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1. [bookmark: _Toc188205876]Introduction
As efforts to reach net-zero carbon emissions are intensified globally, there has been an imperative need for movement away from carbon-based fuels and reducing agents. Hydrogen is one of the better alternatives because it has the great potential of offering effective sources of clean energy through electrolysis and as a reductive agent in metallurgical processes involving iron ore. Hydrogen use introduces a multitude of problems, especially those of storage, transportation, and interactions with materials. Absorption of hydrogen in metallurgy is said to have the potential for detrimental changes in the structural and mechanical properties of metals within the extractive, casting, and fabricating process. Sources of hydrogen, effects on structures of metals both in liquid and solid states and change in metallurgical properties which it causes are discussed. Evidence of hydrogen absorption is to be investigated with the aid of optical and electron metallography. In addition, the report presents the consequence that hydrogen absorption has on ferrous metals and related metallurgical fabrication, especially those dealing with welding processes. Thus, it seeks to go into the deep understanding of hydrogen's impact on metals and propose effective ways by which one can mitigate these negative aspects in metallurgic practice. 
1.1. [bookmark: _Toc188205877]Hydrogen origins
The origins of hydrogen can be described in two ways, being the primordial origins and stellar processes. The origination came during the big bang approximately 13.7 billion years ago, after the cooling of the universe, protons and electrons combined to form hydrogen atoms. This then became the fuel for stars, where through nuclear fusion, hydrogen atoms combined to form helium, thus releasing energy.  The natural state of hydrogen on earth is hydrogen gas (H₂), which commonly escapes the earth’s atmosphere due to it being light. However, it can also be found in volcanic gases and hydrothermal vents. 
The most common occurrence of hydrogen on earth is in combined forms as it is highly reactive, the most abundant of these forms is water (H₂O). Once more, hydrogen is a key component in organic compounds including hydrocarbons like methane and ethane, alongside biological molecules such as carbohydrates, proteins and fats. Additionally, it can be found in the earth’s crust within minerals like clays, hydroxides and hydrides, as part of natural gases and compounds formed in the mantle, such as methane, during serpentinization.  
These forms of hydrogen illustrate the scale at which hydrogen is present on Earth, demonstrating the importance of understanding the consequences of absorption and prevention techniques to eliminate or reduce problematic situations within engineering solutions. 
2. [bookmark: _Toc188205878]Hydrogen absorption and its effects
The hydrogen atoms, while absorbed on a metal surface, can penetrate the lattice structure of the material-atomic hydrogen. Under appropriate conditions, this penetration forms the very basis for the formation of metal hydrides. Due to their small size, hydrogen atoms diffuse interstitially within the lattice, unlike oxygen atoms, which require a vacancy mechanism for penetration. Once inside the material, hydrogen atoms are relatively mobile within the lattice structure. This often facilitates the formation of hydrogen molecules, which may eventually cause hydrogen embrittlement (HE) (Trasatti, 2009).
Current research aims at using hydrogen absorption as a method of storage, due to the complications from alternate methods. Palladium hydride is used to store hydrogen as palladium exhibits a strong affinity to hydrogen due to the interactions between the p orbitals of both hydrogen and palladium. A p orbital is an atomic orbital that describes the probable space when particular energy can be found for an atom as defined by quantum mechanics. P orbitals are critical in the formation of covalent bonds allowing hydrogen to bond easily, thus facilitating the storage of it in many applications (Li, 2022). 
2.1. [bookmark: _Toc188205879]Mechanisms of absorption
2.1.1. [bookmark: _Toc188205880]Solid states 
When hydrogen is absorbed within solid metals, there is opportunity for the formation of metal hydrides, a simplified model of this is shown through Figure 1 (Jain, 2009). These hydrides are often more brittle than the parent material and often cause significant reductions in ductility and toughness. These structural changes create localised weak points within the material, possibly leading to stress concentrators, promoting crack propagation, thus further increasing the possibility of failure due to the non-uniform stress distributions. These effects are further exacerbated under cyclic conditions, meaning the need for prevention for situations where these conditions apply is paramount. Another enhancer of the formation and growth of hydrides are the thermal conditions, as hydrides are highly temperature dependant. 
