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Abstract

:

Hydrogen is a possible alternative to fossil fuels in achieving a sustainable energy future. Unlike other, older energy sources, the suitability of materials for storing, distributing, and sealing systems in a hydrogen environment has not been comprehensively studied. Aging, the extended exposure of a material to an environmental condition, with hydrogen causes degradation and damage to materials that differ from other technologies. Improved understanding of the physical and chemical mechanisms of degradation due to a gaseous hydrogen atmosphere allows us to better select and develop materials that are best suited to carrier and sealing applications. Damage to materials from aging is inevitable with exposure to high-pressure hydrogen. This review discusses the specific mechanisms of different categories of aging of storage and sealing materials in a hydrogen environment. Additionally, this article discusses different laboratory test methods to simulate each type of aging. It covers the limitations of current research in determining material integrity through existing techniques for aging experiments and explores the latest developments in the field. Important improvements are also suggested in terms of material development and testing procedures.
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1. Introduction


1.1. Prospects and Limitations of Hydrogen Energy in Terms of Aging


Conventional energy sources, such as fossil fuels, are extensively used to meet global energy demands. However, the combustion of these fuels has been shown to contribute to greenhouse effects, global warming, acid rain, and other environmental issues. These issues have long been a concern for environmental sustainability. Hydrogen, being the most abundant element in the universe and a clean energy source, is a promising energy storage vector for supporting a sustainable energy future. Using hydrogen to produce energy is advantageous to fossil fuels because the primary byproducts of the process are energy, heat, and water. As a result, different environmental issues still need to be minimized if hydrogen is to replace current energy sources [1]. Another advantage of hydrogen is its high specific energy density; it can provide approximately three times as much energy per unit of mass as conventional fuels such as diesel or gasoline, i.e., approximately 120 MJ/kg [2]. Therefore, hydrogen fuel cell vehicles, as opposed to traditional transportation systems, may be a sustainable choice because they can bring about a reduction in greenhouse gas emissions, eliminate fuel feedstock discrepancy, and improve onboard fuel efficiency [3]. A comparison of the energy storage capacity of different fuels with hydrogen is summarized in Table 1.



With these benefits of hydrogen in mind, we must begin to look at the complications of using hydrogen as an energy source. The ability of hydrogen to dissolve in and through metals can result in leakage and material failure. We consider these the most significant dangers of dealing with hydrogen. A gas cloud is created when hydrogen leaks into the air, and if it encounters an ignition source, hydrogen cloud explosions are likely to occur [5]. Material failure due to hydrogen can take place in different forms, such as hydrogen-induced cracking (HIC), hydride embrittlement (HE), hydrogen-induced blistering, and other detrimental effects, that commonly lead to catastrophic fractures [6]. Long-term exposure to a hydrogen environment increases the degradation and damage rate of many materials in a process known as aging. Under normal conditions, the degradation and damage rates of many materials are far slower compared to what is observed under long-term exposure to a hydrogen environment. Thus, it is a great challenge for the hydrogen industry to understand the aging processes and to try to find remedies. In one study, researchers created a catalyst by enclosing palladium nanoparticles in a special dendrimer called PAMAM. They tested different dendrimer variations and found that the best catalyst, with G6 generation, amine end groups, and a Jeffamine core (P6.NH2), efficiently produced hydrogen from ammonia borane at room temperature. This finding could advance hydrogen storage for clean energy applications, as it enables safe and efficient hydrogen release at lower temperatures using well-designed catalysts [7]. The service life and safety performance of materials used in the hydrogen industry are therefore dependent on taking the aging process into consideration during the design phase [8].




1.2. History of Hydrogen-Induced Aging


Almost half of the pipeline infrastructure still in service in the United States is 40 or more years old. Older pipelines, particularly those that have been in service for several decades, are often made of steel. “Aging” refers to the continual time-dependent degradation of materials under normal operations [8]. Numerous factors, including temperature, creep, fatigue, and brittleness, lead to the aging phenomenon in a hydrogen environment. According to a database of Dutch-investigated accidents, 25% of accidents are related to aging through material deterioration [9]. The aging phenomenon can be categorized into material deterioration, obsolescence, and organizational aging. The discussion in the current article is limited to material deterioration [10]. Some historical incidents that have taken place due to aging are discussed in Table 2.




1.3. Impact of Operating Conditions on Hydrogen-Assisted Aging


Operating conditions have a significant effect on hydrogen-induced aging. This effect manifests itself as expedited deterioration of metallic components after several years of exposure. The result shows that the hydrogen expedited the deterioration process. Slobodyan et al. [17] took into consideration, for instance, the top and bottom parts of the pipe that were used in an oil pipeline for 30 years. Residual water that was left over after the transported hydrocarbons acted as an aggressive species, accumulated at the pipe’s bottom, and created an environment that was conducive to corrosion and subsequent hydrogenation of the bottom section of the pipe. Thus, the lower half of the pipe had significantly more defective steel characteristics than the top. Continuous exposure of pipeline systems to challenging operating circumstances might hasten the aging process and result in unheard-of breakdowns from hydrogen-induced damage. When certain materials are exposed to hydrogen and stress at the same time, this can cause a serious problem called hydrogen embrittlement. This can lead to increased risk of failure from internal and external stresses due to the increased brittleness of the material. Atomic hydrogen may be produced through the adsorption and dissociation of hydrogen gas on steel pipeline surfaces [18,19]. A material failure mode is introduced, and several damage processes are linked to the entry of atomic hydrogen into interstitial spaces. According to ASME B31.12, pipes must adhere to specified requirements to be used in service lines for gaseous and liquid hydrogen [20].




1.4. Potential Reasons of Hydrogen-Assisted Aging


The tiny hydrogen molecules are impressive flee artists, which is the main distinction between hydrogen-driven aging and other liquids in the same specimen. In general, the low boiling point (−253 °C), lower density in the gaseous stage (0.09 kg/NA m3), and high density in the liquid phase (70.9 kg/NA m3) of hydrogen present challenges for conventional storage facilities [21]. Not only can hydrogen diffuse through solid steel, but it can also travel through the slightest of seal flaws. Elastomeric materials are typically utilized extensively in sealing components as well as other applications, such as control valves, liners, connectors, and flexible hoses, which are also subjected to high-pressure hydrogen under operating conditions [3]. Rubbery O-rings are a sealing component that can blister, a type of internal fracture where damage takes place due to the rapid decompression of highly pressurized hydrogen gas [22]. The entry of atomic hydrogen into interstitial gaps results in leakage. Thus, the minimal size and the density difference in different physical states make it a very challenging material for storage. Additionally, its high diffusivity through metallic and polymeric materials makes it a challenging material for sealing. It has a high tendency to leak as well.




1.5. Potential Mechanism of Hydrogen-Induced Aging on Storage and Sealing Materials


Hydrogen-induced aging of storage and sealing materials can occur through several mechanisms. One potential mechanism is hydrogen diffusion into the material, where the hydrogen atoms can react with and weaken the chemical bonds within the material. This can cause a loss of elasticity and increased stiffness, leading to cracks and failures over time. A simple flowchart of the hydrogen-induced aging mechanism is shown in Figure 1.



