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Abstract

:

Liquid hydrogen is the main fuel of large-scale low-temperature heavy-duty rockets, and has become the key direction of energy development in China in recent years. As an important application carrier in the large-scale storage and transportation of liquid hydrogen, liquid hydrogen cryogenic storage and transportation containers are the key equipment related to the national defense security of China’s aerospace and energy fields. Due to the low temperature of liquid hydrogen (20 K), special requirements have been put forward for the selection of materials for storage and transportation containers including the adaptability of materials in a liquid hydrogen environment, hydrogen embrittlement characteristics, mechanical properties, and thermophysical properties of liquid hydrogen temperature, which can all affect the safe and reliable design of storage and transportation containers. Therefore, it is of great practical significance to systematically master the types and properties of cryogenic materials for the development of liquid hydrogen storage and transportation containers. With the wide application of liquid hydrogen in different occasions, the requirements for storage and transportation container materials are not the same. In this paper, the types and applications of cryogenic materials commonly used in liquid hydrogen storage and transportation containers are reviewed. The effects of low-temperature on the mechanical properties of different materials are introduced. The research progress of cryogenic materials and low-temperature performance data of materials is introduced. The shortcomings in the research and application of cryogenic materials for liquid hydrogen storage and transportation containers are summarized to provide guidance for the future development of container materials. Among them, stainless steel is the most widely used cryogenic material for liquid hydrogen storage and transportation vessel, but different grades of stainless steel also have different applications, which usually need to be comprehensively considered in combination with its low temperature performance, corrosion resistance, welding performance, and other aspects. However, with the increasing demand for space liquid hydrogen storage and transportation, the research on high specific strength cryogenic materials such as aluminum alloy, titanium alloy, or composite materials is also developing. Aluminum alloy liquid hydrogen storage and transportation containers are widely used in the space field, while composite materials have significant advantages in being lightweight. Hydrogen permeation is the key bottleneck of composite storage and transportation containers. At present, there are still many technical problems that have not been solved.
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1. Introduction


Liquid hydrogen is the main fuel for low-temperature rockets, especially large-scale low-temperature heavy-duty rockets such as the cz-7 series, cz-5 series in service, cz-8, and the new generation of manned rockets in future planning that need to use liquid hydrogen as a propellant. With the development of deep space exploration, manned lunar landings, space station missions, Beidou networking, Internet satellite systems, and other missions, the scale of its use shows a strongly growing demand. In addition, liquid hydrogen also has a wide range of civil and industrial applications, which is an important direction of new energy technology development. In particular, in the energy law of the people’s Republic of China (Draft) issued by the National Energy Administration on 10 April 2020, hydrogen energy is listed as energy, which is the first time that China has legally confirmed that hydrogen energy belongs to energy [1]. The importance of liquid hydrogen as a clean energy shared by the military and civilians can be seen.



In the liquid hydrogen industry, there are dozens of liquid hydrogen plants worldwide, with a total liquid hydrogen capacity of 470 tons/day. North America accounts for more than 85% of the total global liquid hydrogen capacity. There are more than 15 liquid hydrogen plants in the United States, with a liquid hydrogen production capacity of more than 326 tons/day, ranking first in the world. Four liquid hydrogen plants in Europe have a liquid hydrogen capacity of 24 tons/day. There are 16 liquid hydrogen plants in Asia, with a total capacity of 38.3 tons/day, of which Japan accounts for two-thirds of the capacity in Asia. The only liquid hydrogen plants in use in China are Wenchang in Hainan, 101 Institute in Beijing, and Xichang Base, all serving for space rocket launches, with low production capacity and high cost, which directly restricts the application of liquid hydrogen in the high-end manufacturing, metallurgy, electronics, and energy industries [2]. Therefore, liquid hydrogen and the hydrogen energy industry have become the key direction of energy development in China.



As an important carrier of large-scale storage and transportation of liquid hydrogen, the cryogenic storage and transportation vessel of liquid hydrogen is the key equipment in the field of space and energy. The design and manufacture of liquid hydrogen storage and transportation vessels are supported by the scientific use of low temperature materials. It is an important guarantee for the safe, reliable, and long-term operation of the cryogenic propellant storage and transportation vessel to systematically and thoroughly grasp the comprehensive properties of the cryogenic materials of the storage and transportation containers. In the United States, Europe, Japan, and other countries, liquid hydrogen and other low temperature propellant storage and transportation containers have been widely used in space propulsion systems, civil energy, chemical, and other fields, who have accumulated a rich experience in material performance research and high efficiency and safe use of liquid hydrogen storage and transportation containers. They mastered the system of the low temperature material performance test method, and formed a perfect design, standard selection system, and specification.



