
resistance under normal conditions, though elevated hydrogen pressures
can still cause embrittlement via hydride formation, reducing ductility
and toughness [105]. Nickel-based alloys are highly resistant to HE due
to their stable microstructure, but in high-strength, high-stress condi-
tions, they can still suffer from crack initiation, especially at GBs or due
to hydrides under extreme hydrogen exposure [106,107]. Titanium and
its alloys offer superior HE resistance through a protective oxide layer
that limits hydrogen uptake, yet they are still vulnerable under high
hydrogen concentrations and temperatures, where brittle titanium hy-
drides can form and degrade mechanical properties [108-110]. Across
all these materials, HE susceptibility varies with alloy composition,
microstructure, and environmental factors, requiring careful material
selection, processing control, and protective strategies to mitigate fail-
ure risks in hydrogen storage applications.

4. Hydrogen storage tank materials and their susceptibility to
HE

Hydrogen storage plays a vital role in industries such as fuel cell
technology, where metallic tanks—commonly made from steel,
aluminum, titanium, and nickel-based alloys—are used due to their
strength and durability [111]. Each material offers specific benefits and
drawbacks. Steel is cost-effective and strong, suitable for low to
medium-pressure applications, but is heavy and prone to HE, requiring
monitoring [112,113]. Stainless steel improves corrosion resistance for
higher pressures [114]. Aluminum is lightweight and more resistant to
HE than steel, making it ideal for mobile uses like vehicles, though its
lower strength limits high-pressure applications unless reinforced [115].
Titanium combines high strength, corrosion resistance, and HE resis-
tance, ideal for aerospace, but its high cost restricts widespread use
[116]. Nickel-based alloys are suited for cryogenic or high-pressure
environments due to their superior corrosion and temperature resis-
tance, though they are costly [26]. Material choice depends on pressure
requirements, weight, environment, and budget. Crucially, a material's
microstructure and alloy composition heavily influence HE susceptibil-
ity; affecting how hydrogen interacts with the metal, promoting brit-
tleness and cracking. Understanding these properties is essential for
selecting safe, long-lasting materials for hydrogen storage.

4.1. Microstructure influence

The microstructure of a material refers to the arrangement of its
grains, phases, and defects at the microscopic level. HE is closely linked
to how hydrogen interacts with these features, as they can act as sites for
hydrogen accumulation, leading to crack formation and propagation.
The microstructure may affect HE susceptibility by the following ways.

a) Grain Boundaries (GBs): Hydrogen tends to accumulate at GBs,
which are the interfaces between individual crystals in a material. If
these boundaries are weak or poorly bonded, they become prefer-
ential sites for hydrogen to enter, leading to increased brittleness.
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Materials with finer grains typically have more GBs, which can in-
crease the risk of HE unless the GBs are well-bonded or resistant to
hydrogen penetration.

GBs play a critical role in HE across various metallic materials, as
evidenced by multiple studies. Liu et al. [117] demonstrated that in
magnesium, hydrogen preferentially segregates at high-energy GBs,
reducing the critical energy release rate and promoting brittle fracture,
especially in boundaries with higher misorientation. Mai et al. [107]
found a similar trend in nickel, where high-energy, random GBs
exhibited significant hydrogen segregation and reduced cohesion, while
low-energy, coherent GBs showed minimal weakening. Their work
emphasized that increasing the proportion of special GBs can mitigate
HEDE effects. Momida et al. [118] expanded on this by showing that
hydrogen-vacancy complexes at GBs in a-iron drastically reduce tensile
strength, contributing to delayed but severe brittle failure. GBE emerges
as a practical solution to these vulnerabilities. Bechtle et al. [119]
increased special GBs in nickel through thermomechanical processing,
which nearly doubled ductility and improved fracture toughness under
hydrogen exposure. Similarly, Taji et al. [120] showed that in Alloy 725,
the GB microstructure influenced crack propagation, with over-aged
samples showing more severe HE due to less favorable GB character.
Xi et al. [121] further confirmed that optimizing GB types; such as
increasing special or low-angle boundaries through alloying (e.g., with
1 % Cu); can enhance hydrogen trapping and reduce diffusion, thereby
improving HE resistance. Collectively, these studies underscore the
critical influence of GB character and distribution on HE behavior and
point toward GB engineering (GBE) as a key strategy in designing
hydrogen-resistant materials, especially for welded components in
hydrogen storage systems.

Thus, GBs play a critical role in HE across various materials.
Hydrogen accumulates at high-energy, poorly bonded GBs, leading to
increased brittleness and reduced material strength. Strategies such as
enhancing the fraction of special low-energy GBs, grain-boundary en-
gineering, and optimizing microstructures can significantly mitigate the
effects of hydrogen, improving the material's resistance to embrittle-
ment. These findings highlight the importance of GB characteristics in
controlling HE and offer promising approaches for designing more
resilient materials.

b) Phase Composition: Many alloys contain different phases, such as
martensite, ferrite, or austenite. The presence of certain phases,
particularly martensitic structures, can make materials more sus-
ceptible to HE. This is because these phases often have high dislo-
cation densities, which can facilitate hydrogen entry and crack
initiation. On the other hand, phases with a more stable atomic
structure may be less prone to HE.

Recent research has significantly advanced the understanding of HE
in complex microstructures, particularly in multiphase steels and high-
performance alloys. Manda et al. [122] showed that in
ferrite-martensite dual-phase (DP) steels, hydrogen promotes strain
localization in ferrite and damage at ferrite-martensite interfaces, with
hydrogen accumulation enhanced by high phase boundary densities and
lower martensite tetragonality. Their model, combining interface
dislocation pile-ups and void nucleation, offers an alternative to tradi-
tional HEDE explanations. Li et al. [123] used cross-scale simulations to
reveal that HE sensitivity in chromium alloy steels peaks at 5-8 % Cr,
due to hydrogen trapping in chromium carbides and enrichment at
phase boundaries, which drives crack growth. Ornek et al. [124]
emphasized real-time HE analysis in duplex stainless steels, revealing
that hydrogen destabilizes the microstructure through phase decompo-
sition, especially in austenite, challenging conventional views of HE as
purely due to lattice decohesion. Wang et al. [125] addressed HE in
aluminum alloys, showing that transforming nanoprecipitates from the n
phase to the T phase significantly reduces crack formation by trapping
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hydrogen at defects, offering a pathway to improve alloy durability
without changing overall composition. Dong et al. [126] demonstrated
that increased phosphorus content in DP steels heightens HE suscepti-
bility by promoting HIC in martensite and interfaces, with ductility loss
attributed to mechanisms such as HESIV, HEDE, and HELP. Collectively,
these studies highlight the complex, microstructure-dependent nature of
HE and reinforce the importance of phase design, alloying strategies,
and real-time monitoring in mitigating hydrogen-induced failure in
structural materials.

Thus, phase composition significantly influences HE in alloys. Phases
with high dislocation densities, such as martensite, are more susceptible
to HE, as they promote hydrogen entry and crack initiation. Research
shows that phase boundaries, such as ferrite-martensite interfaces, and
hydrogen enrichment at these boundaries play a key role in embrittle-
ment. Strategies to optimize phase composition and design alloys with
stable, hydrogen-resistant phases can help mitigate the risk of HE and
improve material durability.

c) Dislocations and Defects: Dislocations, vacancies, and other crystal
defects can act as hydrogen trapping sites. Materials with a higher
density of dislocations or vacancies tend to trap more hydrogen,
making them more vulnerable to embrittlement. This is particularly
significant in high-strength materials, which often have more dislo-
cations due to their processing.