The associated reactions are below [15,18]:


H+ + e− → Hads. (hydrogen atom)










Hads + Hads → H2 (hydrogen molecule)











The cumulative effects of process operations demonstrates that residual deformation can frequently occur without observable structural component damage. Laboratory-scale research is needed to obtain a detailed analysis of likely event data and evaluate whether hydrogen-induced aging is a substantial concern for a particular application, in addition to identifying the key elements or problems that are causing it. In this review article, the aging phenomenon of hydrogen storage and sealing materials will be discussed, along with the various types of aging and their mechanisms in a hydrogen environment. Alongside this, a comparison of the various laboratory tests that have been carried out to understand the aging process and predict the service life of the materials will be discussed as well. The goal of the review is to identify research shortcomings to be further investigated with the intention of contributing to standard aging research and protocols





2. Methods of Aging in a Hydrogen Environment


Because materials degrade more quickly in hydrogen environments, materials used for storage and sealing applications must account for this degradation. The general patterns of operating deterioration of the properties of infrastructure materials, as depicted in Figure 2, were summarized by Nykyforchyn et al. [24].



Figure 2 indicates the degradation of materials over time in a hydrogen environment. Stage I represents aging by deformation, and Stage II contains two stages, IIA and IIB, which represent dispersed damage and the buildup of damage in the rolling direction, respectively. In Stage II, due to the accumulation of hydrogen, microdamage develops, which erodes the natural integrity of the material. In Stage II, the dotted line represents the behavior of the materials in the absence of hydrogen. Thus, it indicates that hydrogen can accelerate the degradation process of the materials [24,25]. Hydrogen embrittlement is an example of degradation that follows the trend shown in Figure 2. The incorporation of hydrogen in metals creates a secondary hydride phase, which is brittle. As a result of brittleness, the structural integrity of the metals becomes weak, which degrades the metal more rapidly than in normal conditions.



Therefore, the theme supports the aging process demonstrated in the figure. However, there is still significant disagreement over the main mechanism by which this degradation process occurs. Adsorption-induced dislocation emission (AIDE), hydrogen-enhanced localized plasticity (HELP), and the hydrogen-enhanced de-cohesion mechanism (HEDE) are the fundamental mechanisms that that are believed to be responsible for hydrogen-induced embrittlement [26]. Determining the correct materials for the storage and sealing of hydrogen is critical in combatting these degradation mechanisms and for hydrogen to be used as an energy source because productivity drastically declines if produced hydrogen cannot be stored appropriately. Materials can be aged in a hydrogen environment through various processes, including thermal aging, chemical aging, mechanical aging, mechanical–chemical aging, and thermo-mechanical aging.



2.1. Thermal Aging


Thermal aging of materials is the permanent structural, compositional, and morphological changes over time while exposed to service temperatures. Materials can structurally degrade because of thermal cycling, which can accelerate the diffusion processes of hydrogen. The solubility of hydrogen in metals is proportional to temperature. With decreasing temperatures, diffusion mobility decreases [27]. Therefore, thermal aging increases with increasing temperatures.



2.1.1. Mechanism of Thermal Aging


Hydrogen thermal aging is directly related to the diffusion of hydrogen at different temperatures. Sharp temperature drops can decrease the equilibrium hydrogen solubility in metals [28]. At 570 °C and 100 °C, Kolachev [25] found that the coefficient of hydrogen diffusion was 2 × 10−4 cm2/s and 4.4 × 10−5 cm2/s, respectively, which indicates the co-efficient of hydrogen diffusion varied with temperature. The flowchart in Figure 3 represents the mechanism of thermal aging.




2.1.2. A Laboratory Test for Thermal Aging


For the thermal aging of structural steel under a hydrogen environment, Student O.Z. [23] used a hydrogen-filled chamber to expose a specimen at 0.3 MPa of pressure to cyclic temperature changes between 100 °C and 570 °C at a rate of 100 °C /min with a pause between temperature direction changes. After cooling at 100 °C at a rate of 50 °C/min, the 12Kh1MF steel specimen was kept in a vacuum during the thermal cycle for two hours. It has been observed that due to the temperature variation, the equilibrium solubility of hydrogen changes, which leads to the disintegration of cementite and the network formation of alloyed carbides because of thermal cycling, thermal stresses evolved and created microcracks, which caused the thermal aging of structural steel [31]. Hirakami et al. [32] conducted a laboratory test with two samples of drawn pearlitic steel that were aged at 100 °C and 300 °C for 10 min and tested under a slow strain rate testing method for measuring the hydrogen embrittlement susceptibility. The result shows that the hydrogen embrittlement susceptibility of the steels at 300 °C is reduced because the carbons are segregated from the dislocations and the carbides are precipitated from the dislocations. Age-hardened beryllium–copper alloy, a suitable replacement for austenitic stainless steel used to store hydrogen at refueling stations, was tested in a laboratory by Ogawa et al. [33]. They observed that the hydrogen solubility capacity of the beryllium–copper alloy was two to three times lower than that of austenitic stainless steel. However, after exposing the specimen to 100 MPa hydrogen for 500 h at high temperatures of 270 °C, hydrogen diffusion may be enhanced. Consequently, the specimen’s mechanical qualities declined; for instance, only the tensile strength fell by approximately 5% [33,34].



The thermal aging of sealing materials has not been extensively studied yet. Yamabe et al. [34], Fujiwara et al. [35], and Simmons et al. [36] tested elastomeric sealing material NBR at room temperature, 30 °C, and 110 °C, and found that there is no hydrogenation or structural activity below 30 °C, but at 110 °C, compression set is increased by 40%, which indicates that with increasing temperature, the elastomeric sealing materials show a thermal aging tendency. Menon et al. [37], Castagnet et al. [38], and Klopffer et al. [39] tested different types of thermoplastic polymeric sealing materials at room temperature and 20–80 °C, respectively, and observed some random behavior. The degree of crystallinity can be increased with increasing temperature, but mechanical properties do not change. This is because, with increasing temperatures, the plasticization of the polymer also increase. This phenomenon indicates that these thermoplastics can resist aging to some extent.





2.2. Chemical Aging


Chemical aging occurs when materials react with the chemicals in the environment they are exposed to over a period of time. This reaction causes permanent changes in structure, composition, and morphology. In this method, materials remain in contact with different chemicals, mostly immersed in the solution and charged with hydrogen [36,37,40,41]. This type of aging is frequently seen by both storage and sealing materials due to their continuous interaction with chemicals.



2.2.1. Mechanism of Chemical Aging


Chemical aging is one of the most common forms of aging found in hydrogen storage and sealing materials. In hydrogen-storing metallic materials, the hydrogen’s distribution and state influence the hydrogen embrittlement and the tensile properties of the metal and lead to complete aging [37,42]. In hydrogen-sealing materials, cracks are formed by the decomposition of the backbone and the hydrolysis of crosslinks, which leads to aging [40]. This phenomenon can be observed in Figure 4.