In China, the design and development of cryogenic propellants, especially liquid hydrogen storage and transportation containers as well as the mechanical properties and selection standards of related materials have only been preliminarily studied in the aerospace field. However, the civil field is basically blank, the development of related technologies is relatively limited, and the relevant standard system is not perfect. In the past, the performance requirements of metal materials were only regulated to 77 K in the relevant standards of pressure vessels and metal materials in China, but there were no clear regulations on the performance parameters and design selection requirements of metal materials at the liquid hydrogen temperature. Generally, the material properties at 77 K are selected and determined, but there is a lack of data support. In recent years, the research on the properties of low-temperature metal materials has become an important direction of materials science. Scholars from all over the world have done significant work in this field. According to the published data, the Soviet Union studied this aspect earlier and involved many kinds of materials including nickel manganese steel, titanium alloy, aluminum alloy, and copper alloy, while the United States studied it later. However, later, with the continuous development of American space technology, they established a perfect material database for low-temperature materials, and the key data in the database were not released to the public. For example, the low-temperature material properties published by the National Institute of Standards and Technology (NIST) include the specific heat capacity, coefficient of linear expansion, Young’s modulus, and thermal conductivity of aluminum alloy, stainless steel, titanium alloy, and other materials. It can be seen that the main properties are thee physical parameters, but there is no relevant report on the low-temperature mechanical properties of different brands of materials.



With the continuous improvement in the independent and controllable requirements of China’s aerospace equipment, more and more attention has been paid to this aspect. However, the series and standards of low-temperature metal materials have not been established, and detailed data support is lacking. For example, the low-temperature design temperature of steel vessels in China’s pressure vessel industry (GB150-2011) has been extended from 77 to 20 K, and the minimum design temperature of aluminum vessels has reached 4.2 K. Although the design temperature has been lowered to the liquid hydrogen temperature zone in the standard specification, the material strength and strength of pressure vessels in low-temperature environments have been improved. The lack of basic mechanical property data such as plasticity and impact toughness restricts the domestic independent production of cryogenic propellant storage and transportation container equipment to a great extent. In order to fully grasp the development status of liquid hydrogen storage and transportation container materials, the research status of cryogenic materials for liquid hydrogen storage and transportation containers was systematically reviewed in this paper including material category and low-temperature mechanical properties.




2. Stainless Steel


2.1. Types of Stainless Steel Materials for Cryogenic Application


Austenite stainless steel has good low temperature performance, which is the first choice of materials for low temperature working conditions and is also the most widely used material for liquid hydrogen storage and transportation vessels. As early as 1955, the United States first tried to use liquid hydrogen as aviation fuel and developed two stainless steel liquid hydrogen tanks on the wing tip [3]. Austenite in stainless steel belongs to face centered cubic structure crystal, which has superior plastic deformation ability. By adding a higher content of Ni and Cr in the alloy, the austenite has higher stability at low temperature. Therefore, with the decrease in temperature, the strength of austenitic stainless steel can be improved while maintaining superior plasticity and low temperature impact resistance. The composition elements of different grades of stainless steel are different, as shown in Table 1, which determines their macro properties and applications. Although the liquid hydrogen storage tank is mainly made of stainless steel, there is a lack of theoretical or standard guidance on what grade of stainless steel to choose for different applications and the comprehensive performance evaluation of stainless steel in the liquid hydrogen temperature zone. Austenitic stainless steel can be divided into Cr–Ni–Mn (200 series) and Cr–Ni (300 series) according to its chemical composition. Because of its superior comprehensive performance [4,5], the 300 series is widely used in low temperature liquid storage and transportation containers, among which 304, 304L, 316, 316L, 321, 347, and so on are used. The difference in alloy elements of different grades of stainless steel also directly affects the final performance and application of materials. For example, 316L stainless steel has an added Mo element, which greatly improves the resistance of stainless steel to chloride ion corrosion. It is suitable for marine environments with high salt spray concentration. In comparison, 321 stainless steel has an added Ti element, which improves the resistance to intergranular corrosion and high temperature strength, therefore making it suitable for an environment with high requirements of corrosion resistance and heat resistance. In light of the specific application, the best material selection should be determined by considering the mechanical properties, corrosion resistance, welding performance, and cost of the materials. Additionally, 304 stainless steel was used in the 100 m3 liquid hydrogen tank for the domestic ”50 project” hydrogen oxygen engine test run, while 321 stainless steel was used in the 300 m3 liquid hydrogen transport tank car at the Hainan large launch site. With the increasing demand for liquid hydrogen storage and transportation for low-temperature materials, it is necessary to carry out systematic comprehensive research on stainless steel materials for liquid hydrogen storage and transportation vessels, fully grasp the performance characteristics of different types and brands of stainless steel, and on this basis, formulate the material selection standards of stainless steel materials that meet the requirements of low temperature storage and transportation containers of liquid hydrogen.