Recent studies have deepened the understanding of how disloca-
tions, vacancies, and hydrogen interactions contribute to HE, especially
in austenitic stainless steels. Ye et al. [127] found that increasing
hydrogen concentration in 316SS reduced tensile strength and ductility,
promoted martensite formation through hydrogen-induced lattice
expansion, and caused a shift in fracture morphology from ductile to
brittle. Their work, supported by XRD, PAS, and TDS, highlighted the
persistence of dislocations and vacancy recovery with annealing. Ye
et al. [128] further emphasized that traditional techniques like TDS
provide limited insights into hydrogen-defect interactions, recom-
mending internal friction (IF) as a more sensitive method to study
dislocation dynamics and vacancy-hydrogen complexes. Sugiyama et al.
[129] used low-temperature TDS to show that hydrogen enhances va-
cancy formation but not dislocation density in pure iron under plastic
strain, with defects localizing near grain boundaries. Chiari et al. [130]
used positron annihilation lifetime spectroscopy to identify
vacancy-hydrogen agglomerates as precursors to embrittlement in 304
stainless steel, noting that stress facilitated hydrogen diffusion and va-
cancy clustering even after surface hydrogen removal. Collectively,
these studies highlight that hydrogen-induced degradation in steels is
closely tied to microstructural defects, especially dislocation-vacancy
interactions, which influence crack initiation and material embrittle-
ment, particularly under stress or thermal exposure.

Thus, dislocations, vacancies, and other defects play a crucial role in
HE by acting as hydrogen trapping sites. Materials with higher defect
densities, such as those with more dislocations, are more susceptible to
HE. Studies on various steels and alloys highlight how hydrogen in-
teracts with dislocations and vacancies, leading to increased brittleness
and changes in fracture morphology. Understanding these interactions
and utilizing techniques like IF and positron annihilation spectroscopy
can provide deeper insights into the mechanisms behind HE.

d) Hydride Formation: In some alloys, particularly those with ele-
ments like titanium, nickel, and aluminum, hydrogen can react with
the metal to form brittle hydrides. These hydrides can significantly
weaken the material, especially at high hydrogen concentrations,
and may initiate crack propagation.

Ongoing investigations have significantly advanced the under-
standing of HE in Ti-6Al-4V alloys, especially regarding the influence of
microstructure, hydrogen concentration, and manufacturing methods.
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Deconinck et al. [131] showed that L-PBF-processed Ti-6Al-4V, partic-
ularly in the as-built martensitic « state, is highly susceptible to HE due
to stress-induced hydride formation (SIHF) and the interaction of
hydrogen with porosity, which promotes early crack initiation. At high
strain rates, the failure was dominated by the HELP mechanism, while
SIHF played a greater role at low strain rates. Nguyen et al. [132] further
clarified the effect of hydrogen phase state, demonstrating that solute
hydrogen (SH) mainly induced intergranular void formation, while hy-
dride phases (HP) led to more severe two-layer brittle fractures.
Increasing hydrogen concentration worsened the loss of ductility,
especially in total elongation. Deconinck et al. [133] also highlighted
how L-PBF process parameters affect HE susceptibility: polished surfaces
reduced hydrogen uptake, while building orientation influenced
hydrogen distribution via p GB alignment. Zhang et al. [134] detailed a
three-stage hydride formation process—beginning with hydrogen
diffusion into the f phase, followed by hydride nucleation at o/f in-
terfaces, and ending with uniform hydride distribution in the o phase.
This evolution shifted fracture modes from ductile dimpling to mixed
brittle modes. Collectively, these studies underline that HE in Ti-6A1-4V
is governed by complex interactions between hydrogen, microstructure
(especially  phase and porosity), and mechanical stress, emphasizing
the need for microstructural optimization and surface quality control to
improve performance in hydrogen-rich environments.

Thus, hydride formation significantly contributes to HE in alloys,
particularly those containing elements like titanium. The formation of
brittle hydrides, especially at high hydrogen concentrations, weakens
the material and promotes crack initiation and propagation. Studies on
Ti-6Al-4V reveal how different microstructures and hydrogen concen-
trations affect the formation of hydrides and the resulting embrittle-
ment, emphasizing the need for careful control of processing parameters
to minimize hydrogen-induced damage and improve material perfor-
mance in hydrogen-rich environments.

Table 3 summarizes the influence of various microstructural features
on the susceptibility of materials to HE. GBs, particularly high-energy
and poorly bonded ones, serve as favorable sites for hydrogen accu-
mulation, leading to increased brittleness. Conversely, special low-
energy GBs and GBE techniques have been shown to improve resis-
tance to HE. Phase composition also plays a critical role; for instance,
martensitic structures and phase interfaces can facilitate hydrogen
trapping and crack propagation, whereas phase transformations and
stable austenitic structures may help mitigate HE. Dislocations and de-
fects, including vacancies, act as hydrogen traps and promote crack
initiation, thus accelerating embrittlement, especially under stress-
assisted conditions. Furthermore, hydrogen-induced hydride formation
contributes to embrittlement by initiating cracks and reducing ductility.
The nature and morphology of the hydrides, as well as surface charac-
teristics and grain alignment, significantly affect hydrogen uptake and
fracture behavior. Collectively, these findings highlight the complex
interplay between microstructural attributes and hydrogen behavior,
emphasizing the need for microstructural control to enhance material
resistance to HE.

4.2. Alloy composition influence

The composition of the alloy, the elements added to a base metal like
steel or aluminum, plays a crucial role in determining a material's sus-
ceptibility to HE [135]. Various alloying elements can either exacerbate
or reduce the effects of HE, influencing the material's behavior in
hydrogen environments. Carbon content significantly influences HE in
steels [136]. While enhancing strength, higher carbon levels can in-
crease susceptibility to embrittlement, especially under elevated
hydrogen pressures. Carbon can form carbides that interact with
hydrogen, potentially leading to cracking and weakening of the
material.

Kim et al. [137] investigated the HE behavior of austenitic stainless
steels with 0.1-0.3wt% carbon. They found that increasing carbon
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Table 3
Summary of microstructural influences on HE.
Microstructural Effect on HE Key Findings Ref.
Feature
Grain Act as hydrogen - High-energy GBs in [107,
Boundaries accumulation sites, Mg and Ni promote 117-121]
(GBs) especially high- brittle fracture -
energy GBs; increase Special/low-energy
brittleness if poorly GBs reduce HE sensi-
bonded tivity - GBE improves
ductility and tough-
ness - Alloying (e.g.,
Cu) enhances
hydrogen trapping
Phase Certain phases (e.g., - Ferrite-martensite [122-126]
Composition martensite) with interfaces enhance H
high dislocation accumulation - Cr-
densities promote carbides and phase
hydrogen entry and boundaries drive
cracking cracking - Phase
decomposition in
austenite destabilizes
microstructure -
Phase transformation
reduces crack
initiation
Dislocations and Dislocations, - Hydrogen induces [127-130]
Defects vacancies act as H- martensite formation
trapping sites; and fracture mode
facilitate crack shift - IF spectroscopy
initiation and reduce better captures
ductility H-defect interactions
- H enhances vacancy
formation near GBs -
Stress aids hydrogen-
vacancy clustering
Hydride Hydrogen reacts - L-PBF Ti-6Al-4V [131-134]
Formation with metals to form prone to SIHF and