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[bookmark: _Toc188197549]Figure 1 - Simplified model of metal-hydrogen interaction (Jain, 2009)
2.1.2. [bookmark: _Toc188205881]Liquid states
2.1.2.1. Hydrogen Solubility 
Hydrogen atoms diffuse into liquid states interstitially, like solid state diffusion, the solubility is dependent upon temperature, pressure and the chemical affinity between hydrogen and the specific metal (Yu, 2024). Higher temperatures will increase the solubility due to greater atomic mobility and diffusion rates.  Dissolved hydrogen will have an impact on the surface tension of the liquid metal, as there will be an alteration to the surface energy. This can improve the fluidity of the metal, which can aid in filling gaps within a Mold during casting. Yet there are significant drawbacks that out way this, namely slag formation, spatter during welding or poor wetting behaviour in soldering applications.  
2.1.2.2. Bubble formation 
This describes hydrogen bubbles in the liquid metal, these bubbles get trapped as voids within and can rise to the surface of the material leading to porosity for the final solid material (MRT Castings, 2017). Porosity on a material surface can lead to poor strength and a poor surface finish, in situations in which this edge is used to seal a component, it would be necessary for further machining to ensure the seal will hold. 
2.1.2.3. Increased fluidity
The flow characteristics of liquid metals can be altered through hydrogen absorption due to alterations to the viscosity (Liu, 2011). This is specifically applicable in the manufacture of aluminium engine blocks that are die-casted. Hydrogen absorbed into the molten aluminium through moisture in the air will reduce the viscosity of the material, thus making it more fluid. This reduction in viscosity can reduce the control of solidification, possibly causing hot spots and uneven cooling. Once more, the mechanical properties of the final product will have been altered from hydrogen absorption, meaning the tensile strength and fatigue resistance properties are now uncertain.   
2.1.2.4. Chemical reactions
Once absorbed, hydrogen can react with other impurities in the material, this allows for the formation of compounds within the material, creating more defects. Should sulphur or oxygen be present as impurities the formation of sulphide and water vapor is likely, which is harmful to the materials integrity (Iwahori, 2011).  
2.1.2.5. Liquid hydrogen absorption
Liquid hydrogen can be absorbed onto the surface of a material through the process of physisorption, this process is a result of weak van der waals forces between hydrogen molecules and the metal surface (Zuttel, 2004). This has major implications to the storage of liquid hydrogen, and it’s rectified through nanoporous materials like carbon nanotubes and zeolites due to their high specific surface area and electrochemical methods of storage (Zuttel, 2004).  
2.2. [bookmark: _Toc188205882]Impact on structural and material properties
HE has a larger probability to occur for ferrous materials due to the susceptibility of said materials along with typical high stress working conditions of these components. When absorbed, hydrogen will reduce the ductility of steel, making it more prone to cracking, as it accumulates at grain boundaries, dislocations and other microstructural defects and weaking the metallic bonds. This will reduce the ultimate tensile strength of the material as the ability of the material to deform plastically is reduced (Zan, 2015). Observed in studies, HE increased the grain size in a high manganese austenitic steel from 4mm to 45mm resulted in a fourfold increase in strain loss due to hydrogen pre-charging (Zan, 2015).
This reduction in ductility has a knock-on effect for various other material properties. The fracture behaviour is altered upon HE, due to the brittle behaviour at intergranular and transgranular crack tips. Once more, the impact strength of the material is altered due to hydrogen porosity of the surface reducing energy absorption leading to failure with little to no plastic deformation (Pradhan, 2020). The reduction in ductility accelerates fatigue failure of components prematurely, this is observed across many component types including pipelines, pressure vessels and automotive parts (Villalobos, 2017) (Koyama, 2017). There are cases were observations of increased tensile strength because of hydrogen-induced hardening; however, it is important to note this is overshadowed by the reductions in ductility once again (Pradhan, 2020). 
Several factors influence the likelihood of HE, namely the concentration of hydrogen, particularly effecting underwater components like pipelines (Zvirko, 2021). The steel microstructure has significant importance in the likelihood of HE, materials that have finer grain sizes show reduced chance (Zvirko, 2021). This is shown through an increase in carbon content in steel from 6 ppm to 0.1%, the binding energy for dislocations and hydrogen reduces to 17.7 from 24.9 Kj/mol, while proportions of hydrogen in dislocations decreases (Abe, 2011). There is evidence of HE accelerated at larger stress states as hydrogen atoms diffuse more readily to areas of high stress form the gradients in hydrostatic stress, when hydrogen accumulates in these sites the atomic bonds are weakened increasing susceptibility of cracking which further exacerbates HE (Dwivedi, 2018) (Gabetta, 2018).  The final factor affecting HE is temperature, notably at lower temperatures, HE is more pronounced (Zvirko, 2021).