2.2. Hydrogen Embrittlement of Austenitic Stainless Steel


Hydrogen embrittlement refers to the phenomenon of material crack initiation and fracture caused by the diffusion of hydrogen molecules into the material. Due to the serious damage of hydrogen embrittlement to the structure, especially in a hydrogen environment, it needs special attention [6]. When the material is loaded in the smelting process or in the hydrogen environment, hydrogen molecules will gather at the internal stress concentration of the material, resulting in crack initiation, propagation, and fracture [7,8]. The theoretical mechanism of hydrogen embrittlement mainly includes hydride theory, hydrogen induced weak bond theory, and hydrogen induced local plastic deformation theory [9,10]. In austenitic stainless steel, because it is difficult for Fe and H atoms to form hydrides, the hydrogen embrittlement mechanism is mainly based on the theory of hydrogen induced local plastic deformation. For austenitic stainless steel, the stability of austenite at low temperature ensures its high hydrogen embrittlement resistance, which is one of the main reasons why austenitic stainless steel can be used in a liquid hydrogen environment. However, the stability of austenite phase has a great influence on hydrogen embrittlement resistance. For example, metastable 304 austenitic stainless steel has a lower hydrogen embrittlement resistance than 310 and 316 austenitic stainless steel with better phase stability [11]. In addition, long-term service in a liquid hydrogen environment or stress in a liquid hydrogen environment will also lead to the hydrogen embrittlement of austenitic stainless steel.



The microstructure of stainless steel is comprehensively affected by composition, processing technology, and heat treatment process. Different microstructures and surface states have different hydrogen embrittlement resistance. Lee [12] compared the hydrogen embrittlement characteristics of austenitic stainless steel by additive manufacturing with that of traditional austenitic stainless steel and found that the hydrogen embrittlement resistance of stainless steel by additive manufacturing did not decrease while the strength was improved. Lucas [13] studied the effect of surface roughness on the hydrogen embrittlement characteristics of stainless steel and revealed that the surface martensite transformation induced by cutting was the main cause of hydrogen embrittlement. Compared with 304, 310 stainless steel had higher stability and higher hydrogen embrittlement resistance. Fan [14] studied the effect of grain refinement on hydrogen embrittlement of 304 stainless steel, and the results showed that grain refinement can reduce stress concentration and improve hydrogen embrittlement resistance. In addition, the study showed that austenitic stainless steel with a nano twin structure had high hydrogen embrittlement resistance [15,16]. Therefore, in order to improve the hydrogen embrittlement resistance of austenitic stainless steel as much as possible, it is particularly important to strictly control all aspects of material preparation and forming, maximize the stability of austenite, and reduce stress concentration. In addition, a lot of research work has been carried out from surface coating, cathodic protection, ion implantation, laser shot peening, and other aspects to improve the hydrogen embrittlement corrosion resistance of stainless steel [17,18,19]. With the increasing application of stainless steel in the field of liquid hydrogen storage and transportation, the understanding of hydrogen embrittlement also needs to be deepened. Therefore, it is of great practical significance to study the hydrogen embrittlement characteristics of different brands of austenitic stainless steel materials and different applications [20,21].




