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[bookmark: _Toc188205916]Introduction
Hydrogen embrittlement is a critical phenomenon in mechanical integrity concerning high-strength steel and other engineering materials that could be exposed to hydrogen-rich environments. This occurs when hydrogen atoms permeate into the microstructure of metals, generally reducing ductility while enhancing brittleness, culminating in early failure through cracking and/or fracture. Hydrogen embrittlement has a wide range of implications for many industries, such as aerospace, automotive, and structural engineering, in which the materials are very often subjected to hydrogen during processing, welding, or operational conditions. The mechanism of absorption, diffusion, and embrittlement by hydrogen is very essential for the development of mitigation strategies that may enhance material performance and durability. It gives a view of the effects on various material structures due to hydrogen embrittlement, starting with the BCC and FCC metals to welding processes in general, on the aspects of metallurgical properties and structural integrity. In addition, it points out main metallographic techniques to analyse the hydrogen-induced damage and some measures to prevent or reduce its attack: coatings, preheating, and post-weld heat treatments. With the evaluation of these aspects, the report aims at the delivery of a full understanding of hydrogen embrittlement in material failure and informs engineering practices for minimum risks associated with hydrogen exposure.
Task 1: Origins of Hydrogen
Hydrogen is displayed predominantly in compounds, such as water and hydrocarbons, and its discovery and utilisation have profoundly influenced scientific and technological advancement, understanding the origin and properties of hydrogen is essential for unravelling the history of matter and advancing sustainable energy solutions. As the universe expanded and cooled the protons and electrons combined to form neutral hydrogen, this hydrogen then laid the foundation for the forming of stars as well as the chemical complexity in the universe now. Hydrogen was first used in electrolysis in the 19th century when water was broken down into oxygen and hydrogen when voltage was applied. The discovery of stored hydrogen that could be turned into electricity came not much later. Hydrogen was used to generate electricity from hydrogen in space, especially for NASA’s space program in the mid to end 20th century to supply electricity, heat and water but was also used to fuel the spacecrafts. This was due to the hydrogen having low weight and advantages led to more improvements and advancements in the hydrogen fuel cells and the storage of hydrogen.

[bookmark: _Toc188205917]Task 2: Structural Changes
Hydrogen absorption happens to both liquid and solid-state metals with great importance of effects on their structural and mechanical properties. These effects come as an end result of the very high diffusion rate and reactivity of hydrogen with metals, which further depends on the type of metal, hydrogen concentration, and testing conditions. Liquid-state hydrogen influences the solidification behaviour of metals, which in turn has an effect on their microstructure. The relatively greater solubility of hydrogen in liquid metals than in solid metals ensures easy diffusion within the molten material. As the metal cools and enters its solid state, however, the hydrogen precipitates out, forming various voids and inconsistencies. It is a problem when hydrogen gas bubbles get trapped within the base metal while it solidifies, wherein the solubility of hydrogen decreases with its solidification. This problem is especially severe in metals like aluminium. Rapid solidification enhances these phenomena, since the hydrogen does not have a chance to escape, and internal stresses and microcracking ensue. In the solid state, hydrogen changes both the crystal structure and mechanical properties of metals. It diffuses readily into body-centered cubic (BCC) and face-centered cubic (FCC) structures, common ways of describing metal lattices, as shown in Figure 1. Hydrogen present in these structures may cause embrittlement, which reduces the overall mechanical performance of the material.
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[bookmark: _Toc188205670]Figure 1: Left BCC Structure Right FCC Structure (First year engineer, 2023)

Such two typical kinds of crystal lattices are BCC and FCC structures in which the different atomic arrangements lead to various mechanical properties, including different resistances to hydrogen embrittlement. In the BCC structure, there is an atom at each corner of the cube and another atom in the middle. Hence, a given atom in the BCC lattice will have eight nearest neighbours. In contrast, an FCC structure also has atoms at each corner of the cube; however, instead of a single atom at the centre, there is an atom positioned at the centre of each face of the cube. This gives a total coordination number of 12, meaning that each atom in an FCC structure is surrounded by 12 neighbouring atoms More of this can be seen in Table 1 (K. Hirata, S. Iikubo, M. Koyama, K. Tsuzaki & H. Ohtani , 2018).