brittle hydrides;
leads to crack
initiation and
reduced ductility

HELP - Hydride vs. SH
fracture modes differ -
Surface finish and f

grain alignment affect

H uptake - Three-
stage hydride forma-
tion alters fracture
mechanism

content reduced hydrogen-induced degradation of tensile properties but
had little effect on hydrogen diffusivity. Cracks initiated at GBs, where
hydrogen concentration was highest, but carbon delayed initiation by
strengthening these boundaries. Crack propagation occurred through o
and & martensites inside grains but was halted at GBs, preventing deep
penetration. Carbon stabilized austenite, which prevented martensite
formation and crack propagation, improving ductility and reducing
elongation loss due to HE. Liu et al. [138] studied HE in structural steels
essential for the hydrogen economy. They compared a steel with tita-
nium carbides (TiCs) and another with molybdenum (Mo), which forms
Ti-Mo carbides with more carbon vacancies. Their results showed that
Mo increases the hydrogen trapping capacity by enabling hydrogen to
access carbon vacancy traps in the carbides. Pichler et al. [136] studied
how pearlite influences HE in ultra-low carbon ferritic steels. They found
that the Fe-0.02C alloy was highly sensitive to HE, while Fe and Fe-0.1C
alloys showed less sensitivity. The presence of high-angle GBs (HAGBs)
in the Fe-0.1C alloy trapped hydrogen, reducing its diffusivity and
making it less likely for critical hydrogen levels to accumulate. This
reduced the occurrence of crack initiation and propagation compared to
Fe-0.02C, which exhibited more hydrogen-related cracks. Pinson et al.
[139] investigated the role of cementite, an iron carbide, in HE in
martensitic steels with similar dislocation densities but differing
cementite concentrations. They found that cementite effectively traps
hydrogen, reducing hydrogen diffusion and increasing resistance to HE
by preventing hydrogen from reaching critical microstructural sites.
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However, when the steel samples were fully saturated with hydrogen
before testing, cementite lost its influence, and fracture propagation was
controlled by HAGBs, highlighting the significance of dislocation den-
sity and the carbide's role in the HE mechanisms. Rodoni et al. [140]
investigated the hydrogen transport properties and HE resistance of DP
ferritic-martensitic low alloy steels (LASs), with control conditions
including ferritic-pearlitic and fully martensitic microstructures. The
study showed that tempering DP-LAS decreased hardness and enhanced
carbide precipitation, leading to higher hydrogen diffusion coefficients
and reduced hydrogen trapping, primarily due to dislocation annihila-
tion. Additionally, an increase in martensite content reduced the
hydrogen diffusion coefficient, with the martensite carbon content
playing a secondary role in controlling hydrogen diffusion. In slow strain
rate tests, DP-LAS with about 50 % tempered martensite exhibited the
highest resistance to HE, offering valuable insights for designing
DP-LASs for hydrogen-related applications. Noh et al. [141] explored
the impact of carbon on HE in stable austenitic stainless steels by adding
0.02 wt% and 0.1 wt% C. During deformation, both steels showed planar
slip and fine dislocation structures, followed by mechanical twinning.
However, after hydrogen pre-charging, the alloy with higher carbon
(0.1 wt%) demonstrated greater susceptibility to HE. The study sug-
gested that carbon enhances planar slip and refines mechanical twins,
which leads to more sites for stress concentration and hydrogen trap-
ping, accelerating embrittlement. High resistance to HE was attributed
to stable austenite and shallow hydrogen diffusion depths, while the
higher carbon content resulted in more intersections of dislocation
walls, twins, and GBs, increasing sites for hydrogen trapping and crack
formation. The findings emphasized that austenite stability alone is not
sufficient for hydrogen resistance, and the deformation mechanism also
plays a crucial role in the design of austenitic stainless steels for
hydrogen applications.

Chromium improves corrosion resistance in stainless steels but can
increase GB susceptibility to hydrogen attack, while nickel enhances
toughness and stabilizes microstructures, though excessive amounts
may raise HE risk. Li et al. [123] showed that Cr carbides (Cry3Cg, CryCs,
Cr3Cy) trap hydrogen more than the iron matrix, with peak HE sensi-
tivity at 5-8 % Cr. Symons [142] found that increasing Cr improved
ductility in uncharged Ni-Cr-Fe alloys, but under hydrogen, high Cr
content led to brittle intergranular fracture due to reduced stacking-fault
energy and increased slip planarity. Simonetti et al. [143] reported that
hydrogen—vacancy clusters and weakened Cr-related bonds in Fe-Cr—Ni
alloys promote crack initiation and stress corrosion. Rodoni et al. [144]
showed that raising Ni to 3 wt% in low alloy steels reduced hydrogen
diffusion and increased trapping without harming HE resistance, sug-
gesting possible revision of ASME B31.12 limits. Balytskyi et al. [145]
observed that at 293 K, HE decreased with Ni content up to 23 wt%, but
higher Ni led to embrittlement, especially at 973 K. Thermomechanical
treatment improved plasticity and performance in hydrogen
environments.

Molybdenum and vanadium improve steel strength and hardness but
can increase HE susceptibility at high concentrations by forming brittle
phases. Liu et al. [146] found that VMo phases had lower hydrogen
solubility than VW phases, enhancing HE resistance. W and Mo con-
centrations above 0.1875 improved V membrane HE resistance, while
lower concentrations weakened its solid-solution strengthening. Peral
et al. [147] showed that V-added steel, with strong hydrogen-trapping
molybdenum-vanadium nanometric carbides, had lower hydrogen
diffusion and embrittlement compared to V-free steel, which had weaker
traps. Lee et al. [148] investigated the effects of Cr, V, and Mo carbides
in tempered martensitic steel, finding that V carbides provided good HE
resistance, but Mo carbides were the most effective, suppressing
hydrogen penetration and minimizing strength loss.

Titanium alloys, favored for hydrogen storage due to their corrosion
resistance and low HE susceptibility, face challenges from hydride for-
mation in hydrogen-rich environments. Briant et al. [149] found that
grade 2 titanium was resistant to hydrogen cracking in acidic saltwater
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but became brittle in gaseous hydrogen at high temperatures due to
hydride formation. Grade 3 titanium, with higher iron content, showed
susceptibility to HE, as iron facilitated hydride nucleation. Shih et al.
[150] observed two fracture mechanisms in Ti-4 wt% Al alloy under
hydrogen: plastic deformation and brittle fracture due to stress-induced
titanium hydride at crack tips. Wu et al. [151] found that hydride
properties in titanium changed at 423 K, with a transition from octa-
hedral to tetrahedral hydrogen sites, enhancing mechanical properties
and offering insights into hydrogen-induced embrittlement.

Similarly, in aluminum alloys, elements like copper, magnesium, and
silicon are often added to enhance strength, but they may increase
susceptibility to HE by promoting the formation of brittle phases, such as
aluminum hydride or intermetallic compounds [152]. The presence of
these elements requires careful control of alloy composition to balance
the material's strength and resistance to hydrogen-induced damage
[153].

Thus, the alloy composition significantly influences the susceptibility
of materials to HE as shown in Fig. 5. Elements like carbon, chromium,
nickel, molybdenum, and vanadium in steels play pivotal roles in either
exacerbating or reducing HE, based on their interactions with hydrogen
and their effects on microstructural features. Carbon, while enhancing
strength, increases vulnerability to HE by promoting the formation of
carbides that can lead to cracking. Chromium can improve corrosion
resistance but also increase the material's susceptibility to hydrogen
attack at GBs. Nickel, known for enhancing strength and toughness, can
reduce HE by stabilizing the microstructure, though excessive amounts
may still promote embrittlement. Molybdenum and vanadium, when
present in appropriate amounts, help improve hydrogen resistance by
trapping hydrogen and reducing its diffusion, but excessive concentra-
tions can lead to the formation of brittle phases. In titanium alloys, the
primary challenge comes from hydride formation in hydrogen-rich en-
vironments, which can cause embrittlement, although careful control of
alloy composition and processing methods can mitigate this risk. Simi-
larly, aluminum alloys, while benefiting from enhanced strength due to
elements like copper, magnesium, and silicon, are prone to HE due to the
formation of brittle phases. Therefore, optimizing alloy compositions is
crucial to balancing the material's mechanical properties with its resis-
tance to hydrogen-induced damage, making it essential for applications
in hydrogen storage.