2.3. Cryogenic Mechanical Properties of Stainless Steel


Generally, with the decrease in temperature, the elastic modulus, tensile strength, and yield strength of the material increase, and the fatigue strength and endurance limit also increase [22,23]. The impact toughness is closely related to the crystal structure of the material. The face centered cubic crystal has better impact resistance at low temperature, while the body centered cubic crystal has worse impact resistance, The plasticity of materials at low temperature depends on the ductile brittle transition characteristics of materials. For materials without low-temperature brittle transition, the elongation increases with the decrease in temperature [23]. For materials with low-temperature brittle transition, the plasticity decreases sharply at low temperature, and cannot be applied to a low-temperature environment [21]. Cryogenic toughness is the most important evaluation index of cryogenic materials, and the test methods closely related to liquid hydrogen storage and transportation containers are as follows: low temperature impact toughness test (V-notch, German Society for testing and materials (DVM) sample), drop weight test, full thickness test (wide plate test, double tensile test, Esso test), fracture mechanics test (plane strain fracture toughness KIC and crack tip opening displacement cod method). The cryogenic Charpy (V-notch) impact toughness test is the most widely used, and the temperature corresponding to a certain absorption energy Akv or a certain percentage of fracture fiber (i.e., brittle transition temperature) in the impact test is used to evaluate the low temperature toughness of materials. Austenitic stainless steel belongs to a face centered cubic structure, which has high stability at low temperature. With the decrease in temperature, its plasticity and toughness will not decrease significantly.



In the early American Society of Mechanical Engineers (ASME) code, for vessels made of low carbon steel and some low alloy steels, when working below a certain temperature (the temperature is related to the thickness of the material), the Charpy (V-notch) impact test impact energy of the material is required to be no less than 20 J. In the design of liquid hydrogen storage and transportation vessels, it is necessary to pay attention to the low-temperature impact toughness of the material at a temperature of 20 K. According to GB150, when the service temperature of austenitic stainless steel is higher than or equal to −196 °C, the low-temperature impact test can be avoided. However, ASME has more stringent requirements, which stipulates that the carbon content of austenitic stainless steel is lower than 0.1% when it is used above −196 °C. The base metal and heat affected zone can be exempted from the low temperature impact test, but when the carbon content is higher than 0.1%, the service temperature without the low temperature impact test was higher than or equal to −48 °C. According to the Japanese Industrial Standards (JIS) specification for low temperature service of austenitic stainless steel, when the service temperature is lower than −196 °C, a low temperature impact test should be carried out [22]. The requirements of foreign standards for low temperature properties of stainless steel are higher than those of domestic standards, which shows that they pay more attention to low temperature impact toughness. Considering the influence of material type, batch, forming process, and heat treatment process on the microstructure and properties of materials, it is necessary to carry out low-temperature impact toughness testing of the base metal and weld for practical liquid hydrogen storage tank materials, and the performance of welded parts is usually slightly worse than that of the base metal, so the low-temperature (20 K) impact toughness evaluation of weld is particularly critical.



The tensile strength, yield strength, elastic modulus, and plasticity index of materials can be obtained by the tensile test. The electronic universal testing machine can be used to evaluate the low-temperature tensile properties of materials. As the basic data of materials, the tensile property index also plays an important role in the design of low-temperature vessels. The tensile strength and yield strength of stainless steel increase with the decrease in temperature, while the plasticity of stainless steel reduces with the decrease in temperature, as shown in Figure 1. However, the reduction of plasticity is not that severe, which ensures that the ductility can be retained at cryogenic temperature, as shown in Figure 2. Materials with obvious brittle fracture at low temperature cannot be used in a cryogenic environment. The significant decrease in the plasticity at low temperature will induce brittle crack initiation and fracture risk. The plastic deformation ability of materials is closely related to the crystal structure of the materials. There is no brittle fracture for materials with aa face centered cubic structure (austenitic stainless steel, aluminum alloy, etc.). It can be seen from Figure 1 that the fracture toughness of 316 stainless steel increased with the decrease in temperature up to 77 K. It showed a slight reduction at 20 K compared to that at 77 K, but it was still higher than that at room temperature [23]. For the materials with a body centered cubic structure (martensitic steel, etc.), the plasticity decreased with the decrease in temperature, and there was obvious brittle fracture. Materials with a closely packed hexagonal structure (titanium alloy, etc.) were between the above two, but the plasticity at low temperature could also be improved by adjusting the material composition and microstructure [23]. It is very important for the design of storage and transportation containers to obtain the tensile properties of different materials at 20 K temperature. Therefore, it is necessary to carry out systematic and comprehensive testing of ultra-low temperature tensile properties (≤−196 °C).