Due to its higher atomic packing density, the FCC structure is less prone to hydrogen embrittlement compared to BCC. Its less dense BCC lattice accounts for the easier diffusion paths that provide the enhanced susceptibility to embrittlement. As hydrogen diffuses into this BCC structure, it acts to promote lattice expansion, induces localised stresses, and therefore reduces ductility; this increases the likelihood of failure through cracking along grain boundaries. Whereas the FCC structure might also experience hydrogen embrittlement, due to the highest atomic density of their structure along with a number of slip systems operating, they possess increased resistance and would be allowed more plastic deformation before failure would initiate.
[bookmark: _Toc188205819]Table 1: BCC and FCC Comparison (Ulrike Hecht, Sergej Gein, Oleg Stryzhyboroda,Eyal Eshed, Shmuel Osovski, 2020) 
	Property
	BCC (Body Centered Cubic)
	FCC (Face Centered Cubic)

	Atomic Packing Factor
	0.68
	0.74

	Coordination Number
	8
	12

	Slip System
	Limited
	Multiple

	Strength
	High
	Moderate

	Ductility
	Low (More Brittle)
	High (More Deformable)

	Toughness
	Moderate
	High

	Hydrogen Embrittlement
 Susceptibility
	High
	Low




[bookmark: _Toc188205918]Task 3: Metallographic examination
Hydrogen absorption in metals has been very important in explaining structural and morphological changes revealed through metallographic examination. The identification of defects introduced by hydrogen under various conditions often relies on a combination of the use of techniques like optical and electron microscopy. While Optical Microscopy (OM) provides a macroscopic view of the microstructure of the metal, it allows the identification of hydrogen-related defects such as blisters at lower magnifications besides cracks and porosity. For more detailed analysis, electron metallographic (EM) is used. There are two main types of EM: Scanning Electron Microscopy (SEM) and Transmission electron microscopy (TEM) this can be seen in Table 2. SEM provides better depth of field and generates three-dimensional images for topographical analysis. SEM has superior magnification and resolution that could allow a better examination of the fracture surfaces and hydrogen-induced defects. For hydrogen embrittlement, characteristic brittle fracture surfaces showing intergranular or transgranular cracking patterns can be determined by means of SEM. In addition, secondary cracking that starts from primary cracks resulting from stress concentration can also be observed through SEM, which makes this tool crucial for the evaluation of hydrogen-related failure mechanisms. One such example of the application of SEM in the detection of material faults is that by (M. Draper & S. Ankem , 2018), where SEM was used to investigate HY-80 steel, a material widely utilized in naval and structural applications. SEM analysis of the fracture surfaces revealed that instead of the expected intergranular fractures, the majority of the samples exhibited transgranular cleavage fractures. It provided the impression that carbide formation was more of a contributing factor to embrittlement than phosphorus segregation.
[bookmark: _Toc188205820]Table 2: SEM and TEM Comparison
	Feature
	SEM
	TEM

	Intergranular Cracks
	Yes
	Yes

	Micro void Coalescence
	Yes
	Yes

	Fish-eye Fractures
	Yes
	No

	High Dislocation Density
	No
	Yes

	Carbide Precipitation
	Yes
	Yes





[bookmark: _Toc188205919]Task 4: The effect of hydrogen absorption
Hydrogen absorption in ferrous metals is known to cause deterioration in performance; the extent to which this occurs, however, depends on the type of material involved, environmental factors, and hydrogen concentration. The main effects of hydrogen on different types of ferrous metals are listed in Table 3 below.
[bookmark: _Toc188205821]Table 3: Effects of Hydrogen Absorption
	Comparison of Effects Across Ferrous Metals

	Type of Ferrous Metal
	Effect of Hydrogen Absorption

	Low-Carbon Steel
	Susceptible to hydrogen-induced cracking (HIC) in sour environments.

	High-Strength Steel
	Highly prone to hydrogen embrittlement and stress corrosion cracking.

	Austenitic Stainless Steel
	Relatively resistant to hydrogen embrittlement due to FCC structure.

	Ferritic Steel
	Increased ductile-to-brittle transition temperature and cracking.