The micromorphological analysis conducted by Li et al. [40] mimics the surface of the sealing material. It shows that with increasing hydrogen content, the condition becomes harsher, and cracks appear. Figure 4a,c are unexposed samples; Figure 4b,d are exposed to mild and harsh conditions, respectively. From this figure, it is clear that as the harshness of the condition increases, the surface roughness also increases. Surface roughness indicates the formation of cracks here. Thus, surface roughness indicates the aging of polymeric sealing materials. Figure 5’s flowchart indicates the chemical aging mechanism for hydrogen storage and sealing materials.




2.2.2. The Laboratory Test for Chemical Aging


Ogawa et al. [37] used martensitic Ni-Ti alloy specimens and acidulated phosphate fluoride (APF) solutions for the aging test. Cathodic electrolysis was used for charging the samples with hydrogen, and the charged specimens were aged for 16 h in the air at room temperature. The results show that the reduction in tensile strength increased brittleness and led the sample toward aging. Ogawa et al. [37] further conducted a different type of post-aging test on non-immersed and immersed specimens to determine the post-aging behavior of the material, where a tensile test was performed within a few minutes after the removal of the specimen from the solution at room temperature. The results show that the tensile strength of the sample can be decreased. A Vickers microhardness test was performed to determine the hardness of the specimen. Results show that the hardness can be increased, which increases the brittleness. TDA and XRD analyses were performed to check the corrosion products and hydrides on the surface and for the quantitative analysis of trapping hydrogen, respectively. Each test confirmed the pick for hydrogen absorption and hydride formation, indicating the aging was being processed after charging.



Tal-Gutelmacher et al. [38] conducted laboratory tests on three Titanium-based alloys: Ti-6Al-4V, Beta-21S, and Ti-20wt%Nb. The Ti-6Al-4V alloy was thermo-mechanically treated and exposed to a hydrogen environment. The alloy formed brittle titanium hydroxide phases, which is a key factor in chemical aging. Beta-21S was exposed to hydrogen electrochemically at room temperature and shows good resistance to hydrogen.



Ti-20 wt.% Nb was exposed to hydrogen in two ways: electrochemically and in a gaseous environment. Electrochemical exposure formed (Ti, Nb) Hx hydride, and gaseous exposure created only titanium hydride. In both cases, Ti-20 wt.% Nb had to face chemical aging. Nykyforchyn et al. [35] tested ferrite-perlite X52 steel pipe after long-term service at the gas trunkline and found that all the mechanical properties of the material deteriorated due to the increment of hydrogen trapping. The bottom side of the pipe severely deteriorated, indicating that during the flow of aggressive substances through the pipe, the maximum portion of hydrogen penetrated the pipe and was trapped there. OMURA et al. [39] conducted a laboratory test on stainless steel and Ni-based alloys and found that high-nitrogen stainless steel and Ni alloy 286 had the maximum hydrogen concentration (Hc) at which fracture elongation was hard to degrade. High-nitrogen stainless steel had a higher Hc than the concentration of hydrogen-absorbing HE in the service environment, lowering the chance of hydrogen embrittlement in the service condition. For internally reversible hydrogen embrittlement, alloys 286 and 718 show severe results compared to the cathodic charge.



Li et al. [43] conducted a laboratory test using elastomeric gaskets made of silicone rubber as specimens. Different concentrations of acid were used for the test. Depending on the concertation, one solution was called a regular solution, which has an environment similar to a regular working environment, and another one was highly concentrated and used for an accelerated durability test (ADT). The concentration for the regular solution was 12.5 ppm sulfuric acid and 1.8 ppm hydrofluoric acid, and the concentration for ADT was 1 mil. L−1 sulfuric acid and 30 ppm hydrofluoric acid. During the experiment, the decomposition of the backbone and the hydrolysis of the crosslink of the polymeric gasket material take place, leading to a reduction in the elasticity and sealing force. As a result, the material aged in a hydrogen environment. KLOPFFER et al. [44] tested polyethylene and polyamide membranes and tubes under a hydrogen environment with controlled pressure and temperature. After long-term exposure to hydrogen, the measured permeability capacity of polyamide became lower than that of polyethylene. However, the mechanical properties of both materials remain almost unchanged.





2.3. Mechanical Aging


The mechanical aging of the materials is a slow, progressive, and irreversible process of losing the capability to perform the assigned work under a high mechanical loading condition. Mechanical aging is often observed in fuel cell conditions where high-pressure hydrogen molecules create a high loading condition on the sealing material and in the hydrogen storage system.



2.3.1. Mechanism of Mechanical Aging


Mechanical aging is found in hydrogen storage tanks made of composite materials. Burst pressure, fiber damage, fatigue, collapse, and blistering of liners are some failure modes in this type of aging. Figure 6 flowchart indicates the mechanism of mechanical aging.



When pressure is applied to a composite material, cracks can develop and extend profoundly to the matrix phase, which facilitates interface debonding. When the pressure reaches its threshold, a substantial quantity of reinforcement fails and causes the material to implode. On the other hand, continuous charging and discharging cause mechanical fatigue, which impacts mechanical aging. The mechanism for the formation of these types of cracks involves the initiation and growth of cracks as a result of strain concentration. The strain concentration can be caused by supersaturated hydrogen molecules creating bubbles after decompression and strain because of compression and swelling. Shear stress, induced by the concentration gradient of solute gas molecules, initiates randomly organized circumferential cracks. As compressive tension increases so does volume expansion or swelling. As a result, tensile stress increases and fracture propagation accelerates. When the decompression rate is accelerated, cracks in the surface appear visibly [35,43].




2.3.2. The Laboratory Test for Mechanical Aging


Wang et al. [45] analyzed the carbon fiber/epoxy composite used in hydrogen storage pressure vessels. They continuously increased the pressure of the vessel, and after 324 MPa, suddenly the pressure fell to zero, indicating bursting. Zheng et al. [45] conducted a fatigue test to analyze the behavior and fatigue life of the carbon fiber/epoxy composite. They found that after 500 cycles, the composite faced fatigue bursting; at that moment, pressure could be significantly decreased by approximately 15%. Feng et al. [46] analyzed the welded joints of TC4 titanium alloys for storage tanks, considering 10,000, 20,000, and 30,000 pre-cycles. After 24 h of electrochemical hydrogen charge on the specimen, the failure process was studied using SEM and TEM. The results show that the initial dislocation density of the specimens rises with the number of pre-cycles, making the hydrogen embrittlement through aging more severe. Following 10,000 and 20,000 pre-cycles, the specimens exhibited fewer dislocations and hydrogen capture at specific sites. In contrast, after 30,000 pre-cycles, dislocation accumulation and entanglement appeared both along the phase boundary and within the phase, resulting in a greater number of hydrogen capture sites. At lower cycles, the HELP mechanism dominates the tensile process, whereas the HEDE mechanism dominates the process at higher cycles.