3. Aluminum Alloy


3.1. Types of Aluminum Alloy for Liquid Hydrogen Storage and Transportation


Aluminum alloy has the same face centered cubic crystal structure as austenitic stainless steel, so it has no obvious ductile brittle transition temperature at low temperature, and also has high impact toughness. In addition, aluminum alloy also has the characteristics of high specific strength, good processability, and low sensitivity to hydrogen embrittlement, so it is widely used in liquid hydrogen containers. Particularly in aerospace propellant tanks, an aluminum alloy is an ideal low temperature material. The aluminum alloys used in low temperature mainly include solution hardening and precipitation hardening (aging hardening). The solution hardening alloys are usually Al–Mg alloys (5000 series) and Al–Mn alloys (3000 series). The precipitation hardening alloys are mainly Al–Cu–Mg alloys (2000 series), Al–Mg–Si alloys (6000 series), and Al–Zn–Mg alloys (7000 Series). The chemical composition of aluminum alloys commonly used in low temperature is shown in Table 2 [24]. As early as 1970, the United States has carried out research on the application of hydrogen fuel in civil aircraft, where the liquid hydrogen storage tank was made of 2219 aluminum alloy, which was respectively arranged in the front and rear of the fuselage [25]. With the development of aeronautics and astronautics, aluminum alloy liquid hydrogen storage tanks have been applied in the field of rocket launching in the United States, in which 2195 aluminum alloys, 2029 aluminum alloys and 2219 aluminum alloys are used. In recent years, the space launch system jointly developed by NASA and Boeing has adopted a liquid hydrogen rocket, and its ultimate goal is to send human beings to Mars. The liquid hydrogen fuel tank is made of 2219 aluminum alloy and welded by friction stir welding [26]. The propellant tank of launch vehicles in China has developed from 5A06 alloys to 2A14 aluminum alloys and 2219 aluminum copper alloys. The 2A14 aluminum alloy has been used as the structural material of tanks thus far and is the main material of mature models in service. Furthermore, the 2219 alloy has also been determined as the structural material of the new generation of launch vehicle tanks in China [27], and the liquid hydrogen storage tank for cz-5 launch vehicle is also made of 2219 aluminum alloy [28]. With the increasing launch capacity of rockets, liquid hydrogen and liquid oxygen rockets are the future development trend, and the demand for aluminum alloy liquid hydrogen storage tanks will also increase in the future.




3.2. Properties of Aluminum Alloy for Liquid Hydrogen Storage and Transportation


The tensile strength and yield strength of aluminum alloy increase with the decrease in temperature, and its yield strength ratio of plasticity and notch is not sensitive. Therefore, aluminum alloys are also the main materials for liquid hydrogen tanks for space rocket launches. Liquid hydrogen tanks are usually produced by sheet metal forming, milling, welding, and other manufacturing technologies, among which welding technology has always been a hot spot in the research of liquid hydrogen tanks. Due to the change of microstructure in the weld and heat affected zone, there are three types of cracks [29,30] in the welding area: crystallization cracks, liquefaction cracks, and storage cracks. According to the manufacturing quality standard of aerospace propellant tanks in China, the welded joint is not allowed to have cracks. The welding process is also accompanied by the generation of residual stress. As the existence of residual stress will reduce the fatigue strength and make it easy to fracture, it is necessary to eliminate the residual stress of the tank after welding [31,32]. In addition, the corrosion resistance and stress corrosion characteristics of the welding parts are also aspects of aluminum alloy tanks that need to be concerned. Many scholars have carried out research on the corrosion resistance of aluminum alloy weldments [33,34,35,36] and proposed some surface treatment methods to improve the corrosion resistance of aluminum alloy weldments [37]. Considering the application of a liquid hydrogen environment, the welding performance of the material is also a key index of material selection in the manufacturing process of low-temperature storage tanks. For example, the elongation segregation of 2A14 aluminum alloy welding joint and serious crack tendency exist [38]. The fusion welding method with concentrated energy density and without filler wire are not suitable for the material. However, at present, the commonly used welding methods in engineering are suitable for 2219 aluminum alloy [39,40]. In addition, the 7xxx aluminum alloy with plastic decline or hydrogen induced brittleness in a liquid hydrogen environment is not suitable for making liquid hydrogen tanks [41,42,43].