5. Factors influencing HE in welded regions of hydrogen storage
tanks

Welding joints are commonly used in the construction of HSTs,
especially to join the various components such as the tank's shell,
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nozzles, and fittings. However, the use of welding in these tanks requires
careful consideration due to the unique challenges posed by hydrogen,
particularly HE and the risk of corrosion. Welding creates a fusion be-
tween metal parts, and in the case of HSTs, these joints are critical for
maintaining the integrity of the tank under high-pressure conditions.
Metals like steel and aluminum, which are commonly used in hydrogen
tanks, are particularly vulnerable to this phenomenon, especially in
high-stress or high-pressure environments. As a result, welding pro-
cedures must be carefully controlled to avoid introducing hydrogen into
the material. Special welding electrodes, preheating of the material, and
moisture control during welding are necessary to mitigate the risk of
embrittlement and ensure the strength and durability of the welds.
Additionally, the choice of material is crucial when welding HSTs. Ma-
terials used for the welding process must be resistant to HE and corro-
sion, which are common issues in hydrogen environments. Stainless
steel and aluminum alloys are often preferred for their ability to resist
these issues. For tanks made of composite materials, such as Type II and
Type III tanks, welding is typically used only for the metal liner, while
the composite overwrap is bonded using other methods like adhesive
bonding or filament winding. The welding process itself also needs to be
carefully managed. Techniques such as Tungsten Inert Gas (TIG) weld-
ing or Metal Inert Gas (MIG) welding are typically used in the con-
struction of HSTs because they provide strong, clean joints that
minimize defects. Any flaws in the weld could lead to leakage or failure
of the tank under pressure. To ensure the integrity of the welded joints,
non-destructive testing methods such as ultrasonic testing, X-ray in-
spection, and hydrogen leak detection are often employed to detect any
potential weaknesses that could compromise the safety of the tank.
Another concern with welding is the creation of heat-affected zones
(HAZ) around the weld. These areas, which experience a temperature
change during the welding process, can alter the metal's properties,
making it more susceptible to embrittlement or corrosion. In HSTs, these
zones must be carefully controlled to ensure that they do not weaken the
structure or lead to failure. In some cases, post-weld heat treatments or
surface coatings are used to restore the material's strength and prevent
further degradation. HE in the welded regions of HSTs is influenced by
several key factors. Material composition plays a crucial role, as alloys
prone to forming brittle phases are more susceptible to HE. The welding
process itself can introduce residual stresses and thermal effects that
alter the microstructure, making the heat-affected zone (HAZ) more
vulnerable to embrittlement. Defects such as porosity or cracks in the
weld can act as stress concentrators, facilitating hydrogen absorption
and crack propagation. The extent of hydrogen exposure, temperature
conditions, and strain rates also affect the material's resistance to HE,
with higher hydrogen concentrations accelerating the process.
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Additionally, fine grain structures and grain boundary characteristics
influence the tank's ability to resist hydrogen-induced damage. Proper
material selection, welding techniques, and post-weld treatments are
critical to mitigating the risk of HE in welded regions. Table 4 compiles a
selection of significant research efforts that collectively dissect the main
contributors to HE sensitivity in welded zones. These works span several
key domains: alloying element effects, the influence of welding param-
eters, the role of post-weld heat treatment, residual stress implications,
and the impact of weld-related defects. For each study, the table outlines
the research objective, the specific properties or characteristics exam-
ined, and a summary of the core findings.

6. Mitigation strategies and protective measures

HE in the welded regions of hydrogen tanks and vessels can signifi-
cantly degrade the material's integrity, posing serious safety risks. To
reduce the risk of HE in hydrogen storage tank materials, engineers focus
on optimizing both microstructure and alloy composition [162]. Some
of the key strategies employed include grain refinement, alloying ele-
ments selection, heat treatments, and the use of hydrogen diffusion
barriers [163] as summarized in Fig. 6.

6.1. Grain refinement

Grain refinement is one such strategy, where finer grains are intro-
duced to improve the strength and toughness of the material. While
smaller grains enhance mechanical properties, care must be taken to
balance this with the potential for embrittlement at GBs. If the GBs
become too brittle, they may act as sites for crack initiation under
hydrogen exposure. Therefore, it's essential to achieve an optimal grain
size that enhances strength without compromising toughness. Fan et al.
[164] studied the effect of grain size (4-12 pm) on HE in 304 austenitic
stainless steel (ASS). They found that HE resistance increased with grain
refinement, as it reduced strain localization, which acts as a pathway for
hydrogen diffusion and crack initiation. The study revealed that grain
size did not affect strain-induced martensite (SIM) transformation dur-
ing hydrogen-charged SSRT, suggesting that SIM formation was not
responsible for the observed differences in HE resistance. They also
observed that hydrogen diffusion in 304 ASS was influenced by a
competition between short-circuit diffusion along random GBs and
hydrogen trapping at dislocations, with the highest hydrogen diffusion
coefficient occurring at an 8 pm grain size. Additionally, HIF transi-
tioned from a dimple fracture to a mix of quasi-cleavage and dimple
fracture as grain size decreased. Mine et al. [165] studied the effect of
ultrafine grain refinement on HE in metastable austenitic type 304 steel
by performing micro-tensile tests on high-pressure-torsion-processed
specimens with grain sizes ranging from 0.1 to 0.5pum. The results
showed that specimens with average grain sizes below ~0.4pum
exhibited limited uniform elongation, followed by a steady-stress
regime, attributed to martensitic transformation. The ultrafine-grained
specimens with ~0.5pm grain size achieved high yield stress and
moderate elongation in the uncharged state. The Hall-Petch relationship
was maintained for both uncharged and hydrogen-charged specimens,
with hydrogen charging increasing the friction stress by 40 % without
altering the Hall-Petch coefficient. Hydrogen-induced ductility loss was
mitigated by ultrafine grain refinement, primarily affecting local
deformation post-martensitic transformation rather than the trans-
formation itself. Khalid et al. [166] explored the effect of grain size and
precipitation on hydrogen uptake and HE susceptibility in alloy 718.
Their results showed that fine-grained microstructures, produced by
friction-stir processing (FSP), absorbed more hydrogen compared to
coarse-grained solution-treated (ST) conditions, due to the increased
trapping of hydrogen at GBs and dislocations. However, the presence of
Y and y" phases reduced hydrogen uptake, suggesting these phases have
a low affinity for hydrogen. Despite absorbing more hydrogen, the
fine-grained FSP microstructure exhibited similar or reduced
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susceptibility to HE compared to the coarse-grained ST condition.
Furthermore, the FSP-A condition (fine-grained and aged) showed
significantly lower HE susceptibility than the peak-aged (PA) condition.
The study also found that hydrogen increased surface hardness, partic-
ularly in the ST condition, and that the fine-grained FSP and FSP-A
microstructures inherently demonstrated higher resistance to HICthan
their coarse-grained counterparts. The authors propose that future work
should focus on understanding the relationship between crack initiation
and propagation in fine-grained alloy 718.