Yamabe et al. [35] conducted a laboratory test where a high-pressure O-ring seal was used as a specimen. The O-ring was made of low-nitrile NBR (acrylonitrile content: 18%), which was vulcanized by sulfur and filled with carbon black. With a 30% compression ratio, the specimen was compressed in a radical direction. Then, it was inserted into a vessel that was pressurized by hydrogen from the bottom. They conducted optical and scanning electron microscopy in post-aging experiments to observe the cracks. Additionally, they conducted gas chromatography–mass spectroscopy to measure the hydrogen gas content and a densimeter to measure the volume increase. They found two types of cracking for failure: one started from the center of the O-ring cross section and another from near the surface. Brownell et al. [47] conducted a simulation on ethylene-propylene-diene-based elastomeric rubber; they used O-rings and hose liners as specimens and exposed the sample to a pressurized hydrogen environment. Due to high pressure and rapid decompression, the specimen failed as a result of cavitation and stress-induced localization of hydrogen gas. This result supports the experimental result of the NBR O-ring.



Wilson et al. [48] conducted the same experiment as Brownell et al. [47]. They just increased the crosslinking of the polymer using sulfur and found crosslinks create extra free volume at a pressure that facilitates the localization tendency of the hydrogen gas. Zhou et al. [49] modified the rubber seal materials, including the O-ring and D-ring, and conducted a simulation using finite element analysis. Their results show that the O-rings have a higher tendency to fail under stress concentration compared to the D-rings under hydrogen pressure ranges of 0–100 MPa. At high hydrogen pressure and contact stress, the D-ring outperformed the O-ring in terms of sealing ability, but the inverse was true under low pressure. They also analyzed the friction effect on the failure and found the D-ring had better performance against friction compared to the O-ring at high pressure.





2.4. Mechanical–Chemical Aging


The mechanical aging of materials is a slow, progressive, and irreversible process of losing the capability to perform the assigned work under a high mechanical loading condition over time. Whereas chemical aging is a long-term interaction with the chemical environment, and due to this interaction, material’s structure, composition, and morphology change permanently. When a material is exposed to a high mechanical load and chemical environment simultaneously, the process is called mechanical–chemical aging.



2.4.1. Mechanism of Mechanical–Chemical Aging


Hydrogen storage and sealing materials are subjected to mechanical–chemical aging during their normal operational cycle. Figure 7 shows the flowchart of mechanical–chemical aging.




2.4.2. The Laboratory Test for Mechanical–Chemical Aging


Harris et al. [58] conducted a laboratory test on Monel K-500, a precipitation-hardened Ni-Cu alloy susceptible to intergranular stress corrosion cracking under a hydrogen environment at 923 K. The specimen was immersed in a 0.6M NaCl solution. A saturated calomel electrode was used to apply a potential was −1000 to −1200 mV. In four heat treatment conditions, the under-aged and peak-aged specimens showed increasing susceptibility to intergranular stress corrosion cracking compared to an un-aged and over-aged specimen. Nykyforchyn et al. [59] conducted a laboratory test where they tested ferrite pearlitic X52 steel cylindrical, smooth, and pre-cracked samples into a solution of artificial brine mimicking onshore conditions where stress corrosion cracking could be created. The test was conducted both in the presence and absence of external polarization. In the absence of external polarization, aggressive environments did not show as much effect as in the presence of external polarization. In the presence of external polarization, both specimens were affected.



Robert et al. [60] took a perfluorosulfonic acid-based membrane and placed it in a degradation solution. At one time, the membrane was fitted with a universal testing machine for mechanical stress. Two types of solutions were used: one is mild (3 Vol% H2O2) and another was an aggressive solution called Fenton solution (3 Vol% H2O2 + 1 ppm Fe2+ ion). Mechanical fatigue was applied to create mechanical stress on the membrane. A cyclic compressive stress was applied on the channel ribs to reproduce one-hand swelling or shrinkage cycles, and a static compressive stress was maintained for the stack clamping pressure on the membrane. In this experiment, fluoride emission rates (FER) were observed to predict the decomposition of the polymeric membrane. The post-aging condition of the material was determined by Robert et al. [60] by using a fluoride-ion selective electrode, which measured the amount of emission of fluoride ions. It was considered a reliable PFSA (perfluorosulfonic acid) chemical degradation indicator. From the analysis of FER data, it was confirmed that aging was taking place there.





2.5. Thermo-Mechanical Aging


Combining both the thermal and mechanical aging processes, when high mechanical load and temperature work at the same time for the aging of material, it is called thermo-mechanical aging. Such conditions are generally created within hydrogen fuel cells and sealing materials.



2.5.1. Mechanism of Thermo-Mechanical Aging


The diffusion of hydrogen affects the thermo-mechanical aging method. This is mainly seen in polymeric materials with viscoelastic behavior, if the strain is held constant viscoelastic materials show stress relaxation, and if stress is held constant, they show creep. Physical relaxation, chemical relaxation, and thermal degradation are some combined factors during stress relaxation in the polymer. Figure 8 shows the flowchart of thermo-mechanical aging.



Thermo-mechanical aging occurs when hydrogen-induced corrosion in storage materials increases with increasing mechanical load and elevated temperature. Corrosion-induced hydrogenation of the materials, in combination with working stresses, may lead to the emergence of nano and microscale bulk damage. Hydrogen evolution may occur with corrosion, particularly in cracks caused by the local acidity of the corrosion media [17]. During operation, materials experience in-bulk repeated damage due to decarburization and the creation of high-pressure hydrogen gases, causing them to lose their strength of materials [64]



In addition, when sealing material is subjected to mechanical load in a hydrogen environment, molecular chains of polymer are relocated. This causes stress relaxation which directly reduces the sealing force. Physical relaxation occurs first among other factors, then comes chemical relaxation, and later thermal degradation. With increasing temperature and operation cycles, the movement of the molecular chains increases which causes chemical reactions and chain scission. In this way, due to the stress relaxation behavior, polymeric material starts to loosen its sealing force as well as the sealing capability [65].




2.5.2. Laboratory Test for Thermo-Mechanical Aging


Balitskii et al. [61] conducted a laboratory test on two steel specimens, 05Kh12N23T3MR and 10Kh15N27T3B2MR, in a high-pressurized hydrogen environment and at elevated temperatures. A static tensional force was also applied to the temperature. At room temperature, the hydrogen action on both samples was minimal. However, at high temperatures, 10Kh15N27T3B2MR was more sensitive to hydrogen embrittlement than 05Kh12N23T3MR but less sensitive than 60Kh3G8N8V and 12Kh18AG18Sh steel. NYKYFORCHYN et al. [62] conducted a laboratory test on Cr-Mo-V steel at 450 °C with an applied tensile load. Their results show that the degradation of Cr-Mo-V steel is increased, and the fatigue crack growth resistance is decreased due to hydrogen. Cui et al. [62] conducted a laboratory test using a liquid silicon rubber (LSR) gasket as a specimen. The test was performed in two mediums: air and water. Stress relaxation equipment was used in the experiment. During the experiment, constant deformation was applied to the sample, and the temperature was raised to 100 to 120 °C. The test was performed at different strain rates, temperatures, and stress levels. They used time–temperature superposition theory to construct a master curve that could predict the service life of the specimen. They found that the medium also affected the aging of the species. They found that at 70 °C, LSR service life could be 5000 h at 60% of initial sealing stress. Below the 60% initial sealing stress, it was considered leakage.






