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Abstract

:

High-pressure hydrogen tanks which are composed of an aluminum alloy liner and a carbon fiber wound layer are currently the most popular means to store hydrogen on vehicles. Nevertheless, the aluminum alloy is easily affected by high-pressure hydrogen, which leads to the appearance of hydrogen embrittlement (HE). Serious HE of hydrogen tank represents a huge dangers to the safety of vehicles and passengers. It is critical and timely to outline the mainstream approach and point out potential avenues for further investigation of HE. An analysis, including the mechanism (including hydrogen-enhanced local plasticity model, hydrogen-enhanced decohesion mechanism and hydrogen pressure theory), the detection (including slow strain rate test, linearly increasing stress test and so on) and methods for the prevention of HE on aluminum alloys of hydrogen vehicles (such as coating) are systematically presented in this work. Moreover, the entire experimental detection procedures for HE are expounded. Ultimately, the prevention measures are discussed in detail. It is believed that further prevention measures will rely on the integration of multiple prevention methods. Successfully solving this problem is of great significance to reduce the risk of failure of hydrogen storage tanks and improve the reliability of aluminum alloys for engineering applications in various industries including automotive and aerospace.
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1. Introduction


More and more attention has been paid to the safety of transportation equipment [1,2,3]. Facing the energy crisis, hydrogen-fueled vehicles are recognized as a most promising solution [4,5,6,7]. Compared with electric vehicles, when refueling with energy, the hydrogen vehicle has advantages of technical simplicity and high filling rates [8]. The main steps and milestones in the development of hydrogen vehicle are shown in Figure 1.



However, because of the hazardous properties high-pressure hydrogen such as high diffusivity and low ignition energy, it tends to spontaneously ignite during sudden release [9]. For the hydrogen vehicle, the hydrogen storage ability is an important factor that affects its safety and performance. Compared with other methods, high-pressure hydrogen storage has advantages in terms of hydrogen storage density, economy and being closer to practical applications [10]. The hydrogen storage container is the key component of the hydrogen vehicle [11]. At present, the most widely used hydrogen storage container is the III-type composite hydrogen storage tank whose inner liner is made of aluminum [12].



It is widely accepted that hydrogen embrittlement (HE) has become a serious problem since high-strength steel became widely used [5,7,13,14]. With the widespread application of aluminum alloys, it’s found that aluminum and its alloys also have a higher hydrogen content [15,16,17]. However, due to the wide application of aluminum alloys, when hydrogen embrittlement causes the failure of aluminum alloys, catastrophic accidents can occur. In order to alleviate these conditions, hydrogen embrittlement must be paid enough attention [18]. It affects the service safety of aluminum alloys in the automotive, hydrogen energy, aerospace, petrochemicals, and other industrial fields [19]. Through the sorting and reading of the references, we concluded that the main cause of aluminum alloy failure is fractures, and HE will lead to the fracture of aluminum alloys. Finding effective protection methods to prevent hydrogen embrittlement is an urgent matter [20]. Aluminum alloys with low mass and reasonable mechanical properties are considered as promising alloys for structural materials in aerospace systems and vehicle products [21,22]. The research direction of fuel cells and hydrogen energy safety includes three themes: hydrogen energy supply, fuel storage tank design and hydrogen leakage [23]. According to the related study, the dotted circle as shown in the Figure 2 is the key part of the hydrogen storage bottle when being produced. There may be micro cracks between the bottle cap and the weld [24], which will make hydrogen embrittlement more likely to occur [25].



In the process of HE, there is no obvious signature of failure of material components [26,27,28]. In recent years, many scholars have conducted failure studies on hydrogen storage bottles with aluminum alloy inner tanks and explored their microscopic failure mechanisms. It is obvious that HE is a phenomenon that cannot be ignored. The importance of improving or solving the problem of HE is self-evident for hydrogen storage tanks [12,29,30,31]. The working principle of a typical hydrogen storage tank is shown in Figure 3.



Due to the wide application of aluminum alloys, they are not only used in hydrogen vehicles to store liquid hydrogen, but also in the military industry and aerospace industry [16,32]. Apart from this, due to the wide sources of hydrogen, and under certain circumstances (such as the presence of chloride or humid air) that hydrogen itself does not necessarily exist, numerous conditions may cause hydrogen to enter the aluminum alloys [33].



The HE of aluminum alloy has become an important factor restricting its application and development [34]. Since the 1980s, the problem of HE has been a concern and studied by many scholars, based on which many theories have been proposed [35] to explain HE, such as the hydrogen-enhanced decohesion mechanism (HEDE) and the hydrogen-enhanced local plasticity model (HELP).



Nowadays, there has been some research on HE which leads to the failure of hydrogen storage bottles. However, a systematic sorting has not been done. The relevant literature related to HE, especially the progress in the past three years have been reviewed in this paper, which is conducive to the further study of hydrogen embrittlement by interested scholars. The safety analysis, including the formation mechanism, the detection technology and the prevention methods of hydrogen embrittlement (HE) in aluminum alloys are comprehensively summarized in this work, which will help to improve the storage safety of hydrogen fuel for several industries, including automotive and aerospace. Also, solving the problem of HE is of great significance to improve the effectiveness and reliability of aluminum alloys. When getting used in the hydrogen energy, petrochemicals, and other industrial fields, it is also helpful to reduce the occurrence of major disasters caused by HE.




