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1.1 Background and Needs

As the marine transportation industry is rapidly growing due to the increase of the world seaborne 

trade, there are increasing interests in the international community about the greenhouse gases 

(GHG) and air pollutants generated from ships. The International Maritime Organization (IMO), which 

supervises the international maritime safety and the marine environmental protection, is strengthening 

the regulations for limiting the emission of various air pollutants, as a part of the efforts to protect the 

marine environment. In particular, to reduce the SOx, the air pollutants generated from ships, the IMO 

has introduced since 2020 the Global Sulfur Cap 2020 to limit the sulfur content in the fuel oils below 

0.5% (m/m) for all the ships engaged in the international sailing. As one of the methods for 

responding to the regulation, the number of LNG-fueled ship is increasing, because LNG generates 

less GHG and air pollutant emissions, compared to the conventional fossil fuels.

In addition, recognizing the seriousness of climate change due to the global warming, represented 

by the continued rise of the sea level and the increase of the earth’s average temperature, the 

international community has continuously strengthened the regulations on GHGs. For example, the 

Paris Agreement was adopted in 2015 to take efforts to keep the rise in mean global temperature 

to well below 2℃ above pre-industrial levels, and preferably limit the increase to 1.5℃. In harmony 

with the Paris Agreement, the IMO adopted the Initial IMO GHG Strategy for reducing GHG emission 

from ships at the 72nd Marine Environment Protection Committee (MEPC) held in April 2018. The 

Initial Strategy includes the reduction goals and measured for the decarbonization of ships within the 

present century. It is aimed at reducing the carbon intensity of international shipping by 40% by 2030 

and by 70% until 2050, and reducing the total GHG emission by 50% by 2050, compared with the 

levels in 2008.



4| 1. Introduction | 2. Evaluation of Cryogenic Environment Applicability | 3. Material Selection for Cryogenic Environments |
| 4. Conclusions and Proposals | Appendix | References |

| Figure 1.1 | Overall GHG reduction pathway to achieve IMO's ambitious goals (Courtesy of IMO)

The 76th MEPC meeting held in June 2021 decided to introduce, as the short-term measures for 

accomplishing the carbon intensity reduction goals of the Initial IMO GHG Strategy, EEXI1) as a 

technical measure and CII2) rating system as an operational measure. In order to respond the 

regulations, several measures, Engine Power Limitation (EPL), installation of Energy Saving Device 

(ESD), and optimization of ship operations, can be considered. Fuel conversion to LNG, which is 

considered as an environment-friendly fuel, is one of the efficient methods for responding to the 

regulations. However, in pursuit of accomplishing the goals of reducing the total GHG emissions 

specified in the Initial IMO GHG Strategy, the use of LNG fuel has limitations, because LNG can 

reduce the GHG emissions by only about 20%, compared with the conventional fuels. Ultimately, it 

is necessary to apply to the ships alternative fuels, such as low-carbon or carbon-free fuels, which 

can drastically reduce the GHG emissions. Currently, studies are conducted to apply various 

alternative fuels to ships, including ammonia, biogas and hydrogen.

The commonality of environment-friendly alternative fuels is that they are low-flashpoint fuels.3) 

Their flashpoint is lower than that of fuel oils, and they are stored in liquid state under atmospheric 

pressure at a low temperature. LNG, one of the representative environment-friendly fuels, is stored 

1) Energy Efficiency Existing Index

2) Carbon Intensity Indicator

3) Low-flashpoint fuels refer to gaseous or liquid fuels of which flashpoint is lower than 60℃.
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in a cryogenic environment below -163℃ under atmospheric pressure. Therefore, strict standards 

are applied to select the materials applied to the fuel containment system and to design and evaluate 

the structure. Using hydrogen as a fuel for ships requires the liquefaction and storage at a 

temperature below -253℃, which is close to the absolute zero, and thus hydrogen is rarely used 

as a fuel for large transport vehicles such as ships or is rarely transported as a cargo. Therefore, 

there are many technical obstacles to the use of hydrogen. Besides the technical difficulties involved 

in the cryogenic liquefaction and storage, hydrogen embrittlement, the infiltration hydrogen into metallic 

materials to cause damages, is another big obstacle.