2.3. [bookmark: _Toc188205883]Implications for processing and fabrication
2.3.1. [bookmark: _Toc188205884]Welding
HE is stated to has significant implications on fabrication with note to welding, welded joints are more susceptible to cracking under HE as hydrogen atoms can diffuse into the weld metal and heat affected zone (HAZ) during welding, causing localised weakness. The microstructure of the weld, determined by the thermal cycle has large implications also. Hydrogen diffusion rates vary for different microstructural constituents, for example, coarse-grained bainite and ferrite have higher hydrogen diffusivity compared to fine-grained massive ferrite and acicular ferrite (Zhang, 2017). Diffusion rates are also dependent upon atomic structures, for example hydrogen diffuses faster into body-centred cubic (BCC) structed δ-ferrite than in face-centred cubic (FCC) structured austenite, HE cracks can initiate along the δ/γ interfaces in weld metal due to this (Fu, 2020), see Figure 2 for FCC and BCC structures.
[image: 2: Octahedral and tetrahedral interstitial sites in fcc and bcc... |  Download Scientific Diagram]
[bookmark: _Toc188197550]Figure 2 - FCC vs BCC atomic structures (Zibrov, 2018)
This is due to the larger number of octahedic and tetrahedric lattice points for BCC compared to FCC (He, 2017). HE cracks often initiate at locations with large concentrations of hydrogen and stress, these locations are often martensite areas for base metal and HAZ, and δ-ferrite in weld metal. These cracks propagate through hydrogen-enhanced local plastic deformation and hydrogen-enhanced decohesion mechanisms, leading to brittle fraction, see Figure 3. 
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[bookmark: _Toc188197551]Figure 3 - Formation and coverage of oval cracks and "Z" cracks in intergranular zone (a), SEM image of oval cracks and "Z" cracks on the fracture surface (b) (Fu, 2020)
HE risks associated with welding have been mitigated using several practical strategies in various industries. Low-hydrogen consumables, for example, like AWS E7018 electrodes, minimise hydrogen penetration by reducing the moisture content. These are of special importance in high-risk applications like pressure vessels and offshore pipelines. The process requires preheating up to about 150-300°C before welding and post-weld heat treatment at temperatures up to 550-650°C, to ensure slow cooling that allows hydrogen to diffuse out and relieve residual stresses, thus ensuring long-term structural integrity in bridges and pressure vessels (Kumar, 2023). A controlled welding environment with shielding gases such as argon or argon-helium mixtures, which will avoid hydrogen absorption, is the first necessity for aerospace and nuclear applications in which precision and reliability are prime. Bake-out treatments in hydrogen at temperatures between 200 and 300°C are normally performed in industry related to the oil and gas sectors to take out the residual hydrogen from welded structures (WELDERO, 2024). Lastly non-destructive testing (NDT) techniques, like ultrasonic testing (UT) and magnetic particle inspection (MPI), also play a crucial role in early detection of hydrogen and hence would help avoid catastrophic failures in industries dealing with power generation. The overall implementation of such strategies enhances reliability and increases the life cycle of the welded components exposed to hydrogen environments (Kazys, 2022).
1. [bookmark: _Toc187763288][bookmark: _Toc187769696][bookmark: _Toc187925790][bookmark: _Toc187925832][bookmark: _Toc188188483][bookmark: _Toc188197607][bookmark: _Toc188205885]
2. [bookmark: _Toc187763289][bookmark: _Toc187769697][bookmark: _Toc187925791][bookmark: _Toc187925833][bookmark: _Toc188188484][bookmark: _Toc188197608][bookmark: _Toc188205886]
2.1. [bookmark: _Toc187763290][bookmark: _Toc187769698][bookmark: _Toc187925792][bookmark: _Toc187925834][bookmark: _Toc188188485][bookmark: _Toc188197609][bookmark: _Toc188205887]
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2.3. [bookmark: _Toc187763292][bookmark: _Toc187769700][bookmark: _Toc187925794][bookmark: _Toc187925836][bookmark: _Toc188188487][bookmark: _Toc188197611][bookmark: _Toc188205889]
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2.3.2. [bookmark: _Toc188205891]Material processing
Reductions in ductility from HE continues to cause issues with material processing, one example of this is increased hydrogen content in ER5183 welding wire, which leads to a decrease in impact toughness for the weld. This is an indication of decreased energy absorption capacity, specifically, impact toughness reduced by 27.1% with an increase in hydrogen content of 0.18-0.38μg/g (Han, 2020), see Figure 4.
