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[bookmark: _Toc188212428]1. Introduction
Hydrogen embrittlement (HE) is a critical phenomenon that affects the structural integrity of metals, particularly in industries that rely on high-strength materials such as aerospace, automotive, and energy sectors. This report examines the mechanisms by which hydrogen is absorbed into metals, the structural changes it induces, and the resulting impact on mechanical properties. Through a comprehensive review of metallographic examinations, hydrogen absorption processes, and embrittlement mechanisms, this study provides an in-depth understanding of how hydrogen interacts with metallic structures and contributes to material degradation. The report also highlights various hydrogen production methods and their implications for material performance, along with case studies of hydrogen-induced failures in industrial applications. The findings emphasise the importance of material selection, manufacturing processes, and preventive measures to mitigate the adverse effects of hydrogen embrittlement.
















[bookmark: _Toc188212429]2.Background Research
[bookmark: _Toc188212430]2.1.0 Origins of Hydrogen
Hydrogen naturally occurs as a free gas, generated abundantly at mid-ocean ridges and sometimes escaping through geological features like ophiolite terrains. While it holds promise as an alternative energy source, its high underground mobility and reactivity have led to doubts about its ability to accumulate in commercially viable quantities (Jackson & Lawrence, 2024).
[bookmark: _Toc188212431]2.1.1 Natural Forms of Hydrogen (Water, hydrocarbons)
Natural hydrogen is primarily produced through radiolysis (water breakdown via natural radioactivity) and water-rock interactions involving Fe²⁺ oxidation (Jackson & Lawrence, 2024). Emissions occur in various geological settings, such as sedimentary basins, often linked to water-rock interactions and hydrocarbons (Prinzhofer & Moretti, 2019).
[bookmark: _Toc188212432]2.2 Combined forms and production methods (e.g., electrolysis, steam reforming, biomass conversion).
[bookmark: _Toc188212433]2.2.1 Electrolysis 
Electrolysis, a well-established process for producing high-purity hydrogen (99.999%), splits water into hydrogen and oxygen using an electric current. Key technologies include alkaline, polymer electrolyte membrane (PEM), and solid oxide electrolysis (Ursúa & Gandía, 2012). Alkaline electrolysis is the leading method for large-scale production, valued for its reliability, safety, and 47%-82% efficiency, with a lifespan of up to 15 years and costs of $1000–$5000 per kW, depending on capacity (The Basics of Hydrogen Electrolysis, 2024).
[image: hydrogen electrolysis]
[bookmark: _Ref187665189]Figure 1 Alkaline water electrolysis (The Basics of Hydrogen Electrolysis, 2024).
In this process, water molecules are split into hydrogen and oxygen gases by applying an electric current in an alkaline environment, typically using a potassium hydroxide (KOH) solution as the electrolyte. The overall reaction can be represented as:

At the cathode (negative electrode), water molecules gain electrons (reduction) to produce hydrogen gas and hydroxide ions:

At the anode (positive electrode), hydroxide ions lose electrons (oxidation) to form oxygen gas and water:

This technology is favoured for its durability, cost-effectiveness, and the use of non-precious metal catalysts, making it suitable for integration with renewable energy sources for sustainable hydrogen production (Brauns, Turek, 2020).
[bookmark: _Toc188212434]2.2.2 Steam reforming 
Steam reforming is an endothermic process where temperature plays a crucial role in driving the reaction. The process begins with the steam reforming reaction, followed by the exothermic water-gas shift reaction (Greentech ,2023)
Biomass-derived products such as carbohydrates, sorbitol, glucose, formic acid, methanol, ethanol, glycerol, and bio-oil, which are rich in carbon and hydrogen, are commonly used as feedstocks for hydrogen production (Muthukaruppan, Banu, 2020). The chemical equation for the steam reforming of methane is:

The carbon monoxide produced can further react with steam in the water-gas shift reaction to produce additional hydrogen and carbon dioxide:
CO + H₂O → CO₂ + H₂
Steam reacts with CO₂ over a catalyst to produce hydrogen (up to 95%) with CO as a minor byproduct, which can be converted into hydrogen. This efficient method offers low operational and capital costs, making it economically viable (Kumar & Parvathy Eswari, 2020). 
Ni-based catalysts, enhanced with metals like sodium, potassium, and cobalt, are used to improve activity and reduce carbon deposition. Bimetallic or multi-metallic modifications are essential to enhance efficiency and minimize deactivation (De & Zhang, 2016).
[bookmark: _Toc188212435]2.3.0 Metallographic examination Background research 
Metallographic examination is a useful process, that is used to study the microstructure of metals and their alloys. The metal is usually cut, mounted, grinded, polished and etched to reveal the microstructure under a microscope (Bhandari, Khan, Abbassi, 2015). The process provides insights in performance and potential failure mechanism of the metal, making it invaluable in quality control, failure analysis, and research and development. 
[bookmark: _Toc188212436]2.3.1 Optical Microscopy (light microscope)
Optical Microscopy is typically used for failing analysis and is one of the most basic techniques. It’s easy to use and inexpensive (Ardebili, Pecht, 2009). This technique involves visible light and lenses to magnify small objects, typically used in medicine for examining tissues and cells, but is still used to analyse structure of metals. 
[bookmark: _Toc188212437]2.3.2 Electron Microscopes
Invented as an improvement from light microscopes, electron microscopes use a beam of electrons focused by magnets. It’s possible to magnify 100.000 times. There are two different types used, being transmission electron microscopy (TEM) and scanning electron microscopy (SEM) (Ryu, 2017).


[bookmark: _Toc188212438]3. Fundamentals of hydrogen absorption and Structural Changes Due to Hydrogen Absorption.
A detailed account of the structural changes that occur due to hydrogen absorption into metals in both the liquid and solid states.
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Figure 2 Diagram of hydrogen absorption (Xiangfeng, Xin , Ruirun 2023)
[bookmark: _Toc188212439]3.1.0 Basic fundamentals of hydrogen absorption processes
[bookmark: _Toc188212440] 3.1.1 Physical Adsorption
 Surface adsorption is where solids selectively concentrate substances from a solution onto their surfaces. The principal mechanism of physical adsorption is known as physisorption, which is caused by van der Waals forces (between metal surface and hydrogen). Pressure and temperature have a large impact on the process, making it reversible (Li, Ghadiani, Jalilvand, 2024).
[bookmark: _Toc188212441]3.1.2 Dissociation
Hydrogen molecules dissociate into atoms on alloy surfaces, facilitated by catalytic sites or specific surface properties. High temperature and the metallic bonding environment weaken H-H bonds, making dissociation thermodynamically favourable (Groß, 1998).

The bond dissociation energy is approximately 435 kJ/mol, indicating the energy required to break one mole of these bonds (Gauth, 2024) however, the interaction between hydrogen and metal atoms, particularly in transition metals with highly interactive electron environments, effectively compensates for this energy by facilitating bond weakening.
[bookmark: _Toc188212442]3.1.3 Chemical Adsorption
Chemisorption (Chemical Adsorption is when covalent chemical form between atoms or molecules, this process is irreversible (Li, Ghadiani, Jalilvand, 2024). Chemisorption can lead to the formation of microcracks due to hydrogen atoms penetrating the metals lattice, causing internal stress, this stress over time can gather, especially if penetration and diffusion continues. Eventually, the stress can exceed the yield strength, causing the propagation of microcracks. This process is known as hydrogen embrittlement, which causes a decrease in fracture toughness/ductility (Lee, 2016).
[bookmark: _Toc188212443]3.1.5 Diffusion
 Hydrogen atoms penetrate deeper into the alloy particle, diffusing through the lattice. This diffusion is crucial for forming a metal hydride layer, where hydrogen atoms occupy interstitial spaces within the metal lattice, causing lattice expansion and structural changes.
The diffusion of hydrogen in metals is a complex process that can involve mechanisms like thermally activated tunnelling transitions and over-barrier jumps. Understanding these mechanisms is crucial for predicting how hydrogen interacts with different metal lattices and for developing materials resistant to hydrogen-induced degradation. Springer, T.A. (2005). 
[bookmark: _Toc188212444]3.2 The effects different interstitial sites have on hydrogen absorption. 
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[bookmark: _Ref187679042]Figure 3 Interstitial sites (octahedral (O) sites and tetrahedral (T) sites) in fcc, hcp, and bcc lattices
Hydrogen diffusion in metals, particularly steel, occurs through interstitial diffusion and quantum tunnelling. In defect-free crystals, hydrogen occupies octahedral (O) or tetrahedral (T) interstitial sites (Figure 3). FCC and HCP metals favour O sites, while BCC metals favour T sites due to larger gaps and closer site spacing, enabling higher mobility. As hydrogen fills these sites, it induces elastic distortions, entropy shifts, and enthalpy changes. (Li, Ghadiani, Jalilvand, 2024).	
Hydrogen diffusion typically requires thermal activation to overcome an energy barrier. Quantum tunnelling allows diffusion even below this barrier, especially at low temperatures (below ~250 K), where classical Arrhenius-based models may fail. At higher temperatures, thermal activation prevails, reducing the influence of tunnelling. This highlights hydrogen diffusion's dependence on temperature, crystal structure, and interstitial site availability.
[bookmark: _Toc188212445]3.3 Mechanisms of Hydrogen Embrittlement at Grain Boundaries: The Role of Hydrogen Concentration and Dislocation Interaction
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[bookmark: _Ref187689584]Figure 4 Schematic of hydrogen embrittlement mechanisms at grain boundaries under (a) moderate and (b) high hydrogen concentrations (Liang, Wen , 2019)
Figure 4 illustrates hydrogen embrittlement at grain boundaries under varying hydrogen concentrations. At moderate levels, hydrogen segregates at grain boundaries, activating void formation through dislocation impingement, leading to quasi-cleavage fractures with shallow dimples (a). At high concentrations, saturation reduces dislocation activity, causing intergranular fractures with identifiable grain boundary traces and therefore a fracture caused by voids (b). The figure highlights hydrogen's role in fracture modes and the influence of dislocations on crack propagation (Liang & Wen, 2019).