6.2. Grain boundary engineering (GBE)

Grain boundary engineering (GBE) is a technique used to mitigate HE
by manipulating the GBs of a material to enhance its resistance to
hydrogen-induced cracking. This process involves altering the misori-
entation of grains to favor “special" GBs, which are more resistant to
hydrogen diffusion and less prone to fracture under stress. By optimizing
grain boundary characteristics through heat treatments or severe plastic
deformation, GBE improves the material's toughness, reduces hydrogen
penetration, and increases its overall resistance to embrittlement in
hydrogen-rich environments. Kwon et al. [167] investigated the
enhancement of HE resistance in Fe-17Mn-0.8C (wt%) TWIP steels using
a GBE approach. The study compared the HE resistance of GBE-treated
TWIP steels with Al-added variants (Fe-17Mn-0.8C-1Al and
Fe-17Mn-0.8C-2Al). Through GBE, the fraction of special boundaries,
which share a high fraction of lattice points between neighboring grains,
increased from 48% to 59%, and GBs adopted a more ragged
morphology. After hydrogen charging, all samples exhibited a transition
from ductile dimple fracture to brittle intergranular fracture, with the
alloys containing higher fractions of special boundaries showing greater
resistance to hydrogen-induced embrittlement. Notably, the HE resis-
tance of the GBE-treated steels was improved to a level comparable to
that of the Al-added TWIP steels. The enhancement in resistance was
attributed to both the increased fraction of special boundaries and the
loss of continuity in random boundaries. This work highlights the po-
tential of controlling grain boundary character distributions to signifi-
cantly enhance HE resistance without the need for alloying additions
like aluminum. In another study, Kwon et al. [168] studied the effect of
strain rate (10-3 << 10-5 s’l) on HE in Fe—17Mn—0.8C TWIP steel.
Two types of specimens were tested: hot-rolled (AR) and those processed
by GBE. For AR samples, fracture strength and ductility decreased with
lower strain rates due to hydrogen accumulation near crack tips. In
contrast, GBE samples exhibited minimal loss in fracture strength and
ductility, as special GBs inhibited hydrogen-induced crack initiation and
propagation. Sun et al. [169] investigated the HE sensitivity of
high-purity nickel with different grain boundary characteristics. One
sample had straighter GBs, while the other had more rugged boundaries.
Hydrogen testing showed the sample with more rugged boundaries had
a higher HE index. The study found that while special GBs (e.g., twin
boundaries) had a small effect on HE resistance, increasing grain
boundary curviness significantly improved resistance. The sample with
more curved boundaries showed less ductility loss and more ductile
fracture, suggesting that grain boundary curviness plays a crucial role in
enhancing HE resistance.

6.3. Alloying elements

The selection of appropriate alloying elements is another critical
approach. Certain elements can be added to the base material to enhance
resistance to hydrogen diffusion, mitigate the formation of brittle pha-
ses, and improve the overall toughness of the material. Alloying ele-
ments such as chromium, nickel, and molybdenum can be particularly
effective in improving resistance to hydrogen-related damage. By care-
fully choosing these elements, engineers can improve the material's
overall durability and minimize the risk of embrittlement in hydrogen
environments. Zhang et al. [170] explored the effect of Ta microalloying
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Table 4
Summary of Key Research Findings on factors influencing he in welded regions of HSTs.
Factor Ref. Research Question Studied characteristics Key findings
Material Liu et al. How do alloying elements (Cr and Ti) affect HE and microstructure in = Microstructure analysis = Ti joints exhibited lower HE sensitivity than Cr joints.
Composition [154] welded low-alloy steel? = Grain characteristics = In air, both joints showed ductile fracture surfaces; in hydrogen environments, both
= Engineering stress—strain shifted to brittle fractures, with larger cracks observed in hydrogen compared to air.
m Fracture modes
Beidokhti How do varying titanium contents and manganese levels affect the HIC ~ m Microstructure analysis A microstructure rich in acicular ferrite with finely dispersed Ti-carbonitrides and controlled
et al. [155] and sulfide stress cracking (SSC) susceptibility of submerged arc welded  m HIC & SSC susceptibility alloying (1.40 % Mn-0.08 % Ti and 1.92 % Mn-0.02 % Ti) maximizes resistance to HIC/SSC
API 5L-X70 pipeline steel? m Vickers microhardness in sour environments, while excessive Ti/Mn increased hard phases and raising hardness
and susceptibility.
Welding Christ et al. How does HE susceptibility vary in gas metal arc welded joints of high- ~ m Microstructure Analysis = A significant reduction in fracture elongation was observed in all hydrogen-charged
Processes [156] strength low-alloy steel (S690QL) under different welding heat inputs? = Hardness profiles specimens relative to the uncharged reference samples.
m Fracture surface = Higher welding heat input leads to a higher HE susceptibility due to soft WM, severe
coarse-grain HAZ hardening, and increased microstructural heterogeneity.
Heat Treatment =~ Wang et al. What role does post-weld annealing play in improving HE resistance in ~ m Microstructure Analysis n The as-welded NZ, consisting solely of martensite, was highly susceptible to hydrogen
[157] the nugget zone of FSW medium-Mn steel? = Hydrogen permeation embrittlement, with the highest HE index (HEI) of 79.2 %.
characteristics = Post-welding annealing introduced reversed austenite, which acted as a strong hydrogen
m Fracture morphologies trap, significantly improving HE resistance.
Guo et al. How does microstructural variation induced by welding-simulated heat ~ m Microstructure Analysis = Welding heat treatment increased high angle grain boundaries, reduced ductility.
[158] treatments affect the HE sensitivity of S690QL structural steel and X80  m Mechanical Properties - X80 (slow cooling) showed higher strength and retains HE resistance due to precipitation
pipeline steel under in-situ HC conditions? = Fracture morphologies hardening.
- Hydrogen shifts fracture from ductile to cleavage-dominated.
Residual Javadi et al. How does welding RS influence the size and morphology of HIC for = RS measurements

Stresses (RS)

Weld Defects

[159]

Jiang et al.
[160]

Wang et al.
[161]

multi-pass TIG welded samples?

How does residual tensile stress affect the diffusion and accumulation of
hydrogen in thick butt-welded high-strength steel plates?

How do common welding defects affect the susceptibility of welded
joints, specifically X80 pipeline steel, to HE?

= Microstructure Analysis

Residual stress distribution
Hydrogen concentration
distribution

Types of welding defects
Mechanical behavior under
slow strain rate tensile
(SSRT)

Fracture morphologies

HE Susceptibility Index (IHE)

There was a direct correlation between higher RS and larger/more severe hydrogen-induced

cracking. The study demonstrated that modifying RS profiles (e.g., through design or

processing parameters) can effectively reduce HIC risk in welds.

= The butt weld toe was the weakest area in the thick high-strength steel plate, where high
hydrostatic stress and stress concentration encouraged hydrogen cracking.

L]

n Defects in welds can greatly increase girth welds' sensitivity to HE and can shift the crack
initiation from the specimen surface to the defect sites.
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Fig. 6. Mitigation strategies for HE in engineering materials.

on improving HE resistance in lath martensitic steel. Increasing Ta
content led to the formation of dispersed nano-sized TaC precipitates
and an increase in the martensite/prior austenite grain boundary areas,
both of which enhanced hydrogen trapping. The study showed that TaC
precipitates provided dominant irreversible hydrogen traps, signifi-
cantly reducing HEDE compared to reversible traps from microstruc-
tural refinement. Additionally, Ta microalloying improved resistance to
hydrogen-assisted crack propagation by increasing £11 boundaries,
low-angle GBs, and reducing X3 boundaries, while also hindering
hydrogen-dislocation interactions. Wang et al. [171] used
first-principles calculations to examine the interactions between 25
different solutes and hydrogen (H) at the £5 (310) GB of body-centered
cubic (BCC) iron, aiming to understand how solutes influence H
behavior and mitigate H-induced GB embrittlement. The study found
that elements such as Cr, Mn, Ni, Zr, Nb, Mo, W, and Re reduce H
segregation at GBs and enhance resistance to H embrittlement.
Conversely, elements like Mg, Sc, As, Pb, and Bi increased H segregation,
promoting brittle fracture. The work highlights the importance of spe-
cific alloying elements in mitigating H embrittlement and offers guid-
ance for designing materials with improved H resistance. Kim et al.
[172] reported that Ni-alloying can overcome the critical challenge of
HE by lowering the cathodic reduction rate on the steel surface and
slowing hydrogen infusion kinetics in the steel matrix. However, con-
flicting results arise when steel with a higher Ni content (>1 wt%) is
exposed to neutral-corrosive environments, and these results have not
been verified using conventional metallurgical approaches. This study
proposes a mechanism for these conflicting results and provides a new,
economical strategy for superior resistance to corrosion-induced HE by
optimally using Ni-alloying in ultra-strong steel.