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[bookmark: _Toc188197552]Figure 4 - Microstructure of weld for different hydrogen content, (a) hydrogen content of 0.18 μg/g, (b) hydrogen content of 0.38 μg/g (Han, 2020)
There is also a probability of porosity formation due to trapped hydrogen in the molten weld pool which upon solidification can form porosity leading to a weak weld, thus reducing the strength of the component. This relationship is increased with an increased hydrogen content (Han, 2020). Shown through equation 1 is the solubility on atomic hydrogen, this shows the proportionality of hydrogen partial pressure I the welding atmosphere. This results in the solubility of atomic hydrogen decreasing largely in the solid state in comparison to the welding pool.  In lower hydrogen contents, there is adequate shape for hydrogen to escape, yet in higher contents more hydrogen pores will take shape, leaving no time to escape (Han, 2020). 
                                                                Equation 1
Mitigation strategies to reduce HE in material processing consist of post-weld heat treatment (PWHT) and hydrogen content control. PWHT can help remove residual stresses to improve the microstructure of the weld. Yet careful consideration for the chosen temperature is critical, whilst one study found PWHT at 550°C improves the corrosion resistance and elongation in RE36 steel, higher temperatures may not be beneficial (Moon, 2003). Low-hydrogen welding consumables, adequate preheating and post-heating procedures along with control of the welding atmosphere are all applicable methods of hydrogen content control.
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3. [bookmark: _Toc188205894]Material examination techniques
3.1. [bookmark: _Toc188205895]Optical microscopy
Optical microscopy (OM) is used to analyse the susceptibility of a component to hydrogen attack, analysis the safety factor against HE. The aim of this analysis is to determine whether there are sufficient defects like inclusions or voids which can trap hydrogen and promote hydrogen induced cracking (HIC). Once more this methodology is used to perform surface examinations, looking for intergranular and transgranular cracking indicating hydrogen’s preferential weakening of grain boundaries and brittle failure caused by hydrogen accumulation. See Figure 5 for OM on pipeline steel, indicating the presence of microstructural features enabling the promotion of hydrogen attack (Ohaeri, 2019), these observations align across many pipeline (Huang, 2010). Uses for OM in this region are not limited to this, other uses include damage progression monitoring and comparison testing. The advantages of this testing for hydrogen absorption analysis are the non-destructive nature ease of use and accessibility for most material science laboratories, they also provide quick assessment of both surface and microstructural features. 
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[bookmark: _Toc188197553]Figure 5 - optical micrographs for top surface (a, b) and mid-thickness (c, d) layers of pipeline steel indicating the presence of BF (banitic ferrite); AF (acicular ferrite; PF (polygonal ferrite; M/A (martensite/austenite constituents) (Ohaeri, 2019)
One instance of this technique providing insight to high temperature hydrogen attack (HTHA) is through a study on the failure of boiler evaporation tubes (Djukic, 2015). In this study, the researchers investigated two specimens, ME1 and ME2. ME1 was taken 6mm away from the “window” type fracture and ME2 was cut from the steel at a microscopic level. ME1 showed ferrite-pearlite microstructure, typical of the steel’s initial state, with a banded structure and elongated manganese sulphide inclusions. Whilst ME2 exhibited a completely decarburized, pure ferrite microstructure, numerous micro-fissures along ferrite grain boundaries and intergranular microcracks were also observed. The use of OM in this instance allowed the researchers to prove HTHA, as indicated from the defects seen in ME2, this then gave the researchers the ability to conclude that the microstructural changes were a result of pressure effects from methane molecules formed from HTHA. It is important to note that OM in this use was not the primary method of analysing HE due to its poor resolution, this was done through hardness measurements, impact toughness testing and scanning Electron microscopy (SEM) fractography (Djukic, 2015).
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3.2. [bookmark: _Toc188205900]Scanning electron microscopy
SEM provides a larger resolution of these features, see Figure 6 using Table 1 for reference, in comparison to OM. This enables a deeper analysis for fault finding, revealing whether failure is a result of transgranular or intergranular cracks, where intergranular cracks are typically observed in delayed failures due to HE (Mattias, 2009).