2. Mechanism of Hydrogen Embrittlement


To effectively prevent HE and ensure safety, it is necessary to fully understand the mechanisms of HE. In industry, when aluminum is used, many catastrophic consequences are caused by HE. The development of aluminum alloys is greatly limited. After the 1980s, HE has gradually attracted the attention of scholars. The crack initiation and propagation will lead to the failure of aluminum alloys. In order to explain the specific causes of HE, studies were carried out on many aspects of the problem. It was found that there were many mechanisms that can lead to HE of materials. Based on that, during the last 50 years, many theories have been proposed, including HELP, HEDE, AIDE, HEMP and DHF. The three most widely accepted mechanisms are explained in detail in this work. HE of alloy materials may also be caused by the combination of various mechanisms. Due to the differences between aluminum alloys and steel, titanium and other metals, the actual mechanism which causes embrittlement occurs in aluminum alloys is unclear. The research to identify the main embrittlement causes of the aluminum alloys is ongoing. The major mechanisms are discussed in detail below.



2.1. Hydrogen Enhanced Local Plasticity Model (HELP)


The hydrogen-enhanced local plasticity model (HELP) was first put forward in 1972 and is widely accepted. HELP states that under constant load conditions, hydrogen atoms will undergo stress-induced diffusion and continue to be enriched towards the tip of the crack. When reaching a critical value, this will lead to the formation of hydrogen-induced cracks, which will make fractures appear in the material [36].



Based on this, Verners et al. [34] studied aluminum with a face-centered cubic structure. They found that the hydrogen diffusivity has a strong dependence on the microstructure. The concentration of hydrogen can be increased by the existence of dislocations, which in turn leads to HE. Apart from that, according to Lynch’s research results, it also shown that the HE mechanism of face-centered cubic structured materials was likely to be HELP [37]. Gupta et al. [31] used synchrotron microtomography to observe a 7075 aluminum alloy sample after hydrogen charging. This showed that the deformation caused the redistribution of hydrogen, forming an expansion and accumulation zone near the intergranular crack. The agglomerated damaged area was proved to be a mechanical result, which caused intergranular damage due to its easy trapping of hydrogen. However, it did not show whether the agglomeration zone was formed before the intergranular cracks developed. The causal relationship between the agglomeration zone and the crack development could not be clarified. In all images, the alloy matrix is shown in gray. Many dark and bright objects of different shapes are embedded in these gray matrices. The bright objects in the slices are intermetallic particles (including Fe, Cu, and Al) commonly found in AA7075, while the dark objects are different types of microdamage. These dark objects were considered microdamage areas because they have obvious halos at the edges, as shown in Figure 4.



Qi et al. [32] proved that because of the presence of hydrogen, the local plastic deformation of the material will reach a critical value under a lower stress. This will lead to the nucleation and continuous development of hydrogen-induced cracks and even the material fracture.




2.2. Hydrogen Enhanced Decohesion Mechanism (HEDE)


The hydrogen-enhanced decohesion mechanism (HEDE) was first proposed by Troiano in 1959. It is the simplest one among the existing theories. Its premise is that hydrogen atoms reduce the cohesive strength of the material in the crack tip area [36]. When studying the effect of hydrogen on the properties of steel parts, Troiano proposed that the single electron in the 1s orbital of the hydrogen atom will enter the d orbital of the transition metal, which means that the repulsive force between the iron atoms will be increased. When hydrogen atoms are available all around the material and some types of stresses are acting on it then hydrogen atoms diffuse inside a material and decrease the interatomic strength or cohesive strength of a material at the crack tip and cleavage like fractures occurs [32].



In general, the theory believes that local lower stress will lead to the destruction of the bonds between atoms. At the same time, microscopic cracks will appear. Although the theory has been affirmed by many scholars, it remains at the theoretical level, without experimental proof.




2.3. Hydrogen Pressure Theory


When H in a supersaturated state is present in an aluminum alloy, it is likely to be present in the microscopic cracks of the material in the form of H2. Therefore, as the H2 concentration at the defect increases, the hydrogen pressure also increases. When the stress generated by the hydrogen pressure is greater than the yield strength of material, the surface of the aluminum alloy will swell. Bubbles will be formed. This will cause the continuous development of microscopic cracks in the aluminum and eventually cracks will appear in the aluminum.



Scholars have used TEM technology to test 7075 aluminum alloy. It is found that hydrogen not only enhanced the dislocation mobility, but was also concentrated at the cracks in the high-stress area, which promoted ductile fractures at the cracks [36]. The results of this work have proved the rationality of the hydrogen pressure theory to a certain extent.




2.4. Adsorption-Induced Dislocation Emission (AIDE)


The adsorption of hydrogen atoms on the metal surface strongly affects the surface energy. Furthermore, these hydrogens can promote or inhibit the nucleation of dislocations on the surface, which is called an adsorption-induced dislocation emission mechanism [35]. In the future research, in order to depict the crack-tip dislocation emission, two questions should be clear for researchers. One is when the dislocation can spread successfully from the crack-tip, the other is where the ‘source’ of the emitted dislocation should be located [38].




2.5. Hydrogen-Enhanced Strain-Induced Vacancy Generation (HESIV)


The interaction between hydrogen and vacancies or their clusters reduces the vacancy formation energy, thereby promoting the nucleation of the vacancy. Therefore, the increase in vacancy density promotes the formation of H-vacancy complexes and leads to an enhanced pinning effect on mobile dislocations, which is called the mechanism of hydrogen-enhanced strain-induced vacancy generation (HESIV) [39]. It mainly captures the hydrogen-enhanced generation of vacancy H complexes or vacancy-hydrogen clusters and their pinning effect on the moving edge dislocations. However, studies have shown that unless the hydrogen concentration is abnormally high, the effect of hydrogen-enhanced strain-induced vacancies (HESIV) on hydrogen-induced intergranular fracture is much weaker [38].