6.4. Heat treatments

Heat treatments like annealing and hydrogen stress relief are also
vital in mitigating HE. Annealing processes modify the material's
microstructure, reducing dislocation density and improving ductility,
which makes the material more resistant to cracking when exposed to
hydrogen. In addition, hydrogen stress relief (or hydrogen baking) is
often employed, where materials are heated in a controlled hydrogen
atmosphere to release absorbed hydrogen and reduce internal stresses.
This process helps to alleviate the buildup of hydrogen within the ma-
terial, further enhancing its resistance to embrittlement. Zhou et al.
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[173] investigated the influence of heat treatment on the HE suscepti-
bility of selective laser melted 18Ni-300 maraging steel. They found that
solution treatment led to grain growth and the elimination of the cellular
structure, slightly increasing HE susceptibility. In contrast, direct aging
and solution-aging processes resulted in the formation of Nig(Ti, Mo)
precipitates, which enhanced hydrogen trapping. Direct aging, in
particular, caused localized austenite aggregation near molten pool
boundaries, significantly increasing HE susceptibility. They concluded
that heat treatments alter hydrogen trapping sites and diffusion
behavior, with direct aging showing the highest HE susceptibility due to
hydrogen-assisted cracking. Zhao et al. [174] investigated the effect of
tempering on the HE behavior of hot-rolled and intercritically annealed
medium-Mn steel (0.1C-5Mn) through slow strain rate tensile testing.
The study revealed that tempering reduced the susceptibility to HE, with
the most significant elongation loss occurring in the as-annealed spec-
imen. As tempering temperature increased, the hydrogen-induced brit-
tle fracture decreased, and the steel became nearly immune to HE at
500 °C. This improvement was attributed to the microstructural evolu-
tion of retained austenite and cementite during tempering. The findings
suggest that tempering treatment after intercritical annealing can
significantly reduce HE susceptibility without compromising the
strength-ductility balance, making it a viable strategy for automotive
steel applications. Wang et al. [175] studied the effect of
quenching-tempering (QT) treatment on the HE resistance of reactor
pressure vessel steel. Transmission electron microscopy and atom probe
tomography revealed the decomposition of M3C/VC carbides and the
precipitation of M7C3 carbides. Tensile testing showed that HE sensi-
tivity was significantly reduced after the QT treatment. The improved
resistance to HE was primarily attributed to the decreased number of
M3C carbides, which act as reversible hydrogen traps, as evidenced by
the lower concentration of reversible hydrogen measured by TDS. While
the amount of irreversible hydrogen also decreased, it was not consid-
ered a significant factor in improving HE resistance.

6.5. Hydrogen diffusion barriers

Finally, hydrogen diffusion barriers play a significant role in pro-
tecting materials from hydrogen ingress. By applying coatings or surface
treatments, engineers can create a protective barrier that significantly
reduces the amount of hydrogen that reaches the material. Coatings
made from metals such as nickel or chromium can be highly effective in



A. Elsheikh et al.

this regard, preventing hydrogen from diffusing into the base material
and thus reducing the risk of embrittlement. These coatings provide an
additional layer of protection, especially in environments where
hydrogen is present at high concentrations. Shi et al. [176] explored a
method for in situ deposition of multi-layered graphene (MLG) coatings
on X70 pipe steel to mitigate HE. Carbon was implanted into a nickel
catalytic layer on the steel surface, followed by annealing to form MLG.
The resulting coatings displayed interpenetrating graphene layers that
enhanced adhesion and hydrogen resistance. The MLG coatings signifi-
cantly reduced hydrogen diffusion and permeability, with diffusion
reduced by 123 times and permeability by 48 times. Slow strain rate
tests confirmed that the MLG coatings provided strong resistance to HE
by inhibiting hydrogen evolution, extending diffusion paths, and
improving hydrogen adsorption. Additionally, electrochemical tests
showed improved corrosion resistance. These findings highlight MLG
coatings as an effective solution to protect commercial steels from HE.
Lei et al. [177] conducted a theoretical analysis on the hydrogen
permeability of various coatings used in transmission pipelines to
mitigate HE. They tested twelve commercially available coatings,
including crosslinked poly (vinyl alcohol) (PVA), poly (vinyl chloride)
(PVC), and epoxy coatings. Among them, the crosslinked PVA coating
demonstrated the lowest hydrogen permeability of 0.0084 Barrer,
indicating its highest potential for preventing HE. Mathematical
modeling of hydrogen diffusion through coated steel showed that a
2mm PVA coating could delay hydrogen equilibrium for seven years,
reducing hydrogen concentration by 44 % on the steel surface. Further
reductions in hydrogen permeability could extend this time even more,
providing enhanced protection against HE. This analysis suggests that
coatings with low hydrogen permeability, such as crosslinked PVA, are
promising candidates for protecting steel pipelines. Behera et al. [178]
evaluated the potential of brush-plated ZnNi coatings as a replacement
for cadmium (Cd) coatings in preventing internal HE (IHE) of
high-strength steel components. They studied the influence of deposi-
tion voltage, surface preparation, and anode type on coating micro-
structure, which plays a crucial role in mitigating IHE. Transmission
Electron Microscopy (TEM) and other techniques such as Incremental
Step Load (ISL) testing, permeation measurements, and TDS were used
to assess hydrogen diffusion and mechanical performance. The study
found that coatings deposited at 6 V, with certain surface preparation
methods, showed minimal hydrogen generation and did not cause IHE,
regardless of microstructure. In contrast, coatings deposited at higher
voltages (10V and 12V) with certain microstructural features like
stacking faults and dislocations were less effective at trapping hydrogen
and led to increased IHE risk. The presence of twin boundaries, however,
reduced hydrogen diffusion and IHE risk. This research suggests that
carefully controlling plating parameters can enable ZnNi coatings to
replace Cd coatings without causing IHE in high-strength steel.

7. Modeling of hydrogen diffusion in welds

Hydrogen diffuses through materials due to molecular motion,
typically entering interstitial lattice sites or accumulating at micro-
structural defects such as vacancies, grain boundaries, dislocations,
voids, and cracks. In metallic systems, atomic hydrogen can also
recombine to form molecular hydrogen within voids or cracks. Defects
like dislocations and grain boundaries, which can accommodate a finite
amount of hydrogen, are referred to as saturable traps. In an ideal, defect-
free lattice, hydrogen diffusion occurs via jumps between interstitial
sites, requiring sufficient activation energy (E,) to overcome the energy
barrier. Experimental and theoretical studies have shown that under
applied stress, hydrogen tends to migrate from regions of lower to higher
hydrostatic stress, a process classified as non-steady-state diffusion. This
stress-assisted diffusion can be described by a modified form of Fick's
second law:
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Here, c represents the concentration, t is time, D denotes the diffusion
coefficient, V,, is the partial molar volume of hydrogen in a particular
alloy, and oy, stands for the hydrostatic stress. Under steady-state con-
ditions, its concentration in lattice sites can be estimated using Fick's
law. The hydrogen flux vector (J) is given as:

J=-DVc (10)