[bookmark: _Toc188212446]4.0 Impact of Hydrogen Absorption on Metal Structure, Properties, and Processing
For hydrogen embrittlement, particularly in steel to happen, there is four factors involved (Figure 5). 
· presence of a sufficient amount of diffusible hydrogen
·  prone microstructure
·  tensile stress 
·  temperature near to normal ambient
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[bookmark: _Ref187744229]Figure 5 Factors involved in hydrogen cracking (Hart, 2024).

[bookmark: _Toc188212447]4.1.1. Hydrogen absorption in Liquid State in metals.
Hydrogen absorption in liquid metals involves a sequence of processes: atomic dissociation, diffusion, and occupation of absorption sites. Each step is influenced by the unique properties of hydrogen and the liquid metal's structure. A major example of hydrogen absorption that causes structural change and failure is cracking in pipe welds.
Three factors heighten hydrogen cracking risks in girth welds for pipes: the use of high-hydrogen electrodes in traditional stovepipe welding, low heat input from fast welding speeds leading to rapid cooling and potential hardening, and the strain on partially completed welds during field welding processes.   
A discusses by Hart talks about major hydrogen cracking incidents in industrial history, including the 1960s Kings Bridge failure and catastrophic events in 1981 and 1982 involving refinery and pressure vessels. These examples highlight the severe consequences of improper welding and material selection, emphasizing the importance of stringent fabrication practices and inspections to prevent such failures and the enormous associated economic costs.
An environmental corrosion example from a book on Corrosion Engineering states that a storage tank roof had brittle failure of circumferential welds due to the roofs being saturated with hydrogen by corrosion, a surge of pressure was then present causing the failure (Roberge, 2008). This is a great example the affect hydrogen can have on welding. 
In 1974 construction of the Moomba to Sydney pipeline was done and hydrogen cracking resurged. This was attributed to factors like higher carbon equivalent in the Australian-supplied steel and possibly molybdenum segregation. Example of a hydrogen crack weld can be seen in Figure 4.
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Figure 6 Heat affected zone of hydrogen crack in the weld of a metal
Higher carbon content increases steel hardness and susceptibility to hydrogen cracking, while molybdenum segregation creates stress concentrations, both complicating welding and weakening steel integrity and enhancing conditions for hydrogen.
Research on pipeline steels microstructures has deepened understanding of hydrogen-induced cracking (HIC) sensitivity. Pourazizi and Mohtadi used electron backscatter diffraction (EBSD) to study API X60 and X60SS steels, discovering HIC mainly on the mid-surfaces, spreading along the 〈1 0 0〉 oriented grains. They found that X60SS steel's higher recrystallisation rate lowers energy storage, thus improving its HIC resistance compared to standard X60. Further analysis revealed that grains aligned with {1 1 0} and some {0 0 1} planes resist HIC better, while those aligned purely with {0 0 1} are more susceptible to cracking (Pourazizi, Mohtadi-Bonab, 2020). 
A paper done by Law and Nolan showed increased hydrogen levels in shielding gas significantly reduced strain to failure, with 5% hydrogen reducing strain from 12% to 2%, highlighting embrittlement. The method effectively links stress, hydrogen content, and microstructure, aiding in understanding and preventing hydrogen-assisted cold cracking in welding (Law, Nolan, Holdstock, 2008), suggesting methods to reduce welding weakening and failure. 
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[bookmark: _Ref187746098]Figure 7 SEM Hydrogen Embrittled fracture (Anovitz, Gardiner, 2004).
At high temperatures, hydrogen plays a significant role in the behaviour of molten alloys, particularly in processes like welding. When the amount of hydrogen dissolved in the alloy melt matches its maximum capacity (known as terminal solubility), a dynamic equilibrium is achieved. At this point, the rates of hydrogen dissolution into the melt and escape back into the surrounding environment are balanced. This equilibrium is described by the equation:

The relationship between hydrogen concentration in the melt and hydrogen pressure is expressed as:

Where KP represents the equilibrium constant (Su, Li, Luo, 2010). At high temperatures, hydrogen decomposes on the surface of molten alloys and diffuses into the melt, altering properties such as density and viscosity. These changes impact the material's behaviour during processes like casting and welding and can result in defects such as porosity, hydride formation, and weakened mechanical properties. Such conditions increase the risk of embrittlement and corrosion, highlighting the importance of managing hydrogen during high-temperature processes to ensure alloy quality and durability.
In welding, particularly in steel pipelines, hydrogen absorption and diffusion present a major challenge. Hydrogen-induced cracking (HIC) arises primarily from hydrogen introduced during welding, often from sources like moisture, surface contaminants, or shielding gases. This hydrogen diffuses into the molten weld pool and becomes trapped, especially in areas with microstructural flaws. As the weld cools and solidifies, hydrogen’s solubility decreases, and it concentrates in the solid microstructure, promoting porosity and cracks. The cooling process further induces internal stresses and microstructural transformations that exacerbate the material's susceptibility to embrittlement and fracture.
Examining Figure 7, the fracture surfaces in such cases exhibit brittle features, including intergranular cracking and sharp, jagged edges, indicative of reduced ductility and toughness due to hydrogen presence. These features underscore the damaging effects of trapped hydrogen on mechanical integrity. To mitigate such issues, preventive measures include thorough cleaning of surfaces before welding to remove contaminants, using low-hydrogen consumables, and conducting post-weld heat treatments. These treatments help to alleviate residual stresses, promote hydrogen diffusion out of the weld, and restore the material's mechanical properties.
[bookmark: _Toc188212448]4.2.0 Hydrogen absorption in Solid State in metals
[bookmark: _Toc188212449]4.2.1 Hydrogen inducing porosity and microstructure defects on Metal Alloys using mechanical alloying techniques. 
Somo and Maponya (2020) highlight that hydrogen absorption in molten alloys, especially those made via non-equilibrium methods like mechanical alloying, affects structure and kinetics. Mechanical alloying increases surface area and defects, accelerating hydrogen absorption but also causing porosity and microstructural defects. 
Mechanical alloying accelerates hydrogen absorption, causing defects like embrittlement, phase changes, and reduced ductility and toughness, while risking structural degradation under stress.
[bookmark: _Toc188212450]4.2.2 Formation of hydrides and microstructural changes in solid state metal 
Formation of hydrides can drastically change the microstructure of a metal/alloy and can be used for a variety of applications, including Hydrogen storage.
metal hydrides have the formula 

where M is an alkali metal and M' is a metal or metalloid.
A paper by Somo and Maponya state that the structural transformations occurring due to hydrogen absorption, primarily in the context of mechanically alloyed hydrides. It details the transition from less ordered phases to more stable hydrides. Mechanical alloying creates materials with nano-crystalline and amorphous structures, which show different hydrogenation behaviours compared to their coarse-grained counterparts. This processing alters the diffusion paths and rates of hydrogen (Somo, Maponya, Davids, 2020). 
[image: A close-up of a needle

