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Hydrogen embrittlement (HE) is a broadly recognized phenomenon in metallic materials. If not well understood and
managed, HE may lead to catastrophic environmental failures in vessels containing hydrogen, such as pipelines and
storage tanks. HE can affect the mechanical properties of materials such as ductility, toughness, and strength, mainly
through the interaction between metal defects and hydrogen. Various phenomena such as hydrogen adsorption, hydrogen
diffusion, and hydrogen interactions with intrinsic trapping sites like dislocations, voids, grain boundaries, and oxide/matrix
interfaces are involved in this process.
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| 1. Introduction

Hydrogen embrittliement (HE) corresponds to the abrupt degradation of mechanical properties of materials in the presence
of hydrogen. HE failure in metals was first recognized by Johnson in 1875 [ and has been observed in many metallic
materials such as steels, aluminum alloys, titanium alloys, and superalloys [ZBIAIBIEITIE] This problem in metals has been
of great concern in various industries including chemical, petrochemical, power, and marine industries. Hydrogen
embrittlement can lead to catastrophic failure in oil and gas pipelines as a result of the presence of sour gas or as a result
of the blending of natural gas with hydrogen. It has been generally established that hydrogen may reduce the
macroscopic and microscopic tensile strength RIZALLMAAMA3IL4] f5tique strength LIS and fracture toughness [L811221[20]
(21]i22] \while its effect on the rate of fatigue crack growth is still debated, depending on the stress ratio level or frequency
(23] Although extensive studies on the hydrogen embrittlement of metals have been carried out, many issues are yet to be
understood. The phenomenon of hydrogen damage is a challenging basic research problem. One main reason for the
damage caused by hydrogen in metals and alloys is the extremely small size of the hydrogen atom, which makes it move
very fast in the metallic lattice. It is therefore not surprising that over the years, a considerable research effort has been
directed toward obtaining an understanding of this phenomenon.

Hydrogen-induced failures arise because cracks are able to grow to critical dimensions, with the initial stress intensity
level increasing to the point under the requirement that K = K¢, where K is stress intensity factor and K¢ is the critical
stress intensity factor. Such crack extension can occur through a number of processes. Subcritical flaw growth
mechanisms involving a cooperative interaction between a stress and the environment, leading to hydrogen
embrittlement, and the final failure typically occurs after a period of time, rather than when exposure begins. This damage
mechanism affects many important alloy systems, most notably high-strength steels. When atomic hydrogen is introduced
into an alloy, the toughness and ductility can be reduced dramatically, and subcritical crack growth can occur. Body-
centered cubic and hexagonal close-packed metals are most susceptible to hydrogen embrittlement. Face-centered cubic
metals are not generally susceptible to hydrogen embrittlement. Hydrogen has a very high mobility in the BCC lattice of
carbon and low-alloy steels [24],

Recently, there has been a renewed interest in the hydrogen embrittlement of metals as a result of the ever-increasing
demand from world governments for cleaner energy. Global gas utility companies are exploring ways to blend natural gas
with hydrogen as a cleaner energy source. However, the effect of hydrogen on existing infrastructure, including existing
and new pipe networks, needs to be assessed prior to injecting hydrogen into the system, and the maximum hydrogen
addition for safe operation needs to be determined. This is especially urgent and essential for older distribution pipeline
networks, as pipe steels are known to be susceptible to hydrogen embrittlement, which may lead to catastrophic failures.



| 2. Proposed Mechanisms of Hydrogen Embrittlement
2.1. Hydrogen-Enhanced Decohesion Mechanism (HEDE)