The hydrogen diffusion coefficient depends on temperature, posi-
tion, and time, and is commonly estimated using an Arrhenius-type
equation for simplicity
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where Dy denotes the pre-exponential factor, T is the absolute temper-
ature, E, is the activation energy to move between two adjacent lattice
sites, R is the universal gas constant. The hydrostatic stress gradient (oy,)
arising from material stress facilitates hydrogen diffusion into regions of
higher o;,. Under these conditions, the equation modified accordingly as
follows:
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During diffusion, the total number of HAs remains conserved. In
transient diffusion, the hydrogen concentration can vary with time at
different locations. Therefore, Equation (1) must be modified to account
for changes in hydrogen flux. The gradient of hydrogen flux at the sur-
face is gives as
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where Jo, and Ji; denote hydrogen flux at the exit and entry surface,
respectively. Assuming a constant hydrogen diffusion coefficient, the
change in concentration over time can be expressed as follows:
Jac
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In the presence of mechanical stresses, the previous equation is
modified as follows:
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This is equivalent to Fick's second law introduced in Equation (1).
Thermodynamically, a site is classified as a hydrogen trap if its chemical
potential is lower than that of a typical interstitial site. Structural defects
such as vacancies, dislocations, and GBs serve as hydrogen traps by
increasing the activation energy barrier for diffusion. Grain boundaries,
particularly those with high misorientation, are especially significant
due to their ability to act as preferential diffusion pathways and their
widespread presence in metallic lattices. Vacancies can readily accom-
modate HAs, with their trapping capacity dependent on the size of the
vacancy. This trapping effect results in a decrease in the overall
hydrogen diffusion coefficient. Dislocations, which emerge from pro-
cesses like plastic deformation or grain growth, cause lattice distortions
and generate local hydrostatic stress fields. These defects create
numerous trapping sites, acting as reversible traps at their edges and
irreversible traps at their cores, depending on the local energy condi-
tions. Furthermore, the hydrogen trapping and release behavior is
influenced by both the quantity and size of precipitates, with larger
precipitates able to retain greater amounts of hydrogen.

McNabb and Foster introduced a hydrogen diffusion model for iron
that incorporates trapping sites by treating diffusion as a balance of
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sources and sinks, which Oriani later refined by introducing the concept
of local equilibrium between mobile and trapped hydrogen [179]. As
most hydrogen diffusion models build on these foundations, Fick's laws
must be adapted to account for trapping effects. When the hydrogen
concentration within trap sites C is assumed to be nonzero, Equation
(14) is modified as follows:

d(c+C) -

_ 16
% v.J (16)

Assuming a constant value for D within the material, Equation (8)
can be rewritten as:
oc  dC
— +—=DV?%
ot ot

Under the influence of mechanical stresses, the equation is modified
as follows:

@a7)

[
ot

aoCc 5 Ve
+—-=DV*c+DV (ﬁwh)

ot (18)

The fractional occupancy of the traps (9), as proposed by McNabb
and Foster, is given by the following equation:

09
— =kc(1-9)— 19
= ke(1 —8) —p8 (€)]
Here, p and k are parameters that define the trapping effect, with p the
probability of trap release within 1s and k representing the hydrogen
capture rate per second and they are given as follows:

<7E_d>
RT
D = Do€

(20)

(21)

where E; is the trapping energy of the site and E; is the diffusion sites
energy. Oriani reformulated the model by assuming that the trap site
concentration C depends solely on the lattice hydrogen concentration,
with their equilibrium described by a constant K:

KZﬂ(L)

6 \1-9 22)

where 0 denotes the occupancy of lattice sites. The hydrogen transport
equation can be implemented by drawing an analogy with the heat
conduction equation [180]. Due to the mathematical similarity between
the two, hydrogen diffusion can be effectively simulated using any finite
element method (FEM) software that supports heat transfer analysis.
This approach enables the modeling of hydrogen behavior in complex
geometries and under various boundary conditions without requiring
custom diffusion solvers. The heat equation can be expressed as follows:
PG4Ty 1y = 0 @3)

In the heat equation, temperature T is replaced by lattice hydrogen
concentration c in the diffusion model. By setting density p and specific
heat ¢, to one, the thermal conductivity corresponds to the hydrogen
diffusion coefficient D. The heat source term r; becomes the hydrogen
source ry,, typically set to zero, and the heat flux J; is analogous to the
hydrogen flux J. The heat equation, given in Equation (23), is trans-
formed into:
dc

—+4+VJ+rm=0

ot @4

Based on the aforementioned mathematical modeling, hydrogen
diffusion in welded joints is a complex process influenced by a combi-
nation of material properties, mechanical stresses, and thermal condi-
tions, all of which interact through well-established physical laws as

17
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tabulated in Table 5. The mobile hydrogen concentration in the lattice
(c) and the concentration of trapped hydrogen (C) are fundamental
variables that govern how hydrogen migrates through the metal. The
diffusion coefficient D, which is strongly temperature-dependent via an
Arrhenius-type relationship, determines the rate of diffusion and is
influenced by the activation energy E, and pre-exponential factor Dy.

Microstructural defects such as vacancies, dislocations, grain
boundaries, and precipitates act as hydrogen traps, reducing the effec-
tive diffusion rate by capturing hydrogen atoms. The dynamics of
trapping are characterized by parameters such as the trapping rate k,
release rate p, and the trapping and desorption energies E, and E4, which
collectively determine how readily hydrogen is immobilized or released.
The trap occupancy 9 and equilibrium constant K (from Oriani's model)
describe the distribution between mobile and trapped hydrogen,
depending on the local hydrogen concentration and trap characteristics.

In welded joints, mechanical factors like hydrostatic stress oy, and its
gradient Voy, play a key role, as they drive hydrogen toward regions of
higher stress, such as the HAZ. This stress-assisted diffusion must be
included in models to accurately predict hydrogen accumulation. Lastly,
temperature T not only enhances hydrogen mobility by increasing D, but
also modulates trapping behavior via changes in k, p, and K. Taken
together, these variables define the intricate hydrogen transport
behavior in welded microstructures, and must be fully considered in
both analytical and numerical modeling approaches.

Simulation approaches have become an essential tool for studying
HE in weldments and materials used in hydrogen tanks. These compu-
tational methods enable researchers to predict the behavior of materials

Table 5
Variables influencing hydrogen diffusion in welded joints.

Category Variable Symbol  Effect on Diffusion
Material Hydrogen C Drives diffusion via
Properties concentration concentration gradient; affected

(lattice) by traps and stress.

Trapped hydrogen C Represents hydrogen

concentration immobilized in traps; reduces
mobile hydrogen.

Diffusion D Controls how fast hydrogen

coefficient diffuses; varies with T and trap
conditions.

Activation energy Eq Higher EaE_a = lower D = slower

for diffusion diffusion.

Pre-exponential Do Material-dependent constant

factor affecting diffusion rate.

Partial molar Vin Appears in stress-assisted

volume of diffusion term.

hydrogen

Trap occupancy 8 Fraction of filled traps;
influences mobile hydrogen.

Trap release rate p Rate at which hydrogen escapes
traps; higher p = more mobile H.

Trapping rate k Rate at which H atoms are
trapped; higher k = more
trapping.

Trap energy Eq Higher EdE_d = deeper

(desorption) traps = more hydrogen
immobilized.

Trap energy E; Affects how easily hydrogen

(capture) enters a trap.

Trap equilibrium K Relates lattice and trap

constant occupancy under equilibrium.

Lattice site 0 Affects the distribution of

occupancy hydrogen between mobile and
trapped states.

Mechanical Hydrostatic stress on Drives hydrogen into high-stress
regions; a key factor in stress-
assisted diffusion.

Stress gradient Vop Facilitates directional migration
of hydrogen.