4. Titanium Alloy


Titanium alloys have been widely used in the aerospace field due to their advantages of high specific strength, good corrosion resistance, high temperature resistance, low thermal conductivity, and small coefficient of expansion [44]. In addition, titanium alloys have excellent cryogenic performance. With the continuous development of aerospace and deep space exploration, the performance requirements of low temperature materials for aerospace structures are further improved. Titanium alloys are also very suitable for use in the aerospace field as a new low temperature material [44]. In 1981, the Apollo space rocket launched by NASA used titanium and titanium alloys as liquid helium and liquid hydrogen containers and structural pipes [45]. Pure titanium has a closely packed hexagonal structure at room temperature α. When the temperature is above 855 °C, the isomeric transformation will take place and the body centered cubic structure will be formed as the β phase, low temperature β. With the decrease in temperature, the plasticity and toughness of the phase decrease α. Therefore, most of the titanium alloys used at low temperature are pure titanium α titanium alloy or a β two phase titanium alloy with less phase content [46].



At present, low temperature titanium alloys have been initially used in the field of liquid rocket engines, mainly as structural materials such as in hydrogen storage tanks and hydrogen pump impellers of the hydrogen oxygen engine, greatly improving the thrust weight ratio, working life, and reliability of a liquid rocket engine [47]. However, the biggest problem in the application of titanium alloys at low temperature is that its elongation, impact toughness, and fracture toughness decrease with the decrease in temperature [48]. Therefore, scholars have carried out a lot of research in this area. By reducing the content of C, H, O, and other interstitial elements and reducing the content of chlorine, the low temperature performance of titanium alloys can be effectively improved. Russia has been at the leading level in the world in the research and development of low-temperature titanium alloys and has developed a series of low aluminum low-temperature titanium alloys, among which OT4 and BT5-1 are widely used [49]. The United States has mainly focused on the development of low-temperature titanium alloys such as α-Ti alloy TA7 ELI and α + β alloy TC4 ELI. As the main material of liquid hydrogen vessels and liquid hydrogen conduits, TC4 ElI was widely used in the Apollo project and achieved good results [49]. In the field of low-temperature titanium alloy research and development, China started relatively late, and has successively carried out the research and development of Ti-2Al-2.5Zr, Ti-3Al-2.5Zr, CT20, and other low-temperature titanium alloys as well as obtained low-temperature titanium alloys with independent intellectual property rights [50,51,52,53].




5. Cryogenic Composites


With the continuous development of the aerospace field, the demand for lightweight fuel tanks is increasing. Composite materials have higher strength and lower density and have the potential to reduce weight by 25% compared with aluminum alloy tanks [26]. As a cryogenic liquid storage and transportation container, the cryogenic properties of composites have attracted extensive attention, and a large number of literatures have been reviewed in detail in recent years [54,55,56,57,58,59]. The low temperature mechanical properties of composites are affected by resin, fiber, and the interface. In general, with the decrease in temperature, the bonding strength of the polymer molecular chain increases, which makes the Young’s modulus and tensile strength of resin matrix increase. However, with the decrease in temperature, the toughness of the resin matrix decreases. Unlike polymers, the strength of carbon fiber is less affected by temperature. With the decrease in temperature, the strength of a single carbon fiber will decrease, but the effect of this decrease on the overall composite can be ignored compared to the matrix resin or the interface between the fiber and resin. In addition, the mechanical properties of composite materials at low temperature are also related to the structural form, composite process, forming mode, and fiber direction of the composite materials. The fracture mechanism is more complex at low temperature. At present, most of the studies have focused on the low temperature mechanical properties of the resin matrix, but there has been little research on composite systems with fiber reinforced, and there is no reliable evaluation method and fracture criterion for the low-temperature fracture of fiber reinforced composites. This is also the direction where further research is needed for composite materials in the future [60].