The H-enhanced decohesion mechanism was first introduced in 1926 by Pfeil et al. 22, and it is a simple mechanism.
They proposed that hydrogen decreases the cohesive strength across lattice planes and grain boundaries. Troiano in
1959 proposed that 28] the increasing interatomic repulsive forces and thus the decreasing atomic bond strength were
due to the fact that the 1 s electron from the hydrogen tends to enter the unfilled 3 d shell of the iron atoms. However,
apart from a few elements like Pd, the hydrogen solubility in metals is too low to cause a significant decohesion effect; in
that case, hydrogen atoms are homogenously distributed in the microstructure (2728 Hence, a sufficiently high
concentration of hydrogen needs to be accumulated for decohesion to occur. It has been proposed that high hydrogen
concentrations can occur due to high hydrostatic stresses including strain gradient hardening 2. A variety of locations for
decohesion have been suggested BUEL: (1) adsorbed hydrogen atoms at crack tips, (2) dislocation shielding regions at
crack tips, (3) grain boundaries and interphase boundaries at crack tips, (4) sites of maximum hydrostatic stresses, and
(5) particle/matrix interfaces (Figure 1).
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Figure 1. Schematic diagrams showing the HEDE mechanism, including tensile separation of atoms due to weakening of
interatomic bonds by (a) hydrogen in the lattice, (b) hydrogen adsorbed at crack tips, and (c) hydrogen at particle—matrix
interfaces.

Decohesion happens when the critical crack tip opening displacement (CTOD) is reached B238I34] when hydrogen
atoms are present in the microstructure and stresses are applied, then hydrogen atoms diffuse into the lattice structure
and result in a reduction in cohesive strength at the crack tip and brittle cleavage-like fracture occurs. The surface energy
of a material is decreased by reducing its cohesive strength so that fracture stress is also decreased and brittle fracture
occurs below its allowable stress values. A major difficulty in proving this model is measuring the cohesive forces [23133],

2.2. Hydrogen Pressure Theory

Zapffe et al. 38 presented a hydrogen pressure theory in 1941 suggesting that hydrogen atoms preferentially segregate at
defect positions in the materials, such as micropores and inclusions. Then, locally accumulated hydrogen atoms gather to
form hydrogen molecules. A high internal pressure is generated by the increase in hydrogen molecules. When the stress
generated by the hydrogen gas pressure exceeds the yield strength of the material, hydrogen-induced cracking occurs.
The concept of irreversible hydrogen embrittlement can be well explained by the hydrogen pressure theory.

2.3. Hydrogen-Enhanced Localized Plasticity (HELP)

This model was first suggested by Beachem BEZ in 1972 and it is the most widely accepted mechanism. In this
mechanism, hydrogen atoms accumulate near a crack tip. It also decreases the resistance to dislocation motion,
increasing the mobility of dislocations. Therefore, dislocations act as carriers of plastic deformation in a metal lattice (25!
1381 The presence of hydrogen around the dislocations results in a local drop in yield stress, and thus, a local movement of
dislocations occurs at a low stress level. This implies that the fracture surfaces exhibit high localized plastic deformation
near crack tips in embrittled materials and slip bands in those areas 22,



Large increases in dislocation mobility in the presence of hydrogen have also been observed by in situ transmission
electron microscopy (TEM) observations [EI4Q41I42]143] Ty reasons have commonly been postulated to cause this
increased dislocation mobility. (1) Hydrogen reduces the repulsive interactions between dislocations and obstacles (e.g.,
secondary phases, solute atoms, and other dislocations) by creating a shielding effect. This reduction in interaction energy
increases the mobility and slip positioning of dislocations and decreases the stress value required for local plastic
deformation. The hydrogen-induced shielding effect applies more to edge dislocations than screw dislocations. (2)
Hydrogen can reduce the yield strength of the material. This phenomenon is called the “softening effect”. The influence of
hydrogen on the reduction in yield strength depends on the material, its purity, strain rate, temperature, and other factors
(301(32][43]44]  For example, the degree of hydrogen-induced softening is sometimes large at low temperatures and low
strain rates for pure iron single crystals, but is usually quite small for aluminum and nickel.