2.6. The Influential Factors


2.6.1. Solution Environment


It is widely accepted that, in the solution, due to the hydrolysis of aluminum ions [40,41,42]. A13+ + 3H2O = Al(OH)3 + 3H+, the pH of the solution will drop. Because the mass transfer of O2 at the crack tip is restricted, hydrogen evolution reactions can occur at the cathode formed in the crack. As a result, the hydrogen atoms will enter the crack tip. Combined with the hydrogen pressure theory mentioned above, it can be inferred that the hydrogen pressure at the crack of the material will increase at this time, making the crack grow more easily. The principle is shown in Figure 5.



The hydrogen storage tank on the vehicle normally does not involve a humid environment. Only liquid hydrogen should exist in its working environment. However, the working conditions of general aerospace aluminum alloys is mostly humid, with exposure to industrial exhaust gases and even acid rain. Therefore, it is necessary to analyze its influence on aluminum alloy fatigue strength and HE from the perspective of solutions.




2.6.2. Alloy Composition


Generally speaking, the more the total amount of alloying elements dissolved in the supersaturated solid solution, the higher its stress corrosion sensitivity will be. For ternary and above aluminum alloys, the stress corrosion sensitivity depends not only on the total amount of alloying elements, but also on the ratio of these alloying elements [43]. The presence of alloy elements will not only affect the structure of the aluminum alloy, but also affect its electrochemical properties. If new alloy elements are properly introduced into the aluminum alloy, they may interact with H. By affecting the existence and activity of H, it may have an important impact on the HE sensitivity of the material, which is of great significance for improving the properties of aluminum alloys.




2.6.3. The Depth of Hydrogen Penetration


Panagopoulos et al. [40] pointed out that the occurrence of HE is closely related to the depth of H diffusion into the sample. If the diffusion depth is not deep enough, it will not cause HE.



From the influencing factors studied by scholars previously [44], we should proceed from the influencing factors and then formulate appropriate measures to prevent HE. For example, in terms of the structure of the material, Song et al. [43] proposed a method of heat treatment to improve the strength of aluminum alloy. It is also helpful to prevent HE. With the aging treatment at 413 K for 6 h, 16 h, 98 h, 200 h, the fracture surface pattern of the sample tested in 3.5% NaCl solution is shown in Figure 6.



Dey et al. [45] proposed some improvement schemes to limit the diffusion depth of H in the material. Many scholars have proposed that coating is also based on the depth of H diffusion in the material. Therefore, when proposing structural measures for HE, it is necessary to study the mechanism and main influencing factors of HE carefully. These methods will be introduced below.






3. Detection Methods of Hydrogen Embrittlement


There are many testing methods for the HE of materials including LIST, SSRT, the electrochemical cathode hydrogen permeation method, corrosive environment simulation tests, SEM, TEM, HMT, localized techniques and so on. Focusing on the HE of aluminum alloys, the following methods are widely used and therefore are introduced in details in this paper: SSRT, LIST, SEM, TEM.



3.1. Methods to Prepare the Material


3.1.1. Electrochemical Cathode Hydrogen Permeation Method


To detect and analyze HE in materials, it is necessary to select a suitable method to cause HE first. When studying HE, Gupta et al. [31] heat-treated the material by a solutioning step at 520 °C for 144 h, followed by aging at 120 °C for 8 h in an oil bath. In this process, it transformed the flat pancake grain structure found in the hot extruded rods of AA7075 into an equiaxed microstructure with average grain size of about 80 μm. The studies were carried out on under-age AA7075. The condition is known to make the alloy most susceptible to HE.



In electrochemical cathode hydrogen permeation, a fine platinum wire mesh is used as the anode. The 7075 aluminum alloy sample is used as the cathode. The electrolyte composition is Na2HAsO4·7H2O, and a trace of As2O3 is added as a poisoning agent [46]. This can make it more difficult for hydrogen atoms to combine, which will help increase the concentration of hydrogen atoms on the surface of the sample. Among many preparation and research methods, this method is considered as a common one. The authors believe that it has certain feasibility. When processing materials, the main idea of such a treatment is to convert them into the equiaxed microstructures which are the form most susceptible to HE.




3.1.2. Corrosive Environment Simulation Test


Aluminum alloy products are mostly exposed to corrosive environments when in use. It is necessary to test aluminum alloys in corrosive environments [47]. Petroyiannis et al. [47] proposed a new experimental method when studying 2024 series and 6013 series aluminum alloys. A sample is shown in Figure 7.



The aluminum alloy material is made into a thin plate with a thickness of 1.6 mm, and a tensile specimen is prepared on this basis. Tensile specimens are processed in accordance with ASTM E8m-94a [48] standards. The specimens need to be cut along the longitudinal (L) and transversal directions. When cutting the fracture toughness specimens in the (L) direction, the ASTM E561-94 [49] standards should be followed. Finally, according to the ASTM G34-90 [50] should be followed, the tensile samples were exposed to a peeling corrosion environment. The corrosive environment is simulated by a solution with a volume of 1 L, containing sodium chloride (4.0 M NaCl, potassium nitrate (0.5 M KNO3) and nitric acid (0.1 M HNO3). The initial pH of the solution is 0.4. Temperature of the solution during the control experiment is 25 ± 3 °C. The sample should be exposed to the solution for different exposure times. After exposure, the sample is cleaned in accordance with ASTM G34-90 [50]. Then the corroded sample is tested test to observe the surface corrosion and measure its yield stress, ultimate stress, strain energy density, etc. [47].