Hydrogen absorption in ferrous metals causes serious degradation of mechanical performance; the particular effects depend on material type, environmental conditions, and hydrogen concentration. Among the most important effects, one finds the loss of ductility (Anon., n.d.). Hydrogen diffuses into the metal lattice, creating local stress concentrations that weaken atomic bonds. This results in increased brittleness and loss of the material's ability for plastic deformation. Moreover, hydrogen significantly reduces the fatigue resistance of metals by accelerating the growth of fatigue cracks. It does this by lowering the stress required for crack growth, which consequently leads to a shortened service life in conditions of cyclic loading. This effect is particularly strong in high-strength ferrous alloys. Another important factor is stress corrosion cracking (SCC), which arises from the weakening of atomic bonds at crack tips by hydrogen in corrosive environments, thereby accelerating stress-driven crack growth under combined mechanical and environmental stresses, which may cause premature material failures. SCC can be especially problematic in high-strength and low-alloy steels. Investigations in mechanical failure modes in ferrous metals point out the vast extent to which hydrogen modifies their mechanical properties (John S. Medcalf, Brian G. Thomas, Salim V. Brahimi, 2018). 
Surface coatings have been applied to help minimize hydrogen absorption in ferrous metals by acting as a barrier to both hydrogen diffusion and corrosion. Some of the best coatings include aluminium, epoxy, and ceramic-based coatings. Epoxy coatings are extremely effective against hydrogen ingress and offer extra resistance to moisture; therefore, they are ideal for use in marine and pipelines. Conversely, the aluminium coating is perfect in high-temperature applications since the protective aluminium oxide layer protects it from hydrogen permeation. In addition, the aluminium coatings have a homogenous and dense structure with smooth microstructure upon examination with microscopy. Another sophisticated protective technique is the High-Velocity Oxygen Fuel (HVOF) coating. HVOF coating is already considerably applied to pipelines in offshore locations and industrial valves due to its very dense structure that reduces hydrogen permeability drastically. Proper selection of coating is, therefore, quite crucial for the long-term performance of the ferrous metals especially in hostile environmental conditions. (Dong-Hyun Lee, Binhan Sun, Subin Lee, Dirk Ponge, Eric A. Jägle, Dierk Raabe, 2020).

[bookmark: _Toc188205920]Task 5: The effect that hydrogen absorption has on welding
Hydrogen absorption during welding is a serious problem that may cause harmful effects such as hydrogen-induced cracking (HIC). The main sources of hydrogen in welding are moisture, rust, and contaminants on the surface of the metal. HIC is a failure mode wherein hydrogen atoms penetrate the microstructure of the metal, causing embrittlement and increasing the susceptibility to crack. This kind of failure usually occurs either immediately after welding or within 48 hours after welding. At higher temperatures, hydrogen atoms can easily diffuse through the metal because of the higher solubility. But at lower temperatures, hydrogen diffusion occurs, supported by the action of concentration gradients. Cracking takes place when the small voids within the metal matrix allow hydrogen molecules to build up. These hydrogen molecules exert an internal pressure which eventually causes loss of ductility and tensile strength, hence resulting in crack formation. Hydrogen absorption during welding can also lead to other defects such as loss of ductility, porosity, and toughness in weld metal. Several welding parameters and material selection must be considered with great care in order to minimize these problems. Hydrogen absorption by the weld pool plays a very important role in welding fabrication and affects the quality and strength of the structure being welded. The understanding of hydrogen effects and their prevention is important for reliable and safe welding practices in industries like construction, automotive, and oil and gas.
Diffusible hydrogen studies were conducted to investigate the effects of welding parameters such as welding current, Contact Tip to Work Distance (CTWD), and shielding gas on hydrogen content in single-pass welds deposited with rutile wires. Recently developed steels have reduced carbon and alloy content, therefore offering resistance against hydrogen-assisted cold cracking (HAAC), particularly in the heat affected zone (HAZ). With an increase in CTWD, it has been possible to reduce hydrogen diffusion in seamless wire H5 and seamed wire H10. It is because increased time spent within the resistive heating zone enhanced pre-drying as well as lubricant removal. Welding current is another influencing factor in hydrogen diffusion, which becomes stronger in thicker wires. It also depends on the surrounding welding atmosphere's environmental conditions. Increased hydrogen concentrations around the welding zone enhance the potential for hydrogen to diffuse into the weld and increase the occurrence of HAAC. The selection of suitable materials, optimisation of welding parameters, and control of the surrounding environment during welding become necessary in minimising hydrogen-related defects in welds (M. Pitrun, D. Nolan & D. Dunne , 2013).
Preheating and Post Weld Heat Treatment (PWHT) are considered among the best ways of reducing hydrogen absorption during welding. This treatment slows down the cooling rate and permits hydrogen to escape from the weld, thus reducing the possibility of HE and HIC. Such treatment restricts the formation of microstructures that are prone to cracking. Preheating before welding is also beneficial, as it helps remove moisture from the metal surface, thereby improving weld quality and reducing the risk of cracking. Additionally, preheating moderates the cooling rate, lowering the hardness in the HAZ and further mitigating hydrogen-related defects (M. Pitrun, D. Nolan & D. Dunne , 2013).
Based on this formula, the ideal preheating temperature for an application can be known. If it obtains a carbon equivalent value less than 0.4, its preheating is highly encouraged to improve its weld strength along with minimising any hydrogen-induced fractures.