3. Durability Analysis of Hydrogen Sealing and Storage Materials through Aging Tests


3.1. Durability Test Methods and Principles


An accelerated durability test (ADT) can be performed to predict the durability of materials. It can be performed to minimize the time and give a better prediction of durability. Under most operating conditions found in industry, material aging occurs over a long time. Materials tends to deteriorate rapidly if the regular conditions undergo a shift to severe ones. In ADT, this principle is followed. The test procedure is presented in Figure 9 with a flowchart. With this test, metallic hydrogen storage materials and polymeric sealing materials may be compared. This test is used not only for testing durability but also for material comparison, quality control, and design information. In this technique, specimens are compared under both normal and accelerated conditions. Chemical abrasiveness, temperature, and pressure are held at their highest levels to simulate the worst case scenario during an accelerated test cycle. Therefore, mechanical, chemical, electrochemical, and thermal failure mechanisms exist [66]. The specimens under normal and accelerated aging conditions are compared, and extrapolation is utilized to anticipate the service life and durability of the material [67,68].



The main limitation of this test is the simulation of service conditions, which is tough. As a result, the predicted value has errors within a specific limit. Again, the activity of the materials found in harsh conditions is not always reflected in mild conditions. The benefits of the ADT method are, this test is a comprehensive test for predicting the material’s durability, especially polymeric sealing materials [63]. Burgess et al. [64] conducted an accelerated durability test for a pressure relief device (PRD) in a hydrogen environment, where they created the worst conditions for the PRD that it could face in its service conditions. A medium-pressure hydrogen storage cylinder was used to conduct the test with the PRD under test acting as the only protective device Maximum stress and temperature cycles were applied to the specimen, and failure behavior was observed. From the results, they predicted the behavior of the 440C steel specimen. An accelerated stress test is a form of ADT used in the determination of the behavior of the proton-exchange membrane (PEM) fuel cell. Polymeric sealing materials can be compared with PEM. In this system, failure modes are mechanical, chemical, electro-chemical, and thermal. Thus, for an accelerated test stress cycle, chemical harshness, temperature, and pressure are kept at maximum to create the worst conditions for PEM. Liu et al. [65] and Kundu et al. [69] conducted accelerated stress test for the Nafion membrane. Liu et al. [65] conducted ADT for 10 cycles, and each cycle consists of 100 h. They found significant degradation taking place at 500–600 h of operation, and at 1000 h, the membrane was completely degraded. Kundu et al. [69] found that over 4–5 days of ADT, almost 20% of weight was lost. By extrapolating these data, the service life could be measured.



The service life of a material can be defined as the amount of time a material can provide the proper service for which it was made. There is a relationship between service life and crack defect size. Figure 10 shows that after long-term use, when materials spent spend a significant portion of their service life, the distribution of cracks and their sizes increases. The service life of a material can be predicted using the reverse method. In this method, crack defect size is measured using ADT, and service life can be predicted from that value. For detecting cracks in materials in a hydrogen environment, several tests can be performed such as changes in the vibration characteristics of structure technique, acoustic emission technique, structure interrogation using lamb waves and ultrasonic using piezo transducer technique, eddy current, and ultrasonic technique [67]. Figure 10 assist to determine the distribution of equivalent initial flow size (EIFS) that can be calculated from the difference of two curves at initial point while the damage sensing (POD) is less than 10% and the distribution of the final lives can be obtained from the difference of two curves at end point while the POD is more than 90%. Distribution of detectable defect size can be measured from the difference of two curves at the mid-point where damage sensing is more than 10% and less than 90%.



The time–temperature superposition (TTS) principle is an established principle for predicting service life. It is a commonly used method where a master curve is created from data at selected reference temperatures. From this master curve, service life is predicted. The relationship between time (t) and temperature (T) for the mechanical response is described in the TTS principle [68,70] and the relation can be written mathematically as follows:


Gr (t, T2) = Gr (aT (T1, T2) t, T1)








where Gr = mechanical response, a function of time and temperature; T1 and T2 = two different temperatures; t = time; aT = shift factor.



The principle states that time and temperature are equivalent. At two different temperatures, the same shape and time function of stress can exist. When the stress relaxation curve is presented on a logarithmic-logarithmic scale, this curve can be shifted to another temperature horizontally. The TTS principle is used to shorten the test time because it tests material for a shorter time at a higher temperature [62]. Creep behavior and the stress relaxation of polymeric materials can be determined using this principle [71]. For predicting the life of a material using TTS, the process shown in Figure 11 is followed.



Cui et al. [62] tested LSR at three different temperatures (70 °C, 100 °C, and 120 °C) and obtained a stress versus time logarithmic curve. Using the Williams–Landel–Ferry equation [72], they constructed a master curve and fixed 60% of stress for the threshold value of leakage. They then drew a line from 60% to the master curve. Then, another line was drawn from the master curve, intersecting at a point on the time axis. The value at which the line intersects the time axis is the predicted lifetime of the material.




3.2. Service Life of Storage and Sealing Material under Simultaneous Multiple Aging


In the case of a hydrogen environment, failure of the storage material can create a disaster. Taking the thermal aging of steel into consideration, O. Z. Student [27] found changes in the structure during laboratory aging for 40 h, which were observed after continuous operation of 140,000–190,000 h. Therefore, the service life of the steel can be predicted using ADT. Vessel chambers and transportation piping is susceptible to chemical interactions when used to store hydrogen. Under chemical aging conditions, no such work was found where anyone was claiming the service life of any storage materials. For thermal aging, the predicted service life was 140,000–190,000. However, in mechanical–chemical aging, the service life prediction was 5500 h, and in chemical aging, it was 6000 h, which is a huge difference [32,40]. Thus, the intensity of thermal aging is comparatively lower than other methods, and it also varies depending on the service condition, materials used, environment, etc.



In fuel cells, if the sealing material of the membrane ages and leaks, it can create a great disaster [73,74]. Taking the chemical aging of a polymeric gasket material into consideration, it was found that the test time under an ADT environment of 6 h could be equivalent to 27 h of the lifetime of the specimen. This result was based on the time-concentration superposition theory, and it showed that under harsh conditions, the extrapolating lifetime was four times the experimental time. By using the TTS principle based on stress relaxation behavior, it was predicted that the service life of Silicon rubbers would be at least 6000 h under the simulated fuel cell environment [75]. When mechanical and chemical aging occurs in a system, the condition worsens more rapidly. Because of chemical aging, the material becomes brittle and loses its elastic properties. If a mechanical load is applied to it at the same time, the process of aging will be accelerated as usual. A laboratory study found that under fuel cell operation where combined mechanical–chemical aging takes place, the service life of a membrane is approximately 5500 h [76].