The author reckons that, among the material processing methods, there is no method that simulates an environment where high pressure, airtight, and liquid hydrogen exist. There is no proposal for the hydrogen storage tank with aluminum alloy inner liner. The study of the HE characteristics of aluminum alloy hydrogen storage tanks and proposals of corresponding measures to prevent HE are still awaiting in-depth research in this area and the proposal of related experimental programs.





3.2. Tensile Test Method


3.2.1. Slow Strain Rate Test (SSRT)


Slow strain rate tests are a fast test method for measuring stress corrosion cracking performance. A sample is slowly and uniformly stretched on a constant strain rate machine until it breaks. It is a kind of method where as time is going by, the stretch rate of the material is increasing, until the sample breaks [16]. The appearance of the sample is shown in Figure 8.



According to the ASTM G129 [51] standard, sensitivity to HE can be expressed by reducing the area ratio (RRA) and reducing the total hydrogen ratio (RRA). In order to obtain the area value of the material after the experiment, the fracture diameter of the sample was measured with a scanning electron microscope (SEM). The total strain and data during the stretching process were automatically recorded by the instrument control software. According to the ASTM A370 [52] standard, in this experiment, the sample was processed and stretched to reach the standard of a gauge length of 25.4 mm and a diameter of 3.8 mm (±0.1). During the slow strain rate test, an EIS measurement is performed every hour to track the aluminum film’s response under dynamic deformation conditions [16].



When studying the test method of HE, Dey et al. [45] also adopted SSRT as the experimental method. The experimental images under different solution environments (air, hydrogenation environment, 0.01 M sodium hydroxide solution) are shown in the Figure 9 and Figure 10. The effect of hydrogen on the mechanical properties of AA 7075-T6 was studied by in-situ hydrogen charging with slow strain rate technique. The alloy developed a surface film of oxide or hydroxide in the environment. This oxide film interferes with HE in the alloy. The kinetics of film formation and consistency of the film were dependent on the environment.




3.2.2. Linearly Increasing Stress Test (LIST)


In the early days, to explore the role of HE in materials, constant load tests and constant extension tests were usually used to measure the effect of HE. In these methods, the threshold limit of stress needs to be determined first. HE is considered as a kind of stress. When it is below the threshold limit, it will not have any effect on the material. However, both these methods take a long time to damage the material and observe its effects [53].



In order to solve the above problems, a new stress test method called linearly increasing stress test was proposed. It is similar to the constant extension test. Compared with it, LIST has some advantages. In this test, a specimen is loaded and the applied stress increases until failure of the material occurs. During the process, the load is applied by the movement of a weight. The movement speed is controlled by a motor [54].



Compared with the above methods, when the stress reaches the threshold, the traditional method will not cause the failure of the material [55]. The test completion standard is not reached, it will cause the problem of lengthy test process. In the new method, the sample will fail and complete the test, which is relatively simple [53,54]. However, such a test method is just used on some types of steel [53,54,56]. Although there is no experimental application on aluminum alloy materials, it is also a method that can be considered.





3.3. Tools to Measure Hydrogen Content


Temperature desorption spectroscopy is also called temperature programmed desorption (TPD) [28,36]. It is the most acceptable technique in the study of HE. The mobility of hydrogen also plays an important role in HE. The temperature desorption spectroscopy can prove the existence of hydrogen diffusion and measure the content.



Through this way, it is found that there are a large number of traps in the material, which are responsible for capturing and accumulating hydrogen. When providing heat to the sample, the hydrogen absorbs heat energy and releases when it reaches a critical level of absorbed energy. TDS has the characteristics of high sensitivity and is more accurate than other technologies (0.1 mg/kg) [28]. If TDS technology has been used with other tests, it can provide higher HE detection and a better understanding of HE mechanisms.



As mentioned above, Gupta et al. [31] used high-temperature melting to measure the hydrogen content after the completion of hydrogen permeation, which is similar to the above one. Therefore, TDS can be considered as a mainstream measurement to detect hydrogen content.




3.4. Microstructural Analysis


Microstructure analysis plays an important role in evaluating the HE susceptibility of materials. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are widely used analytical tools to understand the internal microstructure of materials and the role of hydrogen in internal microstructure and material characterization [40]. Scanning electron microscopy is a universal and convenient method. Compared with other methods, the sample processing studied by this method is relatively simple [57].



In addition, SEM can provide three-dimensional images, which is particularly important when studying fracture structures such as micropores. Compared with other methods, the only disadvantage of this process is the low magnification and resolution.



Transmission electron microscopy (TEM) is the most effective and widely adopted technique. Compared with the poor magnification and low-resolution shortcomings of SEM, TEM can achieve the effect of magnifying millions of times and working with nanometer resolution. This method can also obtain crystal morphology information. However, the samples tested by this method have higher processing requirements. For TEM imaging, the sample must be electronically transparent. If TEM is used for microstructure analysis, the thickness of the sample must be less than 100 nm [58].