In the process of temperature change, the thermal expansion of the composite is the main driving factor affecting its mechanical properties. The difference in the expansion coefficient of fiber and resin leads to different deformation modes and degrees during the cooling process [61]. The deformation modes of different types of microscopes and different directions of the same fiber are also different. This also determines the complexity of the micromechanical coordination mechanism in the process of composite temperature change. The deformation forms of resin, fiber, and composite materials in the cooling process are as follows: the resin shrinks with the decrease in temperature, resulting in compressive stress on the surface, while most carbon fibers expand horizontally and longitudinally with the decrease in temperature, resulting in tensile stress on the surface. With the decrease in temperature, glass fibers and basalt fibers both shrink horizontally and longitudinally, and the surface is subject to compressive stress, while aramid fibers will shrink horizontally and expand longitudinally [62]. Therefore, it is the foundation on which to study the modification of fiber reinforced composites and establish the fracture criterion of composites to deeply understand the expansion characteristics of resin and fiber to be able to establish the correlation mechanism between them and the micro crack initiation of composites.



As a liquid hydrogen storage and transportation container material, NASA has developed the cycom 5320-1/IM7 composite material as an alternative material for liquid hydrogen storage tanks. This material can completely avoid micro cracks caused by hydrogen penetration and can achieve a 30% weight reduction and 20% cost reduction compared with traditional aluminum alloy metal storage tanks [63]. Liquid hydrogen storage tank composite materials are usually laid by carbon fibers and cured by resin. The biggest problem is that hydrogen penetration leads to micro cracks, fracture, leakage, and other serious problems. NASA has developed a barrier membrane lining on the inner wall, which can effectively avoid the problem of hydrogen penetration [64,65]. In China, the research on composite structure began in the 1970s. In recent years, composite materials have been applied in the load-bearing structure of launch vehicles. However, the application of composite materials in liquid hydrogen storage tanks still requires systematic and in-depth research, and there are still many technical breakthroughs in resin materials, the molding process, low-temperature performance of materials, hydrogen permeation, and other aspects.




6. Conclusions


In order to meet the development of the liquid hydrogen industry in the future, the demand for liquid hydrogen storage and transportation containers is increasing. Therefore, it is of great significance to carry out systematic research on cryogenic materials and their cryogenic properties, in order to establish a cryogenic database of relevant materials. Stainless steel has excellent hydrogen brittleness resistance, good low temperature performance, weldability, and corrosion resistance, so it has been widely used in liquid hydrogen storage and transportation, especially in ground liquid hydrogen storage and transportation. However, the low-temperature mechanical properties of materials under specific environmental requirements need to be further improved. For example, the combination of corrosion resistance and low-temperature properties of storage tanks, the comprehensive evaluation of low-temperature mechanical properties, and stress corrosion properties of weldments in salt spray environment need to be considered. Aluminum alloys have been widely used in liquid hydrogen storage tanks for space launches both domestically and internationally. Compared with stainless steel, aluminum alloys have obvious advantages in lightweight, excellent formability, welding performance, and good corrosion resistance. At present, more research has focused on the optimization of an aluminum alloy welding method and low temperature mechanical properties after welding, corrosion resistance, and stress corrosion. Titanium alloys also have some advantages in high strength, lightweight and low temperature performance, but its advantages in forming and welding performance are not obvious, and the cost is relatively high, so its application is relatively less. In the field of space launch or space on orbit, lightweight storage and transportation containers are the future development trend, and composite materials are the most potential alternative material for liquid hydrogen storage and transportation containers. However, the basic theory, process, and low-temperature performance mechanism of composite materials are not mature enough, which also becomes the research direction that needs to be strengthened in the future. Generally speaking, the future research and development of liquid hydrogen storage and transportation container materials mainly include the following directions: (1) the establishment of a database of mechanical properties in conventional low-temperature materials (stainless steel, titanium alloy, aluminum alloy) in the liquid hydrogen temperature range; (2) development of new low temperature materials with high performance and low cost; and (3) research on the basic theory and technology of fiber reinforced composites.
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Figure 1. Cryogenic properties of 18Cr–8Ni stainless steel at different temperatures. 
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Figure 2. Cryogenic fracture toughness of 316 stainless steel at different temperatures. 
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Table 1. Chemical composition of austenite stainless steel commonly used in cryogenic temperature [4,5].
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Alloy Grade