One observable thing is that if the services are compared with each other, then the intensity of this aging can be understood. The service life of a membrane under chemical aging was predicted at 6000 h. However, when mechanical aging was added to the chemical aging, the service life was reduced to 5500 h. Thus, it is clear that the intensity of aging is higher in both mechanical and chemical aging. However, it is also important to know that chemical aging is more efficient than mechanical aging [60].





4. Key Factors Affecting Aging under the Hydrogen Environment


Temperature, aging time, stress, thermal cycle, environment, hydrogen pressure, and hydrogen distribution are the primary factors affecting aging in a hydrogen-rich environment. The literature indicates the impact of factors; Zelenak et al. [77] found that high temperatures elevate hydrogen aging, resulting in the formation of reactive metal hydride composites or complex metal hydrides in storage materials. Eliezer et al. [78] observed that the concentration of hydrogen had an impact on the aging behavior of titanium alloys in a hydrogen atmosphere, with greater concentrations resulting in more rapid aging., For an adequate assessment of the serviceability of materials in a hydrogen environment, it is essential to take into account the operating conditions that can influence aging behavior.



4.1. Effects of Temperature


The temperature effect on hydrogen storage metallic materials can be described from the metal–hydrogen interaction. Metals lose strength when hydrogen embrittlement occurs. This phenomenon depends on hydrogen absorption, physical adsorption, transportation of hydrogen to the crack tip, transportation of hydrogen to tensile stress regions, etc. All these factors are highly temperature dependent. Figure 12 shows how the solubility of hydrogen increases with temperature. It can be observed that the hydrogen solubility in molten iron above 773.15 K is approximately 30 ppm, and at 1273.15 K, the hydrogen solubility of molten iron is less than 10 mL H/100 g. It reached more than 40 mL H/100 g at a temperature above 2273.15 K [79].



Figure 13 describes the relative reduction in the area, which is a measure of ductility that varies with temperature. At lower temperatures from 75 K to 150 K, the effect of hydrogen on ductility is low due to the slow transportation rate, and at higher temperatures more than 250 K, the hydrogen effect is low as well because of the trapping of hydrogen by dislocation. However, in the intermediate region from 150 K to 250 K, hydrogen has a significant impact on the ductility of the metal. In this intermediate region, the ductility of metal reduces significantly to approximately 40%.



At cryogenic temperature for storing liquid hydrogen, materials face embrittlement. It is known that depending on crystal structure the embrittlement tendency varies. Face centered cubic crystal structure has lower embrittlement tendency than body centered cubic crystal structure. This is because body centered cubic structures have lower activated slip system at low temperature. As a result, face centered cubic structured materials have high sustainability in cryogenic temperature. Ductile to brittle transition temperature is another important parameter which needs to be consider. The materials that have ductile to brittle transition at low temperature can be significantly affected if used for low temperature application [81].



The effect of temperature due to hydrogen differs from material to material. For polymeric gasket materials, Wu et al. [82] found that with increasing temperature, the mechanical properties of the sealing materials, including the tensile strength, elongation at failure, compression stress relaxation, and compression permanent deformation, tend to decay. Dubovsk et al. found [83] in their work that high temperatures accelerate the degradation of the seal. Stress relaxation of polymeric sealing materials is dependent on the temperature. Chemical relaxation and thermal degradation increase with increasing temperatures [62]. For polymeric materials the, with decreasing temperature bonding strength between molecular chains increases which increases the Young’s modulus as well as the tensile strength but the toughness decreases [84,85].



Figure 14, indicates that temperature has a considerable effect on the stress relaxation of polymeric materials, and with increasing temperature shift factor increases sharply. The shift factor is the degree of material’s time acceleration in an isothermal environment. As the shift factor increases with temperature, the materials’ aging accelerated.




4.2. Effect of Pressure


Hydrogen permeation into the metal increases with increasing pressure, which enhances the embrittlement tendency of the metal. When hydrogen is stored in a container, it exerts pressure on the container wall. If the container becomes metal, the permeation of hydrogen through the metal can be higher, and the metal’s aging tendency can increase [86]. The increasing pressure also increases the interaction between the hydrogen and the sealing materials. As a result, the absorption of hydrogen increases, which eventually degrades the properties of the sealing material, as discussed earlier [87]. Another important phenomenon takes place when high pressure is suddenly released. Due to the sudden drop in pressure, the volume of the inside gas increases, and desorption starts. During the desorption process, bubbles are created, which create microcracks; this phenomenon is known as cavitation [48].



Figure 15 shows that with increasing pressure, hydrogen has a higher tendency to dissolve in materials. At 20 MPa, the hydrogen content was less than 50 ppm, which reached almost 1000 ppm at 100 MPa. Because hydrogen is very small in size and increases in pressure, it can easily penetrate through materials.




4.3. Effects of Stress


Stress is an important factor that can significantly affect the aging process in a hydrogen environment. There are different types of stresses, such as thermal stress, chemical stress, and mechanical stress. Thermal stress is induced in materials due to temperature fluctuations. It can facilitate the aging process, and this type of stress is highly related to thermal cycling. In harsher chemical conditions, chemical stress increases.



Robert et al. [62] conducted an aging test using a perfluoro-sulfonic acid-based membrane. Two membranes were selected for the experiment, and both were Nafion based membrane, Nafion™ NR211 and Nafion™ XL. The XL membrane differs from the NR211 by the presence of additional PTFE-rich reinforcement and cerium-based radical scavengers. This type of membrane is degraded by the emission of fluoride ions when it reacts with chemicals. They tested their specimen in two stress conditions, static and cyclic. After testing, they found that when cyclic stress was introduced instead of static stress, the fluoride emission rate of the specimen was increased. Figure 16 shows the results of their experiments. The first graph indicates static stress condition and the second graph is cyclic stress condition The results indicate the fluoride emission rate is higher in cyclic conditions and this is indicative of an aging process having occurred.




4.4. Effects of Thermal Cycle


Thermal cycling is a cyclic process of rapid temperature change where a material remains at a higher extreme in one phase and a lower extreme in the other. Due to thermal cycling, thermal stress is created in materials, which is called thermal aging. Thermal aging results from fatigue crack growth and depends on the number of cycles and material properties. Not only does the number of cycles affect the aging process, but the range of the temperature of the thermal cycle is also significant. A higher range of temperature differences can cause more variation in the diffusion of hydrogen, which can affect the aging process [27]. Figure 17 shows that an increase in the number of thermal cycles increases the tendency for fatigue failure of materials. In the left-side figure, the threshold value for effective fatigue decreases with increasing the number of cycles. Because it is known that fatigue is a cyclic stress-dependent failure mechanism that increases with increasing stress cycles, the important thing to notice here is the behavior of hydrogen. When the test is performed in a hydrogen environment instead of air, the threshold value decreases more than in air. This evidence proves that thermal cycling affects the aging mechanism of materials in a hydrogen environment. The right-side figure also describes the same type of effect, where the threshold value for crack opening decreases with an increasing number of cycles and hydrogen environment.