Description automatically generated]
[bookmark: _Ref187748597]Figure 8  TEM image of hydrides (Ding, Jones, 2011).
Therefore, these fine structures provide increased surface area and more grain boundaries, which act as pathways for hydrogen diffusion as seen in Figure 8. This leads to faster hydrogen absorption and unique hydrogenation behaviours compared to coarse-grained alloys. Additionally, the structural transitions induced by hydrogen absorption can stabilise new hydride phases, enhancing the material's capacity to store hydrogen efficiently.
4.3 Microstructural Analysis of Hydrogen-Induced Cracking: Optical Microscopy Observations[image: A close-up of a grey and white background
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Figure 9 Optical Microscopy Image Showing Microstructural Changes and Crack Propagation in Hydrogen-Charged Meta
The prominent cracks observed at the surface align with phase boundaries, such as those between ferrite and austenite, highlighting regions highly susceptible to hydrogen-induced cracking. The microstructure shows distinct features of phase separation and deformation caused by hydrogen absorption, which weakens the grain boundaries and promotes intergranular crack initiation and growth. This image emphasises how hydrogen segregates into microstructural flaws, triggering localised stress concentrations and ultimately leading to fracture.
[bookmark: _Toc188212451]4.3.0 Hydrogen Embrittlement in Solid Metals by diffusion Examples 
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[bookmark: _Ref187665193]Figure 10 slip traces on intergranular fracture (left).  Dislocation cells beneath hydrogen-induced intergranular fracture (right). (Li, Zhang, Akiyama, 2020).
SEM and TEM examinations have been used in Figure 3.A study done by Li and Zhang showed the effect hydrogen absorption had on Ni-201. The Left image in Figure 3 displays as lower magnification compared to right image. The left image showcases larger-scale features like slip bands or grain boundaries showing slip traces on the intergranular fracture of hydrogenated Ni-201. The right image provides a more detailed look on nanoscale structures, such as dislocations cells beneath the hydrogen-induced intergranular fracture of Ni-201, emphasising the microstructural changes caused by hydrogen (Li, Zhang, Akiyama, 2020).
Hydrogen stabilises dislocation pile-ups, localises plastic deformation, and weakens grain boundaries, increasing sensitivity to intergranular fractures. It also promotes hydrogen transport and crack initiation. In the lattice, hydrogen causes distortions, forms hydrogen-vacancy complexes, and hinders dislocation mobility, leading to embrittlement, reduced ductility, and crack propagation. These effects underscore the critical role of dislocations in hydrogen-induced material degradation.
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[bookmark: _Ref187680860]Figure 11 Hydrogen embrittlement mechanism of Additive Manufacturing Inconel 718 S (Maldonado, Zafra, Martínez ,2024).
A paper by Mandonado and Zafra show how hydrogen induced decohesion weakens cell boundaries. A crack is developed due to hydrogen embrittlement, secondary to the main crack that caused the final fracture (a).  Hydrogen penetrates deeper and diffusing into the lattice structure and occupies the interstitial spaces within the lattice, causing lattice expansion and resulting in the crack and eventually failure. (b) shows delayed cracking caused by the coalescence and bridging of microcracks. This highlights the role of hydrogen in propagating cracks over time, even under minimal external stress. 
As an FCC material, AM Inconel 718 is more prone to hydrogen absorption due to its tightly packed crystal structure with large, stable octahedral interstitial sites that lower the energy barrier for absorption. These sites enable high hydrogen solubility, leading to greater retention despite slower diffusion compared to BCC metals. This makes FCC metals like Inconel 718 more susceptible to hydrogen-induced embrittlement and cracking as seen in Figure 5.



[bookmark: _Toc188212452]5. Conclusion
Hydrogen embrittlement poses a significant challenge to the durability and reliability of metallic components in various industrial applications. The study has demonstrated that hydrogen absorption leads to microstructural changes, reduced mechanical strength, and eventual failure through crack initiation and propagation. Factors such as alloy composition, hydrogen concentration, and environmental conditions play a crucial role in determining the extent of embrittlement. Industrial case studies highlight the catastrophic consequences of hydrogen-induced failures in welded structures and pipelines, reinforcing the need for stringent quality control measures. To mitigate these risks, industries must adopt advanced material processing techniques, implement rigorous testing protocols, and develop hydrogen-resistant alloys. Future research should focus on innovative hydrogen management strategies and the development of alternative materials with enhanced resistance to embrittlement. By addressing these challenges, the reliability and longevity of hydrogen-exposed materials can be significantly improved, ensuring safer and more efficient industrial operations.
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