One of the representative metallic materials applicable to liquid hydrogen storage vessels is 316L 

stainless steel. Several research institutes in advanced countries, including the National Aeronautics 

and Space Administration (NASA), have suggested, through a long-time verification, candidate 

materials that can be applied to hydrogen, but most of the manufacturers produce employ 316L 

stainless steel to produce liquid hydrogen storage vessels. On the other hand, Kawasaki Heavy 

Industries in Japan is known to have applied 304L stainless steel to the cargo hold in the liquid 

hydrogen carrier built in 2019. Since long, Japan has established the cryogenic (4 K) mechanical 

performance evaluation facilities and the hydrogen environment performance evaluation facilities, and 

accumulated considerable knowhow about the relevant materials. Therefore, Kawasaki Heavy 

Industries was able to adopt 304L stainless steel, which has fewer precedents, compared with 316L. 

The cryogenic fuel containment system for ships requires cryogenic insulation in the marine 

environment as well as considerable structural strength in the entire structure which has a wide 

temperature range. It is also necessary to consider functional requirements that are different from 

those for the small or fixed LNG storage tanks installed on the ground. Moreover, considering the 

unit price of shipbuilding, it is needed to review the various candidate materials that are applicable 

to the entire storage vessel structure.

1.2 Goals and Scope

The 72nd MEPC meeting, held in 2018, adopted the Initial IMO GHG Strategy for reducing GHG 

emission from ships, deriving the level and time of the goals to reduce the GHG emissions. The IMO 

is expected to gradually strengthen the air environment regulations, and the international shipping 
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must find sustainable solutions to comply with them. The most effect method for reducing the GHG 

emissions from ships is the application of low-carbon or carbon-free fuels to ships. In particular, LNG 

is drawing attention as a low-carbon fuel that can respond to the 2020 regulation on the ship fuel 

oil sulfur content and that can reduce the carbon emission by more than 20%. However, a fossil 

fuel containing carbons, LNG does have limitations in the complete decarbonization of the shipping 

industry.

Among the fuels that are currently commercialized for the ships engaged in international shipping, 

LNG has the highest level of technical difficulty. Hydrogen, of which liquefaction temperature is lower 

than that of LNG by 90℃ and of which molecular weight is lower, requires further technical 

considerations regarding the materials for the storage vessels.

The transportation of a large amount of liquid hydrogen or the utilization of liquid hydrogen as a 

ship fuel is still in the research stage. The industry has generally employed 316L stainless steel, 

which has long been validated as a material for the storage and transport of liquid hydrogen, and 

the introduction of another material is very rare.

The present technical document is aimed at proposing metallic materials that are applicable to the 

primary, secondary barriers and supports of the low-flashpoint fuel storage vessel.

This document proposes the metallic materials for the fuel or cargo containment system that is 

applicable to liquefied hydrogen, which has the lowest storage temperature among the alternative 

fuels that are currently suggested, allowing for the technical review of the other types of 

low-flashpoint fuels having a storage temperature higher than that of hydrogen. The present technical 

document does not include the details about the phase change and thermal effects caused by the 

curve surface forming and welding of the metallic materials. This document describes the materials 

suitable for the base metal of the storage vessels and the methods and procedures for evaluating 

their applicability.

1.3 Alternative Fuels

This Section briefly introduces the alternative fuels and their characteristics for ships that are 

currently discussed in the academic and industrial communities. The purpose of introducing 

alternative fuels is to reduce the emissions of air pollutants,4) such as fine dust, and GHG. 

5
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Carbon-neutral fuels may be used to reduce the GHG, where the carbon-neutral fuels refer to the 

fuels that can make the total carbon emissions net-zero in the process of the fuel production and 

consumption. Biodiesel (or biogas) is one example. As the amount of carbon absorption in the fuel 

production stage is equal to the carbon emission in the fuel consumption stage, the fuel is considered 

as a carbon-neutral fuel. The alternative fuels discussed in this Section are low-carbon fuels, prior 

to a carbon-neutral stage, and carbon-neutral fuels. Table 1.1 summarizes the physical properties 

of the alternative fuels discussed in this technical document. Among the alternative fuels, ammonia 

and methanol, which can each be produced by combining hydrogen and nitrogen; and hydrogen 

and carbon dioxide, may be produced and consumed without any carbons through renewable 

energy, CCS5) and the like.