When studying the relationship between the mechanical properties and plastic deformation in the part formed by the hot forming-quenching integrated process (HFQ), which has been proved to be an effective forming method, achieving good formability and excellent mechanical properties simultaneously for aluminum alloys parts, SEM and TEM technology were used to observe the samples in order to observe the microstructure characteristics of the aluminum alloy parts to clarify the strengthening mechanism [59].



Gupta et al. [31] also used photomicrography techniques when studying aluminum alloys that have undergone heat treatment and deformation near the intergranular fracture surface. The observation results are shown in Figure 11.



SEM and 3D laser measurements are used to observe microscopic images of fracture of aluminum alloy [60]. The work is intended to study HE of aluminum alloy under high stress and low stress amplitude (the fewer the number of cycles), as shown in Figure 12. It is believed that the fracture of a material can be divided into three stages: initial crack formation, crack propagation, and finally material fracture. Figure 12c only shows one crack initiation site on each sample, and Figure 12d shows fatigue streaks that appear in the crack propagation stage of fatigue failure. Moreover, it can be seen that the fatigue fringes produced under high stress amplitude are wider than those produced under low stress amplitude. Finally, as shown in (f), the final fracture area of the sample shows a pitted surface.



Generally, hydrogen permeates the material first, then a suitable stretching method is used. Finally, it is microscopically analyzed to obtain the conclusions.




3.5. Hydrogen Microprint Technique (HMT)


In previous studies on hydrogen embrittlement of high-strength steels, in order to find out the path through which hydrogen can diffuse in the metal, the hydrogen microprint technique (HMT) is often used. If these paths are clear, then the specific microstructure of the path can be identified. At the same time, the influence of hydrogen must be known. This technique is very simple and unique, with higher accuracy and high resolution [36].



During this process, the surface of the hydrogen charging material is covered with a thin layer of AgBr gel. When hydrogen flows out of the metal, it reacts with the silver salt. After the reaction, metallic form of silver ion has created and leaves a track where hydrogen contact happened. Silver particles are present at this location and excess unreacted gel takes off from this location. The SEM inspected the sample during the inspection of the exit of hydrogen, where the silver was present [61,62,63].



However, this technique was mostly applied to the different steels such as in low carbon steel, high strength steel and austenitic stainless steel, its use on aluminum alloy still needs further improvement.




3.6. In-Situ SP Test Method


To evaluate HE behaviors in an external H2 condition, an in-situ SP test method using small-sized specimens under high-pressure H2 environments was established. In this method, one side of the specimen is exposed directly to high-pressure H2. This simple test method is known for its advantages: it requires a small amount of H2 (less than 50 cc), the test environment (temperature and pressure) is simple to set, and the impact of the punch speed is easy to obtain. By comparing RRT with the relative reduced area (RRA) obtained using SSRT, the in-situ SP test was first used to determine the HE behavior of austenitic stainless steel at various test temperatures [64]. Therefore, when applying the in-situ SP test method to various structural steels, it is necessary to accumulate sufficient data to ensure the applicability of these candidate materials for use with H2.





4. Prevention of Hydrogen Embrittlement


In order to guarantee safety, selection of the suitable prevention techniques becomes important. The prevention methods proposed by scholars in the past can be divided into two ideas. One is to block hydrogen from the material, that means using inhibition of film formation on aluminum alloy surface or coating methods. The other is to treat the material to make it more resistant to HE, including heat treatment methods and refining grain methods.



4.1. Inhibition of Film Formation on Aluminum Alloy Surface


4.1.1. Film Forming Method in an Alkaline Environment


Studies have pointed out that aluminum alloys in any water-containing environment (including humid air) have a tendency to form oxide or hydroxide surface films on the surface of the material [45,65]. According to this characteristic of aluminum alloy, Dey et al. [45] studied the possibility of surface film in 7075 aluminum alloy interfering with HE, hoping to enhance the resistance of aluminum alloy to H by this method. They conducted slow strain rate tests on this type of aluminum alloy in NaOH solution and NaCl solution. The NaOH-treated material shows a better effect of preventing HE during the subsequent hydrogen charging process. In contrast, due to the low OH− content in NaCl, the effectiveness of NaCl-treated materials is not so significant. The research also found that the formed film is an oxide (or hydroxide) rich in Zn and Mg.



It can also be seen from the research results that when processing materials, making them form a surface film in an alkaline environment, or when aluminum alloy products work in an alkaline environment, can obtain better protection. In addition, the 7175 aluminum alloy and 7075 aluminum alloy mentioned above have similarities in composition. It can also be speculated that the 7175 aluminum alloy can also undergo a similar treatment to achieve a certain degree of anti-HE effect, but this conclusion has yet to be proved by experiments.




4.1.2. Acid Radical Suppression


Dichromate has strong adsorption and oxidizing properties for materials. At the same time, considering that the aluminum oxide film also has a certain effect of suppressing HE, based on this feature, Rocca et al. [66]. conducted SEM observations on aluminum alloy materials treated with several acid radical solutions. Studies have shown that in treated materials, acid radicals can stimulate the repair of defect areas of the surface film and oxidize active parts, resulting in the formation of a stable corrosion-resistant barrier film. In addition, the inhibitory ability of Cr2O72− and MoO42− is also compared, as shown in the SEM scan. It is obviously to see that the surface of the alloy treated in the Cr2O72− containing solution is smooth, without defect areas or pits. While the material treated at the same time in the MoO42− containing solution at the same pH still has some defect areas. The surface of the sample is shown in Figure 13.



The research results also pointed out that the passivation film formed by the dichromate-treated material significantly improved the efficiency of suppressing HE due to the content of Cr(0) and Cr(Ⅲ).