4.5. Effects of Environment


The environmental effect has a impact on the aging of sealing and storage materials. These materials work in extreme conditions where they may be affected by the humidity cycle, harsh chemical environments such as a strongly acidic environment. As the humidity increases, the crossover leakage tendency increases. The crossover leakage is the tendency of the mixing of different gases (such as in a proton-exchange membrane fuel cell H2 and O2) leaking through the gasket material. Gittleman et al. [76] tested three types of membranes, Gore Primea, Nafion N111-IP, and Nafion NR-111, in different humidity cycles. The result of the crossover tendency is shown in Figure 18. Figure 18 shows that by increasing the humidity cycle to the threshold value crossover tendency of every material increases in a hydrogen environment. This evidence is indicative of that the humidity cycle influences the hydrogen aging of the materials.



A harsher environment also affects the hydrogen aging process of the materials. In Figure 16, the H2O2 environment is mild, whereas the Fenton solution environment is harsh. The graph shows when the environment approaches harsh conditions the fluoride emission rate increases significantly, which means the aging is also increasing. The ambient pressure of hydrogen also affects the aging process. Cracks are formed in materials due to the fluctuation of the hydrogen pressure. This pressure creates stress on the defective sites and forms cracks [27].




4.6. Effects of Alloying Elements


Alloying elements have effects on the degradation of hydrogen storage metallic materials. Martin et al. [88] found that increasing alloying elements percentage in stainless steel increases the relative reduction in area in the hydrogen environment.



Figure 19 shows that the hydrogen embrittlement tendency of stainless steel decreases with increasing alloying elements. They used Mo, Ni, Si, S, Cr, and Mn as alloying elements. Among these alloying elements Si, Mn, and Mo show much resistance to hydrogen embrittlement compared to others.



In high-strength steel, chemical heterogeneity is intentionally created by introducing manganese (Mn), enhancing hydrogen resistance. Sun et al. [89] found manganese (Mn) in high-strength steel created a manganese-rich zone within the microstructure which restricted the stability of the hydrogen phase and arrested the microcracks produced by hydrogen. In aluminum alloys, alloying elements have two different types of effects. Anyalebechi [90] found adding Cu, Si, Zn, and Fe decreases hydrogen solubility, whereas Mg, Li, and Ti increase solubility. Therefore, some alloying elements have the tendency to increase hydrogen solubility in the alloy and some others have the tendency to restrict it. The alloying elements which increase the hydrogen solubility tendency in alloys are responsible for increasing the aging tendency of material in a hydrogen environment.





5. Research Gap Analysis


It is crucial to predict the operational degradation of laboratory materials, especially for novel materials, manufacturing, or processing technologies. There is not enough research on the stability of the complex properties of the materials for long-term operations in a hydrogen environment. A comprehensive exploitation should be considered prior to proposing any operation, such as a new pipe welding technology with higher performance, higher mechanical properties, and high resistance to hydrogen-induced cracking. Welding is a common fabrication method due to hydrogen-induced cracking during welding, accelerated aging occurs and materials fail before their full expected lifetime. For most metal alloys, no known published data are found for creep, fatigue, or the impact of gaseous hydrogen on storage materials [86], which indicates limited general knowledge about the materials and their performance in the hydrogen environment. There is a gap in research on material grades, industry-mandated parameters, and operating conditions [3]. Therefore, hydrogen compatibility with the mechanical properties of storage materials needs to be extensively studied.



According to Ogawa et al., the precipitation-hardened alloy shows low HE susceptibility and high thermal conductivity on the lab scale [33]. The fracture toughness may be further increased by adding the required alloying elements and appropriate heat treatments to enable practical applications such as heat exchangers exposed to high-pressure hydrogen. Given that, several types of hydrogen damage have been observed in pipeline steel with various microstructures, the impact of each microstructural phase on HE needs to be elucidated through careful investigation. Some researchers contend that martensitic microstructure or ferritic pearlite are less preferred for HIC resistance than bainitic ferrite and acicular ferrite; however, the available data have remained either conflicting or less convincing [18,91,92]. The impact of hydrogen vacancy interactions on ductility, quasi-brittleness, and fatigue has yet to be explicitly explored. Srinivasan et al. reported that hydrogen vacancy interaction has a detrimental impact on austenitic and ferrite steels as well as Ni alloys, but further investigation is necessary. It has been observed that hydride formation plays an important role in the hydrogen embrittlement behavior of alloys [93]. However, the hydrogen charging conditions under which hydrogen formation would be negligible have not yet been thoroughly investigated. According to Michler et al. [94] the hydrogen embrittlement effect for metals in a hydrogen environment normally begins at the gas–metal interface. Mechanisms related to hydrogen–material interactions are likely the rate-limiting steps in the hydrogen reaction chain [94]. There is a lack of understanding about the mechanisms that would allow such effects to be measured. Simulation tools may offer a framework to investigate, given that calculations using density functional theory have shown positive results.



According to the literature, it is asserted that the experimental hours correspond exactly to the amount of in-service degradation. For instance, it is stated that 140,000 to 190,000 h of in-service degradation are equivalent to a lab experiment lasting 40 h [27]. However, the correlation between service life and laboratory accelerated degradation is not explicitly stated, as laboratory experiments are often conducted in a controlled environment, and l working conditions differ when a material operates in a hydrogen environment. There is still uncertainty regarding the precise mechanism by which hydrogen damage can occur in non-hydride-forming materials. Multiple mechanisms have been proposed, such as adsorption-induced dislocation emission (AIDE), hydrogen-enhanced decohesion (HEDE), and hydrogen-enhanced localized plasticity (HELP). These can take place simultaneously with stress, temperature, and the environment [18]. The ideal failure mechanism for HE is still not understood due to the difficulties in obtaining data at the atomic level and the inadequate capabilities of characterizations.



The literature discussed hydrogen aging by imbibing it in different chemical solutions, such as H2O2 or acidic fluoride solutions, or by combining it with natural gas rather than pure hydrogen. Liquid or gaseous hydrogen is directly used in the storage or pipelines of hydrogen infrastructure and the results collected in the lab may differ to varying degrees. Pipelines made of high-strength steel are susceptible to higher fatigue crack growth (FCG) rates in a hydrogen environment. Lower loading rates and load cycle frequencies, as well as load dynamics, can also affect FCG rates and be subjected to changes at different process conditions or up-sets. Existing models and simulations have been developed assuming minor displacement conditions and microscale yielding, which are typically not true for high-strength pipeline steels; hence, scaling them up to greater scales is challenging.



Without applying external stress, the hydrogen concentration at the interface is considered minimal, which results in a lower alloy embrittlement effect. However, the interaction of hydrogen at the interface is a complicated phenomenon that is not yet explicitly understood. Extensive research on simulating hydrogen diffusion with the involvement of numerous bulk cracks is still lacking. It is challenging to predict structural integrity when several cracks are present in a hydrogen atmosphere. To better comprehend and explain the propagation of such cracks due to strong field interactions at the tip of the crack, several speculative models have been put forth in the literature. However, the distribution and amount of absorbed hydrogen cannot be well described by any model, preventing it from providing sufficient details.