| Table 1.1 | Overview of alternative fuels for ocean-going vessel

Category Ammonia
Hydrogen

Methanol LPG
(Propane) LNG

Liquefied Compressed

Storage condition -34℃ -253℃ 200 bar R.T. -42℃ -163℃

Density (kg/m3) 603
(liquefied at 25℃) 71 17.5 786 503 430~470

Flammability limits (%) 15~28 4~74.2 6.7~36 1.8~10.1 4~15

Toxicity Toxic Not toxic Low acute 
toxicity Not toxic Not toxic

Gravimetric energy 
density
(MJ/kg)

18.6 120 120 19.9 46.3 50

Volumetric energy 
density
(GJ/m3)

12.7 8.5 4.5 15.8 24.7 23.4

1.3.1 Methanol and Ethanol

Methanol and ethanol are liquid in a wide temperature range without being pressurized.6) Methanol 

is usually produced from fossil fuels now, but it may also be produced by P2G (Power to Gas)7) by 

4) NOx, SOx, fine dust and VOCs are included.

5) CCS(Carbon Capture and Storage) : the process of capturing carbon dioxide (CO2) formed during power generation and 

industrial processes and storing it so that it is not emitted into the atmosphere.

6) Under atmospheric pressure, methanol is liquid at -98℃ to 65℃ and ethanol at-114℃ to 75℃.

7) P2G refers to the production and storage of hydrogen from water by using renewable energy, and includes the conversion 
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using power from renewable energy sources, and ethanol can now be produced from biomass as 

a biofuel. Therefore, both methanol and ethanol are considered as carbon-neutral fuels.

Methanol is highly environment-friendly because it may utilize carbon dioxide in the long term by 

means of P2G. However, the carbon dioxide capturing technology has not been developed 

sufficiently, and hydrogen is mainly produced from fossil fuels now. Methanol is not as efficient as 

other fuels in terms of energy density, but it may serve as an energy storage source, as it may be 

used as a fuel or may be used to extract and utilize hydrogen.

Ethanol is a biofuel produced from renewable plant resources. The absorption of carbon dioxide 

in the growth process of plant resources can make the total carbon dioxide emissions during the 

combustion net-zero. Being an oxygen-containing organic compound, ethanol can reduce the 

carbon monoxide and hydrocarbons, compared to the conventional fuels. In addition, containing no 

sulfur, ethanol does not emit sulfur oxides [1].

Methanol and ethanol are used to reforming hydrogen from hydrocarbon compounds such as 

LPG, LNG, Diesel and gasoline. Methanol is drawing attention as a fuel for producing hydrogen, 

because it has a high hydrogen yield per mole, it undergoes complete reforming reaction at a low 

temperature (~473 K), and it is easy to store and transport [2-4].

Despite the advantage of methanol and ethanol that they can be easily stored at atmospheric 

pressure and room temperature, the fuels cause erosion of some materials, and the materials for tank 

coatings, pipes, seals and other components must be selected in consideration of the compatibility. 

Methanol is classified as toxic and thus requires an additional measure to limit the inhalation exposure 

and skin contact. On the contrary, ethanol is not considered as toxic to human body [5]. Both 

methanol and ethanol have a considerably low energy density, which is less than half of LNG. To 

be used as a fuel for ships, the economic feasibility should be carried out by considering their volume 

energy density.

1.3.2 Ammonia

Ammonia has a vapor pressure of 14.6 bar at 37.8℃, and is liquefied at -33℃ under atmospheric 

pressure. Since a low-pressure tank may be used or a technology for maintaining a low temperature 

to a gas that is easier to store. Carbon dioxide generated from fossil fuels may be captured and put to a reaction with 

hydrogen to store in various forms of gas.

7
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may be applied, the tanks for ammonia may be easily designed and manufactured [6]. In addition, 

since it is extensively used in the fertilizer industry and other areas, the maturity of the technologies 

for mass production, transport and handling of ammonia is high. Therefore, ammonia is more 

economical than other carbon-neutral fuels. Ammonia is a toxic substance that can cause burn and 

suffocation, and thus the body contact and inhalation must be avoided [7].