Nonetheless, this mechanism is also challenged by some experimental observations. For instance, tensile test results
confirm that dislocations in IN718 alloys and pure aluminum are dragged by hydrogen 22 In addition, it has been
suggested that hydrogen impedes dislocation mobility according to simulation results 2948l Hence, it has commonly been
assumed that the HELP system needs to combine with other systems to ultimately deteriorate material performance under
a hydrogen atmosphere 42,

2.4. Adsorption-Induced Dislocation Emission (AIDE)

The adsorption-induced dislocation emission (AIDE) model was first proposed by Lynch & in 1976 and is a combination
of both HEDE and HELP. In this model, the hydrogen atoms are adsorbed adjacent to a stress concentration area such as
crack tips. The adsorption of hydrogen at crack tips weakens the interatomic bond energy and cohesive strength of
materials through the HEDE mechanism and facilitates the subsequent emission of dislocations, then crack propagation
by a slip step, and the generation of microvoids through the HELP mechanism [B3I35I38149] The AIDE mechanism involves
decohesion and dislocation injection from a crack tip facilitated by hydrogen adsorption, leading to nucleation and the
growth of cracks . The formation of a slip step at the crack tip combined with microvoid coalescence results in crack
propagation and fracture.

2.5. Hydride Formation

Westlake (in 1969) B9 was the first to suggest a mechanism based on the formation and fracture of brittle hydrides at
crack tips. Hydrides are generally responsible for cleavage fractures in specific materials such as Zr, V, Nb, Ti, and Ta 21
B2 The combination of these materials with hydrogen enables the formation of brittle hydrides because of their large
bond energies. This mechanism consists of four stages: (1) hydrogen diffusion to crack tips, (2) formation and growth of a
hydride phase, (3) cracking the hydride along a specific cleavage plane when it reaches a critical size, and (4) crack arrest
at the matrix/hydride interfaces (Figure 2). As a result, crack propagation occurs through the repetition of the above
sequence.
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Figure 2. Schematic diagram showing subcritical crack growth including hydrogen diffusion to hydrostatically stressed
regions, then formation and fracture of a brittle hydride at a crack tip.

The hydrides can be divided into thermodynamically stable hydrides and stress-induced hydrides, considering the
hydrogen concentration of the alloys. At high hydrogen concentrations, specific metals and their alloys can combine with
hydrogen to form thermodynamically stable hydrides in the absence of stress. For stress-induced hydrides, a sufficiently
high applied stress can act to redistribute the initial low hydrogen concentration. In these systems, hydrides are formed
when the local hydrogen concentration reaches the solubility limit of the materials.

2.6. Hydrogen-Induced Reduction in Surface Energy

This theory was proposed by Uhlig 23! in 1967 based on the Griffith criterion for fracture in ideally brittle solids. This theory
assumes that the adsorption of hydrogen reduces the surface energy and thus decreases the force needed to form new
crack surfaces, and that the existence of a crack occurs where the hydrogen is adsorbed. The crack can more easily grow



under lower mechanical load because of this decrease. Nevertheless, it is noteworthy that the magnitude of the reduction
in the surface energy by hydrogen is quite small (e.g., 7% in the case of ferrite and 9% for austenite 24), and considering
this phenomenon, along with the plastic work of separation, renders the overall effect negligible 52!,

2.7. Hydrogen-Enhanced Macroscopic Plasticity (HEMP)

This mechanism is also called hydrogen-enhanced macroscopic ductility and is related to the decrease in the yield
strength due to hydrogen, attributed to solid solution softening by hydrogen atoms. It is certain that the beginning of
yielding is accompanied by the movement of a significant number of dislocations. Therefore, the reduction in yield
strength due to hydrogen indicates the easier macroscopic motion of significant dislocation masses facilitated by the
presence of hydrogen. HEMP is quite different from the subcritical cracking mechanism of HELP. This is because there is
no subcritical crack propagation involved in the reduction in the yield strength, and also, the plastic deformation is not
localized but rather uniform throughout the whole gauge section 581,

2.8. Hydrogen Assisted Microvoid Coalescence

Microvoid coalescence is primarily a ductile fracture system and is attributed to the preferential trapping influences of
microstructural heterogeneities on hydrogen atoms in front of the crack tip. Crack generation and growth happens in
different stages such as void nucleation, void growth, void coalescence, and extension of the crack and eventual breaking
of remaining existing ligaments by shear stress B35, Dye to the hydrogen impact, dislocation and localized plastic
deformation take place in the material. Due to the joining of voids present in the crack growth direction, crack propagation
takes place in a zig-zag pattern.
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