In chemical aging, the absorption of hydrogen increases the hardness of metals and leads to hydrogen embrittlement. However, the impact of hydrogen on polymeric materials has not yet been comprehensively investigated. Sealing materials exposed to high-pressure hydrogen cycles and high decompression rates may suffer internal damage, such as cavitation. Therefore, the wear and friction characteristics of sealing materials used in the hydrogen infrastructure must be studied to comprehend their compatibility in a high-pressure hydrogen atmosphere.



Raising the crosslink density of O-ring materials can lessen volumetric expansion upon decompression and lead to reduced free-volume pore dimensions [48]. As a result, identifying possible sites for hydrogen gas localization is the first step toward cavitation-induced failure. However, the damage progress can only be assessed for transparent graded O-rings, and only 2D projections of cavities can be provided [95]. Improved barrier properties were seen when Sun et al. and Bandyopadhyay et al. used 2D filler approaches in rubber materials to reduce hydrogen gas permeability [96,97]. However, there is significant room for research into adding novel filler approaches to minimize the current limitations of polymeric seals in hydrogen energy systems.




6. Conclusions


Sustainable energy sources and with eco-friendly behavior are two of the most important global demands of today’s world. Hydrogen, one of the most abundant elements in the universe, has the ability to fulfill this demand. However, storing and sealing hydrogen are very challenging due to its high aging tendency. Materials in a hydrogen environment degrade and deteriorate faster than expected and fail before their expected lifetimes. This review article discusses different types of aging that materials face within a hydrogen environment, such as thermal aging, chemical aging, mechanical aging, mechanical–chemical aging, and thermo-mechanical aging, along with their mechanisms. Some laboratory-based aging tests are also discussed as an examples of these aging processes. Different types of parameters that can affect the aging process are also discussed such as temperature, pressure, stress, thermal cycle, environment, and other alloying elements. For predicting the service life of materials, time–temperature superposition theory is a very popular method. The accelerated durability test is a common aging test that helps time–temperature superposition theory predict service life. The principles of both methods are discussed in this paper. At the end of this review article, different research gaps are discussed where further research is needed for effective storage and sealing of hydrogen. It is essential to store and seal hydrogen efficiently. Because the future of the hydrogen industry is highly dependent on these, without effective storage and sealing, the application of this energy source can be significantly hampered, as discussed in this article.
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Figure 1. Hydrogen-induced aging mechanism flowchart [20,23]. 
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Figure 2. Two-stage degradation of materials in a hydrogen environment [24]. 






Figure 2. Two-stage degradation of materials in a hydrogen environment [24].



[image: Materials 16 06689 g002]







[image: Materials 16 06689 g003] 





Figure 3. Flowchart of the mechanism of thermal aging [29,30]. 
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Figure 4. Micromorphology of samples exposed to test solutions: (a) unexposed, (b) exposed to mild conditions for sufficient time, (c) unexposed, and (d) exposed to harsh conditions for sufficient time [40]. 
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Figure 5. Flowchart of the mechanism of chemical aging [37,40]. 






Figure 5. Flowchart of the mechanism of chemical aging [37,40].



[image: Materials 16 06689 g005]







[image: Materials 16 06689 g006] 





Figure 6. Flowchart of the mechanism of mechanical aging [35,43]. 
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Figure 7. Flowchart of the mechanism of mechanical–chemical aging [50,51,52,53,54,55,56,57]. 
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Figure 8. Flowchart of the mechanism of thermo-mechanical aging [17,61,62,63,64,65]. 
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Figure 9. Process Diagram of Accelerated Durability Test [64]. 
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Figure 10. Graphical representation of service life with defect size and probability of detection (POD) [44]. 
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Figure 11. Process of predicting the lifetime of a material using the TTS process [66,72]. 
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Figure 12. Hydrogen solubility vs. temperature curve [79]. 
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Figure 13. Relative reduction in the area of 316 Stainless Steel with the temperature at tensile test in a hydrogen environment [80]. 
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Figure 14. Shift factor of the master curve [62]. 
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Figure 15. Relationship between Hydrogen Content and Exposure Pressure [86]. 
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Figure 16. The fluoride emission rate under different stress conditions (static, cyclic) [62]. 
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Figure 17. Threshold values for fatigue failure of materials in air and hydrogen [27]. 
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Figure 18. Crossover leakage tendency of different types of materials in different humidity cycles [76]. 
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Figure 19. Relative reduction in area depending on different alloying elements [88]. 
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Table 1. The energy content in hydrogen and other major fuels by weight and volume [4].
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	Hydrogen
	Natural Gas
	Petrol





	Energy content per unit mass
	120.4 MJ/kg
	51.6 MJ/kg
	43 MJ/kg










 





Table 2. Different incidents that resulted from aging.
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	Incident
	Location and Casualties
	Cause
	Description
	Reference





	The Flixborough disaster
	England, 1974

28 killed, 36 injured
	Cyclohexane plant leakage and gas cloud explosion
	The chemical plant had a cyclohexane plant, where the reactor circuit leaked due to aging. As a result, a huge hydrocarbon gas cloud formed, which led to an explosion.
	[11]



	The Humber Refinery explosion
	England, 2001

2 injured
	Pipe corrosion and rupture due to fouling problems and blockages from accumulated water
	Steel pipe failure was the main reason behind the explosion. The steel pipe was coated with a passive layer of iron sulfide which was protecting it from corrosion. However, due to the aging, the protecting layer ruptured, and the pipe surface underwent corrosion. As a result, the thickness of the pipe was reduced to 0.3 mm from 7–8 mm and could not contain the internal pressure, causing it to burst.
	[12]



	The Chevron refinery accident
	USA, 2012
	Pipe rupture by aging due to sulfidation corrosion
	The main reason for this accident was the wall thinning of the pipe due to aging, which led to a catastrophic pipe rupture. Sulfur compounds found in crude oil feed, such as hydrogen sulfide, react with steel piping and

equipment to cause sulfidation corrosion.
	[13]



	Muskingum Power Plant
	USA, 2007
	Storage tank failure and hydrogen explosion
	The disaster began with the premature failure of the ruptured disk on the storage tank because of aging. The pressurized gas then caused the vent system to fail, allowing hydrogen to escape and causing an explosion.
	[14]



	Tesoro refinery
	USA, 2010
	Heat exchanger damage and tubing rupture
	The accident was the result of damage to the heat exchanger brought on by hydrogen aging at high temperatures, which led to carbon steel tubing being badly fractured and weakened, which in turn led to a rupture.
	[15]



	Kashima Oil Refinery
	Japan, 1982

5 casualties
	High-pressure hydrogen aging and pipe deterioration
	The explosion was caused by hydrogen aging under high pressure and high pressure in a hydrodesulfurization unit. Five casualties were caused by the gradual deterioration of the inner surface of a carbon steel pipe, which resulted in the discharge of process fluid after 12 years of operation.
	[16]
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