	
Chemical Composition, %




	
C

	
Mn

	
Si

	
Cr

	
Ni

	
P

	
S

	
Other






	
201

	
0.15

	
5.5–7.5

	
1.00

	
16.0–18.0

	
3.5–5.5

	
0.06

	
0.03

	
0.25N




	
202

	
0.15

	
7.5–10.0

	
1.00

	
17.0–19.0

	
4.0–6.0

	
0.06

	
0.03

	
0.25N




	
205

	
0.12–0.25

	
14.0–15.5

	
1.00

	
16.5–18.0

	
1.0–1.75

	
0.06

	
0.03

	
0.32–0.40N




	
301

	
0.15

	
2.0

	
1.00

	
16.0–18.0

	
6.0–8.0

	
0.045

	
0.03

	




	
302

	
0.15

	
2.0

	
1.00

	
17.0–19.0

	
8.0–10.0

	
0.045

	
0.03

	




	
303

	
0.15

	
2.0

	
1.00

	
17.0–19.0

	
8.0–10.0

	
0.20

	
0.15

	
0.6Mo(b)




	
304

	
0.08

	
2.0

	
1.00

	
18.0–20.0

	
8.0–10.5

	
0.045

	
0.03

	




	
304L

	
0.03

	
2.0

	
1.00

	
18.0–20.0

	
8.0–10.5

	
0.045

	
0.03

	




	
304N

	
0.08

	
2.0

	
1.00

	
18.0–20.0

	
8.0–10.5

	
0.045

	
0.03

	
0.10–0.16N




	
316

	
0.08

	
2.0

	
1.00

	
16.0–18.0

	
10.0–14.0

	
0.045

	
0.03

	
2.0–3.0Mo




	
316L

	
0.03

	
2.0

	
1.00

	
16.0–18.0

	
10.0–14.0

	
0.045

	
0.03

	
2.0–3.0Mo




	
310

	
0.25

	
2.0

	
1.50

	
24.0–26.0

	
19.0–22.0

	
0.045

	
0.03

	




	
321

	
0.08

	
2.0

	
1.00

	
17.0–19.0

	
9.0–12.0

	
0.045

	
0.03

	
5 × %CminTi
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Table 2. Chemical composition of aluminum alloys commonly used in cryogenic temperatures [24].
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Alloy

	
Chemical Composition, %




	
Si

	
Fe

	
Cu

	
Mn

	
Mg

	
Zn

	
Cr

	
Ti






	
1100

	
0.95(Si + Fe)

	
0.05–0.4

	
0.05

	

	

	

	




	
2219

	
0.2

	
0.3

	
5.8–6.8

	
0.2–0.4

	
0.02

	
0.10

	

	
0.02–0.10




	
2014

	
0.5–1.2

	
0.7

	
3.9–5.0

	
0.4–1.2

	
0.2–0.8

	
0.25

	

	
0.15




	
3003

	
0.6

	
0.7

	
0.05–0.20

	
1.0–1.5

	

	
0.10

	

	




	
3004

	
0.3

	
0.7

	
0.25

	
1.0–1.5

	
0.8–1.3

	
0.25

	

	




	
5083

	
0.4

	
0.4

	
0.1

	
0.4–1.0

	
4.0–4.9

	
0.25

	
0.05–0.25

	
0.15




	
5086

	
0.4

	
0.5

	
0.1

	
0.2–0.7

	
3.5–4.5

	
0.25

	
0.05–0.25

	
0.15




	
5454

	
0.25

	
0.4

	
0.1

	
0.5–1.0

	
2.4–3.0

	
0.25

	
0.05–0.20

	
0.20




	
5456

	
0.25

	
0.4

	
0.1

	
0.5–1.0

	
4.7–5.5

	
0.25

	
0.05–0.20

	
0.20




	
6061

	
0.4–0.8

	
0.7

	
0.15–0.4

	
0.15

	
0.8–1.2

	
0.25

	
0.04–0.35

	
0.15




	
7005

	
0.35

	
0.40

	
0.1

	
0.2-0.7

	
1.0–1.8

	
4.5–5.0

	
0.06–0.20

	
0.01–0.06
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