4.1.3. Sodium Silicate Solution Inhibition Method


When studying hydrogen storage bottles, some scholars found that gas tungsten arc welding (GTAW) welding joints between the bottle cap made of 7075 aluminum alloy (Al-Zn-Mg) and the bottle body will also cause serious problems such as the phenomenon of HE. Considering that it is caused by the penetration of hydrogen that gets into the microcracks, they proposed coating the surface of the welding zone with sodium silicate solution to deal with HE and focus on the depth of hydrogen penetration, as shown in Figure 14.





4.2. Coatings


4.2.1. Cadmium and Nickel Coatings


In the production process of hydrogen storage tanks, there is a film coated on the liner to improve its performance, which shows that it is a good idea to suppress HE from the inner layer. Hillier worked on the alloying of zinc and nickel and found that the hydrogen penetration in steel can be reduced by applying the following methods. It is found that the nickel deposited on the material first forms a layer of nickel on the material and acts as a hydrogen barrier [67]. The diffusion coefficient of hydrogen in nickel is very low, only 1.2 × 10−10 m2 s−1. In the material, whether hydrogen can pass through the coating depends on the diffusion rate of hydrogen in the coating. In addition, in some cases, the absorbed hydrogen atoms will combine to form a molecule before entering a location, and inside the coating, they escape and form bubbles. Cadmium is responsible for recombination of hydrogen in a coating and reducing the entry of hydrogen coating [66,67]. The diffusion coefficient of hydrogen in various elements is shown in Table 1 [66,68].




4.2.2. Other Metal Coatings


The use of coated metal to prevent HE is more common. When some materials (such as Pt, Cu, and Ni) are used as a protective layer, they introduce a thin layer above the surface of the aluminum alloy material, which can reduce the penetration of hydrogen in the aluminum alloy. Gold, tin and certain tin-lead alloy coatings are also very effective and can act as a barrier to hydrogen penetration [69].




4.2.3. Metal Oxide for Coating


In the past, people mostly used pure metal as a plating method to block the diffusion of hydrogen atoms. However, due to the difficulty of solving many problems related to hydrogen, the research on the problem of hydrogen permeation barrier has been stagnant. In order to effectively reduce the risk of HE, previous studies on the problem of hydrogen permeation barrier were summarized [70]. It also found that aluminum oxide film has a good effect as a hydrogen permeation barrier due to its compact nature. People have also made certain optimizations for the deposition technology of aluminum oxide film. Considering the working environment of many aluminum alloy, the author believes that relying solely on chromium oxide as a barrier is not feasible.




4.2.4. Nitride as Coating


Because of the wide application of nitrides as hard coatings and decorative films, the density and uniformity shown during filling are thought to be a new effective hydrogen permeation barrier. When Checchetto [71] studied BN, its performance as a hydrogen permeation barrier on the surface of stainless steel was excellent. Melendez et al. [68] studied TiN and found that coating a 1 µm thick TiN film on a stainless steel sample with a thickness of 0.35 mm has much better performance. In addition, Bazzanella et al. [72] studied the role of aluminum in TiN coatings and found that aluminum easily forms compounds with O, thereby preventing Ti oxidation. Furthermore, TiAlN is considered to be a new and effective hydrogen permeation barrier, and its performance is even higher than that of TiN films.



It is not difficult to see how to ensure that another element does not fail due to oxidation or other factors when using nitride as a coating protection is an issue worthy of attention. Moreover, although many scholars are studying HE with high-strength steel, and the object of the proposed solution is also high-strength steel, the method of coating protection is theoretically applicable to aluminum alloys, but it still needs experimental verification.





4.3. Heat Treatment of Materials


Wu et al. [68] studied the HE sensitivity of GCr15 bearing steel under two heat treatment methods: quenching and tempering (QT) and pre-quenching and austenite tempering (PQA). The results show that the PQA-treated samples have higher mechanical stability. The indentation test and hydrogen bubble experiment show that the PQA-treated samples are less sensitive to hydrogen. Moreover, the hydrogen penetration test also showed significant differences in the diffusion coefficient and the number of hydrogen capture sites between QT and PQA specimens [73].



From the perspective of heat treatment, Song et al. [41] studied the aluminum alloy and found that 7175 aluminum alloy has two peak aging states when aging at 413–443 K, as shown in Figure 15.



The strength of the second peak aging state is slightly higher than the first peak aging state aged at 413 K, and it has better resistance to HE of the material. This phenomenon also shows that its potential practical application is that 7175 aluminum alloy can be heat treated to high strength, while making it have high HE resistance. At the same time, after in-depth research, it is found that heat treatment can change the size and distribution of the precipitated phases in the grain and the grain boundary, and can inhibit HE, thereby improving the mechanical properties and HE resistance of the alloy [74].




4.4. Grain Refining


Relevant experiments have shown that vibrating the sample will reduce the size of the crystallized crystals. In addition, the size of the crystal grains will significantly affect the HE of the material. As the crystal grain size decreases, the HE sensitivity of the material decreases [18,75,76,77]. As the annealing temperature increased from 1073 to 1373 K, the average grain size increased from 6.4 to 79.8 μm [78]. The schematic diagram is shown in Figure 16.