[bookmark: _Toc188197565]Table 1 - Microstructural features of test samples (Venegas, 2011)
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[bookmark: _Toc188197554]Figure 6 - Optical and electron microscopy of hydrogen induced cracking regions in (a) sample HRA, (b) sample HRB and (c) sample CRA (Venegas, 2011)
Methods such as cryo-cracking used in (Poorhaydari, 2021) and (Lundin, 2016), are used to enhance SEM as another step for HIC. Lundin’s research showed hydrogen damaged areas exhibited dimpled intergranular fractures, this being due to numerous methane (CH₄) bubbles seen on grain boundaries. This increased resolution for this method of testing illustrates the benefits clearly, due to this previous analysis allowing scientists and engineers to delve deeper into the reasonings behind failures. 
During the preparation of a sample (grinding, polishing, etching), mechanical stress or heat introduced through this process may alter the microstructure of the sample. This can introduce micro cracks or distorted grain boundaries that can mimic the effects of HE, thus obscuring the true effects of hydrogen absorption on the sample (HogoNext, 2024).
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3.3. [bookmark: _Toc188205906]Transmission electron microscopy
With the use of transmission electron microscopy (TEM), the discovery that HE can promote the growth of α martensite is confirmed (Xiuqing, 2021), see Figure 7. The transformation into α martensite results in brittle fracture under slow strain rate test (SSRT) conditions alongside electrochemical hydrogen charging (EHC). The TEM analysis allows higher resolution, up to 0.1nm to 0.2nm, resulting in visualisation at the atomic level, this allows the proof of results previously hypothesised by Xiuqing. TEM can also produce internal imaging unlike SEM, which is limited to surface imaging, this gives the ability to reveal internal features. The aid of TEM in this case is TEM’s ability to provide diffraction patterns, enabling analysis of crystal structures, orientations and phases. 
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[bookmark: _Toc188197555]Figure 7 - TEM images for AISI 321 stainless steel, (a) base material, (b) under the condition of SSRT, (c) under the condition of SSRT and EHC (Xiuqing, 2021)
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4. [bookmark: _Toc188205911]Conclusion
The aims of this report were to investigate the mechanisms of hydrogen absorption and its implications in the context of net-zero goals. Indeed, results have shown major challenges in storage, processing, and fabrication due to unique properties, such as the very small molecular size that allows hydrogen to diffuse into materials and alter their structural and mechanical properties. Changes such as loss of ductility, increased brittleness, and the formation of cracks significantly affect the reliability of components related to energy, transport, and infrastructure sectors.
The absorption of hydrogen during welding processes is a peculiar problem, which in most cases promotes porosity and a loss of joint integrity. Such defects could be minimised or completely avoided by techniques involving post-weld heat treatment, the application of low-hydrogen consumables, and very strict atmospheric control during fabrication. Such quality control systems should also be supported by sophisticated diagnostic tools such as SEM and TEM for early detection and prevention of hydrogen-induced defects. 
Future research will be essential in the development of intrinsically hydrogen-resistant materials, such as atomically designed alloys and composites. Developments in surface coatings or physical barriers to limit hydrogen diffusion give promise, as also does the development of real-time monitoring systems for hydrogen buildup in critical components. These would shift the approach from reactive maintenance to proactive failure prevention.
[bookmark: _Toc186456894][bookmark: _Toc187655788]These strategies and innovations, if pursued, can go a long way in mitigating risks because of HE. It will help to ensure material integrity for enabling the safe and reliable adoption of hydrogen as a sustainable energy carrier towards the net-zero future.

[bookmark: _Toc188205912]Recommendations for further work
Further research can focus on strengthening current austenitic stainless steels, like AISI 316L, and creating cutting-edge coatings like nickel-based and aluminium coatings to lessen hydrogen permeation, future research should concentrate on creating hydrogen-resistant materials. To increase resistance to hydrogen embrittlement while preserving mechanical integrity, more research can investigate optimizing alloy compositions and microstructures. For broad industrial adoption, it will also be crucial to investigate scalable and reasonably priced manufacturing processes for applying protective coatings. It will be easier to guarantee these materials' dependability in crucial applications like hydrogen storage and transportation systems if their long-term performance is assessed under actual circumstances, such as fluctuating temperatures and mechanical stresses.
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Sample  Grain size (um)  Pearlite fraction (%)  Relative dispersion (%)*

WRA 13 14 18,8
WRB 11 12 0,8
HRA 11 10 0,23
HRB 11 15 0,15
CRA 10 14 9,8

2 With respect to the average grain size (11 um) and pearlite fraction (13%), in
that order.
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