· C = Carbon
· Mn = Manganese
· Cr = Chromium
· Mo = Molybdenum
· V = Vanadium
· Ni = Nickel
· Cu = Copper
The carbon equivalent calculation is very useful in determining the risk of HIC during welding. In general, preheating is recommended for carbon equivalent values less than 0.4 to avoid cold cracking. When the carbon equivalent is greater than 0.6, welding is more difficult because heat input must be carefully controlled to avoid HIC.
PWHT is one of the most important techniques to reduce residual stresses that are formed during welding. Besides, PWHT allows the trapped hydrogen to be diffused out from the material, therefore avoiding the delayed cracking problem. The other important benefit of PWHT is the refinement of the microstructure, which lowers the hardness and brittleness due to the welding process.
Some of the PWHT techniques that are in common practice include:
· Furnace Heating: It provides the most uniform heat treatment; therefore, stress relief and microstructural refinement are guaranteed to be uniform.
· Localised Resistance Heating: This is mainly applied to pipelines and big structures where treatment by a full furnace is not possible.
· Induction Heating: This is one of the fastest and most effective heating techniques, which provides very accurate temperature control for local applications. Appropriate preheating and PWHT techniques can reduce the risks related to HIC significantly, therefore enhancing integrity and durability in welded structures.

[bookmark: _Toc188205921]Conclusion
 HE remains a critical challenge in engineering materials, particularly in high-strength steels and other metal alloys exposed to hydrogen-rich environments. This phenomenon leads to a reduction in ductility, increased brittleness, and the potential for premature failure through cracking and fracture. The study has explored the fundamental mechanisms of hydrogen absorption, diffusion, and embrittlement, highlighting its impact on both liquid and solid-state metals.
The report also examined the role of metallographic techniques such as OM and EM (SEM and TEM) in detecting hydrogen-induced defects. Understanding the microstructural changes caused by hydrogen exposure is crucial for identifying and mitigating embrittlement-related failures. Furthermore, the effects of HE in ferrous metals were analysed, with particular emphasis on BCC and FCC structures, demonstrating the varying susceptibility of different materials to hydrogen damage.
In industrial applications, HE poses significant risks in welding processes, where hydrogen absorption can lead to cracking, porosity formation, and reduced structural integrity. Strategies such as preheating, PWHT, and the use of protective coatings have been identified as effective preventive measures to mitigate hydrogen embrittlement. The careful selection of materials, optimised welding parameters, and controlled environmental conditions are essential for reducing hydrogen-related failures in critical engineering applications.
Moving forward, ongoing research and technological advancements in hydrogen-resistant materials and processing techniques will play a vital role in mitigating the risks associated with hydrogen embrittlement. By implementing proper preventive measures and continuing to improve our understanding of hydrogen interactions with metals, industries can enhance the reliability and longevity of components exposed to hydrogen environments.
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