On this basis, Park et al. [78] carried out tensile experiments on hydrogen-charged samples. SEM is also used to observe the fracture surfaces of hydrogen-free and hydrogen-charged samples, as shown in Figure 17. Regardless of the grain size, all specimens without hydrogen exhibited ductile fracture surfaces with well-developed pits. The hydrogen samples showed different fracture surfaces according to the grain size. When the grain size is less than about 20 μm, ductile fracture surfaces are observed even at the edge of the tensile specimen (Figure 17a,b). However, when the grain size is greater than about 20 μm, only the central part of the sample shows a ductile fractured surface, while the edge part shows a quasi-cracked and intergranular fractured surface (Figure 17c–e).



The study also found that hydrogen atoms are more active in coarse grains and proposed that grain refinement can inhibit the transition from ductility to brittleness of steel, thereby suppressing HE. In order to further explore the influence of crystal grains on hydrogen diffusion coefficient, some scholars have established a finite element model for simulation. The final simulation results show that grain refinement can indeed significantly reduce the hydrogen diffusion coefficient of the sample [78].





5. Discussion


By sorting out the mechanisms, the authors believe that the mechanism of HE can be mainly proposed based on three aspects: hydrogen reduces the bonding force between atoms, hydrogen-induced local deformation of materials and hydrogen pressure. However, the above three theories also have unique features. For example, the hydrogen- enhanced decohesion mechanism (HEDE) states that hydrogen reduces the force between atoms, which in turn causes cracks to develop and eventually cause HE [79]. The hydrogen-enhanced local plasticity model (HELP) states alloys are prone to dislocations and that these dislocations easily trap hydrogen. Some scholars have proposed the use of heat treatment to treat materials and improve performance, which are also introduced below. It is worth mentioning that the synergistic action between the hydrogen-enhanced plasticity (HELP) and hydrogen-enhanced decohesion (HEDE) in steel has been the subject of extensive research, which means that the HE of aluminum alloys may also be the result of a combination of multiple mechanisms. In general, in terms of HE mechanisms, it has been accepted by most scholars that HELP is the main factor [80] that the coexistence of multiple other factors, may lead to HE.



In fact, the sources of hydrogen atoms may be various, such as welding, pickling, the working environment, etc. Identifying the source of hydrogen atoms plays a key role in determining the hydrogen embrittlement mechanisms and prevention measures for hydrogen storage tanks. For the vehicle-mounted hydrogen storage tanks made by aluminum alloy which are filled with liquid hydrogen, its internal pressure is mostly 35 MPa or 70 MPa, the hydrogen pressure theory may be the main reason for its failure.



The entire experimental detection procedure for HE is expounded systematically. Although the hydrogen permeation method and corrosion simulation program used in previous experiments to process materials are more practical, they are still different from the working environment of most aluminum alloys. Therefore, the experimental results may be slightly different from the actual phenomenon, which remains to be a more reasonable experimental method is proposed. For example, there is still a lack of simulation experiments for the environment of hydrogen storage bottles with high pressure, airtight, and liquid hydrogen.



Especially, in terms of experimental methods, there are clear standards for sample pretreatment and size cutting, so there will be no major changes. However, in the observation of the sample after the test, transmission electron microscopy (TEM) is the most effective and widely adopted technique. Compared with the shortcomings of SEM magnification and low resolution, TEM can achieve the effect of magnifying millions of times and working with nanometer resolution. The authors believe that this will be more widely used in future work.



For example, in the electrochemical cathode hydrogen permeation method, the electrolyte solution contains many components, which may also have a certain impact on the HE of aluminum alloys. Therefore, when the experimental method involves a solution, especially when it contains many ionic components, the possible effect of the ion composition on aluminum alloy materials should be considered. If the experimental method involves contact with air, the effect of oxygen in the air on the aluminum alloy should also be considered.



From the summary of the predecessor works, the focus of this work is to find effective ways to alleviate hydrogen embrittlement. Although some preventive measures are proposed for high-strength steel, they also have certain a reference significance for the prevention of HE in aluminum alloy materials. Moreover, the starting point for most of the prevention measures is still based on coating the metal. Obviously, this method also depends on the selection of more suitable coating materials and the application of better coating technology. Someone in the authors’ unit once wanted to spray aluminum particles onto the surface of high-strength steel by cold spraying technology, and achieved good results [81]. Although on the one hand it illustrates the feasibility and reliability of the coating idea, it does not mean that the aluminum alloy is on the surface. When dealing with HE, similar measures cannot be taken.



The previous article mentioned the use of grain refinement to suppress HE, but how to effectively refine the grains is still a problem worthy of discussion. Lu [82] pointed out in his research that although the material processed by grain refinement has high strength and hardness, the plasticity and toughness are also significantly reduced. Therefore, he proposed to overcome the problem by multi-level construction of nanomaterials, the above performance shortcomings and give play to the advantages of materials. Also for aluminum alloy materials, this approach can be used to construct multi-level nanomaterials, which not only have excellent performance, but also have a good effect in preventing HE.



Considering that the specific working environment of the hydrogen storage tank is filled with liquid hydrogen, the acid radical suppression method and the alkaline environment film forming method may not be available. As for the heat treatment method, plating and coating prevention method are good ideas. In actual applications, the use of heat treatments to treat the material of the hydrogen storage bottle to a certain extent, and then integrate the plating and coating methods to further optimize the inner tank can be considered too.



In the future, people should pay more attention to the development of the higher strength and more corrosion-resistant aluminum alloys. In order to reduce the need forwelding and avoid hydrogen embrittlement at the joints, some advanced integral forming technologies, such as soft mold forming, hydroforming or electromagnetic forming can be applied. Some new coating and surface treatment technologies should be developed to realize the isolation of hydrogen and aluminum alloy. Finally, it is essential to develop more accurate non-destructive testing technology for the detection of hydrogen embrittlement.