Thermal Temperature T Affects D, trap dynamics (k and

p), and equilibrium (K); higher
T = faster diffusion.
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under hydrogen exposure without the need for exhaustive experimental
testing. One key simulation approach is finite element analysis (FEA),
which is used to model the stress and strain distribution in complex
welded structures under hydrogen exposure [181,182]. FEA can help
predict areas where hydrogen-induced cracks are likely to initiate,
particularly in regions with high residual stresses such as the HAZ. This
approach can also incorporate material property variations across
different regions of the weldment and account for the effects of tem-
perature gradients and hydrogen pressure. Gobbi et al. [183] presented
a fully coupled cohesive zone implementation for the Abaqus FEA code,
combining thermal-stress analysis with mass diffusion and heat transfer
analogies. The implementation utilizes FORTRAN user subroutines and
Python scripts to manage data. A practical example is provided through
a FEA model of a fracture toughness test on a compact tension specimen
charged with atomic hydrogen, along with a sensitivity analysis to
demonstrate the model's ability to predict HE. The model accounts for
the interaction between hydrogen diffusion and stress-strain during
crack propagation. It uses five user subroutines to compute hydrogen
concentration and transfer it to cohesive elements, simulating HE
mechanisms. The paper outlines the methodology and showcases the
model's predictive capabilities under various conditions. Yu et al. [184]
employed FEA simulations to model the temperature field during
welding, helping to explain the observed microstructural differences in
WM s used in liquid HSTs. The study focuses on three welding methods:
Gas Tungsten Arc Welding (GTAW), Submerged Arc Welding (SAW),
and Shielded Metal Arc Welding (SMAW). Results show that GTAW and
SMAW produce similar microstructures, while SAW leads to larger
grains with a more pronounced preferential orientation. Weaving
techniques played a significant role in shaping the solidification mi-
crostructures. The hardness of the WM is comparable to the base ma-
terial, with a slight decrease linked to increased grain size. This research
offers valuable insights into optimizing welding processes for liquid
HSTs, particularly in relation to microstructural characteristics that in-
fluence weld joint performance. Alvaro et al. [185] investigated HE
susceptibility of a weld-simulated X70 HAZ under high-pressure
hydrogen gas at 20 °C. The research combines experimental fracture
mechanics testing with modeling and simulation to analyze the effects of
hydrogen pressure and exposure time on fracture toughness as shown in
Fig. 7 (A). The modeling efforts included 3D FE simulations of hydrogen
diffusion, incorporating stress-driven effects. The governing equation
(Eq. 25) extended Fick's law to account for hydrostatic stress gradients
[187]:
oC

Vi
~ =DV*C+D v
o ~PVET R(T-T?)

\Z

C D ——rs
VCVp + R(T-T)

CcV?p (25)

Where C is hydrogen concentration, D is diffusion coefficient, Vy is
partial molar volume, and p is hydrostatic stress. The simulations
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revealed that hydrogen concentration near the crack tip reached steady
state within 8h, aligning with experimental failure times. Analytical
calculations (Eq. (26)) estimated trapped hydrogen populations using
plastic strain-dependent trap densities:

log(Ny) = 23.26 —2.33.¢>5" @ (26)
where Nr is trap site density and ¢, is plastic strain. Trapped hydrogen
concentrations were orders of magnitude higher than lattice concen-
trations, suggesting their dominant role in HE. However, the time-
dependent failure implied that lattice hydrogen diffusion also contrib-
uted significantly. The study concluded that HE in X70 HAZ is driven by
synergistic effects of stress, trapped hydrogen, and lattice diffusion. The
simulations provided critical insights into hydrogen distribution and
kinetics, supporting the experimental findings. Stépan Major [186] in-
vestigates the fracture modeling of welds affected by hydrogen embrit-
tlement and cyclic loading, presenting three distinct models to simulate
the combined effects of hydrogen embrittlement and fatigue as shown in
Fig. 7 (B). The study focuses on the degradation processes in welded
structures, emphasizing the role of hydrogen diffusion and its impact on
material strength. The first model addresses hydrogen-assisted fatigue
crack initiation at subsurface inclusions. Hydrogen accumulates in
microcavities around inclusions, creating pressure that reduces the
stress intensity factor K required for crack growth. The model employs
fracture mechanics to describe crack propagation, using a modified
Paris-Erdogan equation (Eq. 27) for the initiation phase:

a
Ni(FS,a) = Ngo(FS) — /ﬁ @7

)n

Where Cpr and n are material constants, and AK is the stress intensity
factor. The model incorporates hydrogen transport equations (Eq. 28):
0 -

\4

14

where C; and Cy represent hydrogen concentrations in lattice and trap

sites, respectively, and 7 is the hydrogen flux vector. The second model
focuses on microvoid coalescence, where hydrogen stabilizes vacancies,
forming hydrogen-vacancy complexes that lead to crack initiation. This
model uses the crack tip opening displacement (COD) method to
calculate the J-integral (Eq. (29)):

1
Ji=—

4 v COD;

(29)

Where o, is the yield strength. The stress tensor is derived using HRR
field theory (Eq. (30)):
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Fig. 7. (A) Comparison of crack mouth opening displacement versus load for SENT tests and simulations [185] (B) Relative decrease in loading amplitude over life:
experimental data (yellow) and theoretical predictions for Models 1 (black), 2 (red), and 3 (green) [186].
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The third model, based on continuum mechanics, introduces a

dimensionless internal variable ¢ to describe fracture evolution (Eq.

(31)):
d=A 3D

Where A is the accumulation modulus during plastic flow (Eq. (32)),
dependent on hydrogen concentration C; and stress state:

A=A <CL, ”—M) (32)
Teq

This model predicts fracture perpendicular to the maximum prin-
cipal tensile stress and is noted for its accuracy in simulating hydrogen
embrittlement effects. Experimental validation was performed on wel-
ded 16Mo3 steel samples subjected to bending stress and hydrogen
exposure. The results showed that Model III (continuum mechanics)
provided the most accurate predictions, closely aligning with experi-
mental data, while Model I tended to overestimate allowable loads.
Model II, though useful for reconstructing fracture processes, was less
effective for lifetime predictions.

8. Conclusion

Hydrogen embrittlement (HE) remains a critical challenge in the safe
and reliable deployment of hydrogen storage tanks, particularly in
welded joints where metallurgical transformations, residual stresses,
and microstructural heterogeneity heighten susceptibility. This review
has consolidated current knowledge of HE fundamentals, underlying
mechanisms, and their impact on the mechanical integrity of storage
materials, showing that welded regions can suffer up to a 20-50 % loss
in ductility and significantly higher crack initiation rates compared to
base metals. The analysis highlights how hydrogen diffusion, stress
concentration zones, and microstructural features interact in complex
ways, making welded areas particularly vulnerable. Experimental
techniques and simulation models have advanced understanding of HE
behavior, but difficulties remain in replicating service conditions and
correlating laboratory data with long-term performance. Mitigation
strategies; including alloy optimization, improved welding procedures,
post-weld heat treatments, and protective coatings; have shown
measurable benefits, yet their effectiveness varies with alloy system and
environmental exposure. Overall, the findings underscore the multi-
faceted nature of HE and the need for an integrated, interdisciplinary
approach that combines material design, process control, and surface
protection to enhance the long-term reliability of hydrogen storage
infrastructure.

9. Future research directions and challenges

Future research should prioritize the development of standardized
testing protocols that accurately simulate service conditions of hydrogen
storage tanks, particularly for welded regions. Advanced characteriza-
tion techniques at the nanoscale, such as atom probe tomography and in-
situ microscopy under hydrogen environments, can provide deeper in-
sights into hydrogen behavior at critical sites like GBs and weld in-
terfaces. Moreover, there is a need for more robust multi-scale modeling
frameworks that integrate microstructural features, mechanical loading,
and hydrogen diffusion to predict HE more accurately. Investigating the
long-term performance of mitigation strategies under cyclic loading and
variable pressure-temperature conditions is also essential for real-world
validation. Additionally, exploring the role of novel materials, including
high-entropy alloys and hydrogen-resistant composites, could open new
pathways toward embrittlement-resistant tank designs. Collaborations
between materials scientists, mechanical engineers, and industry

Materials Today Sustainability 33 (2026) 101282

stakeholders will be crucial in translating research findings into prac-
tical design guidelines and safety standards for next-generation
hydrogen storage systems.
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