6. Conclusions


Hydrogen embrittlement (HE) is a severe type of failure that affects aluminum alloys. Serious HE of hydrogen tanks represents a huge danger to the safety of vehicles and passengers. The analysis, including the derivative mechanisms, detection technologies and prevention measures of HE for aluminum alloy are summarized. Moreover, the research ideas for further exploration are provided. Better understanding of the various mechanisms, detection and prevention in aluminum alloy are beneficial for the development of safer hydrogen vehicles and other transportation equipment. The following conclusions can be drawn:




	(1)

	
The HE mechanisms of aluminum alloy mainly include the hydrogen enhanced local plasticity model (HELP), the hydrogen enhanced decohesion mechanism (HEDE) and the hydrogen pressure theory. The HELP is widely accepted. This theory holds that through stress-induced diffusion, hydrogen atoms are concentrated to the crack tip, leading to fracture of materials.




	(2)

	
The HE detection methods mainly includes slow strain rate test (SSRT), linearly increasing stress test (LIST) and tools to measure hydrogen content (TDS). Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are also used for microstructure analysis. Among the methods to conduct the tensile experiments, LIST has the advantages of simple operation and easy process.




	(3)

	
The HE prevention methods mainly involve surface film formation suppression methods, coating prevention methods, heat treatment methods and grain refining methods. Among these, the sodium silicate solution inhibition method effectively prevents hydrogen from penetrating into microscopic cracks during the production of the hydrogen storage tanks. It is also believed that further prevention measures will be developed based on the integration of multiple prevention methods.
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Figure 1. Main steps and milestones in the development of hydrogen vehicles [9]. 
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Figure 2. Locations where microcracks exist [22]. 
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Figure 3. Working principle of a kind of hydrogen storage bottle: (A) H2 → hydrogen bottle→fuel cell, (B) Fuel cell anode: Pt-H2 → 2H+ [22]. 
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Figure 4. Aluminum alloy sample after hydrogen charging observed by synchrotron microtomography (the dark objects are different types of micro damage, the bright objects in the slices are intermetallic particles, the gray object is alloy matrix) [31]. 
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Figure 5. The hydrolysis of aluminum ions [41]. 
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Figure 6. Fracture surfaces of the 7175 alloy aged at 413 K for different times, tested in the 3.5% NaCl solution: (a) 6 h; (b) 16 h; (c) 98 h and (d) 200 h [43]. 
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Figure 7. The shape of a sample which will be tested after being prepared [47]. 
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Figure 8. Location (a) and dimensions (b) of the aluminum alloy tensile specimen [48]. 
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Figure 9. Fractographs of samples tested in 0.01 M NaOH with hydrogenation at a strain rate of 10−4 s−1: Ic = 1 mA/cm2 for (a–c) and Ic = 5 mA/cm2 for (d–f), which is shotted by SEM [45]. 
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Figure 10. The fracture surface of a sample tested in laboratory air: (a) Low magnification fractgraph; (b) High magnification fractgraph shows ductile failures with a profusion of dimples and the precipitates/inclusions are observed inside the dimples [45]. 
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Figure 11. 3D visualization of the volume scanned using microtomography showing the internal segmented volume of the various datasets containing particles (aqua), pores/voids (red) and cracks (yellow). The datasets are (a) (Uncharged) (b) (Charged) (c) (Desorped) (d) (Deformed extracted from centre region) (e) (Deformed and extracted from surface region). The Z-axis represents the direction of extrusion [31]. 
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Figure 12. It shows SEM and 3D laser measurement images of fractures that occurred under high-stress and low stress amplitudes (low and higher number of cycles): (a) confirms that the specimens tested without the solution; The ratio of stage II and stage III area in (b) are approximately 1:1; (c) shows only one crack initiation site on each specimen; (d) shows the fatigue striations which appear in stage II of the fatigue failure; The final fracture areas of each specimen are shown in (e,f) [60]. 
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Figure 13. (a) is Cr2O72− treatment and (b) is MoO42− treatment [66]. 
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Figure 14. The location of the deepest penetration [22]. 
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Figure 15. Two peaks of 7175 aluminum alloy aging at 413–443 K [43]. 
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Figure 16. Optical micrographs of Fe–18Mn–0.6C TWIP steels annealed for 10 min at (a) 1073 K, (b) 1173 K, (c) 1273 K, (d) 1323 K and (e) 1373 K and the (f) shows the X-ray diffraction (XRD) patterns of the annealed specimens [78]. 
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Figure 17. Fractographs taken at the edge parts of fractured hydrogen-charged tensile specimens with grain sizes of (a) 6.4 μm, (b) 16.5 μm, (c) 30.4 μm, (d) 53.1 μm and (e) 79.8 μm [78]. 
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Table 1. The diffusion coefficient of hydrogen in various elements [66,68].
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	Metal
	Diffusion Coefficient
	Temperature





	Vanadium
	2.9 × 10−8
	500



	Titanium
	7.5 × 10−9
	500



	Nickel
	1.2 × 10−10
	500



	Steel (ferrite)
	3 × 10−11
	500



	Steel (austenite)
	0.9–1.2 × 10−10
	500



	Molybdenum
	1.2 × 10−11
	500



	Tungsten
	4.3 × 10−15
	500
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