Compared with gasoline fuel, ammonia fuel has a significantly low flame propagation rate, requires 

high ignition energy, and is difficult to go through complete combustion due to the high ignition 

temperature. The mass energy density of liquefied ammonia is 18.6 MJ/kg, which is 0.44 times as 

low as gasoline. The volume energy density of liquefied ammonia is also low, and so ammonia 

requires a tank 4.1 times large as the tanks for conventional fossil fuels. When used in an internal 

combustion engine, ammonia may generate nitrogen oxides, and cause ammonia slip, which refers 

to the discharge of unburned ammonia with the exhaust gas [8]. The unburned ammonia rapidly 

rises by the buoyancy in dry air, but on the sea, it may rapidly react with the moisture in the air 

and remain near to the ship surface, causing erosion of the hull [9]. In addition, cautions are needed 

in handling ammonia, because it can react with the sulfur oxides and nitrogen oxides in the air to 

generate air pollutants, such as ammonium sulfate and ammonium nitrate [9].

The typical ammonia production relies on the Haber-Bosch process in which natural gas or coal 

is used to produce ammonia at high pressure (~200 bar) and high temperature (300~400℃) (see 

Figure 1.1). Hydrogen is produced and separated by natural gas reforming and coal gasification, and 

an exothermic reaction of hydrogen and nitrogen is carried out to synthesize ammonia. The 

Haber-Bosch process for ammonia production accounts for 1.2% of the world’s energy consumption, 

and 0.93% of the global GHG emissions [10].

| Figure 1.2 | Schematic diagram of Haber-Bosch process
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1.3.3 Liquefied Petroleum Gas (LPG)

Liquefied Petroleum Gas (LPG), obtainable from crude oil, includes propane (C3H8) and butane 

(C4H10) as the main components. Therefore, depending on the main component ratio between 

propane and butane, LPG is liquefied in a range from -43℃ and 0.5℃, and its volume is decreased 

by 250 times when compressed at 60 to 70 bar at room temperature. Compared to the residual 

fuel or distillates, the conventional ship fuels, LPG can reduce NOx, SOx and fine dust by about 80 

to 90%, and it does not require the installation of a scrubber on a ship or the utilization of very low 

sulfur fuel oil (VLSFO).8)

In addition, in comparison with other fuels, LPG has a well-established supply infrastructure 

worldwide, and is easier to store and provides higher economic feasibility, compared to LNG. 

Moreover, unlike the LNG propulsion system, LPG can be easily applied to small ships.9) 

Nevertheless, LPG is not used as a ship propellant fuel as extensively as LNG, because in the case 

of leakage of LPG, the high density of propane and butane relative to the air makes LPG remain 

near to the ground without being spread to the atmosphere well, increasing the possibilities of LPG 

gas accumulation and propagation to another area.

According to the Study on Validity and Safety of Introducing LPG Propulsion Ships, a report 

published by Korean Register in 2017, LPG may undergo a phase change under pressurization at 

room temperature, requiring the considerations in terms of the stability of fuel supply. The report also 

pointed out that the spontaneous ignition point of propane and butane is 459℃ and 405℃, 

respectively, which are lower than that of LNG (595℃), and this requires the consideration of the 

possibility of self-ignition of unburned gases within the exhaustion system. The self-ignition 

concentration range in the air is about 2-9%, which is lower than that of LNG (5-15%), indicating 

that LPG may be ignited at a lower concentration, compared to LNG [11].

Recently, efforts have been taken globally to introduce LPG as a ship fuel. The Korean government 

has designated Busan as a ‘marine mobility regulation-free special zone’ for 4 years from August 

2020 to July 2024 to develop and demonstrate small and middle-sized LPG ships.

8) Fuel containing sulfur of 0.1% or less.

9) LNG fuel propulsion is known to be applicable to ships having a full length of 30 m or longer.

9
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1.3.4 Natural Gas

The main component of natural gas is methane, which has the lowest carbon content among the 

hydrocarbon-based fuels, and its carbon dioxide emission is the least. Methane has a low density 

and is easily diffused in the air, and thus the risk of explosion in a leakage is relatively low. Generally, 

natural gas is liquefied and stored at a temperature of -163℃ or lower under atmospheric pressure 

to load a large amount of LNG as a fuel or a cargo on a ship. In comparison with other fuels 

mentioned above, LNG is colorless, odorless, nontoxic and non-corrosive [12]. Including no sulfur, 

LNG generates no SOx when combusted, and a considerable amount of NOx and fine dust may 

be reduced in comparison with the conventional fossil fuels. Although LNG can reduce the carbon 

dioxide emission by 20-30%, compared to the conventional fuels, methane has a global warming 

potential that is about 20 times as high as carbon dioxide, and thus cautions should be taken to 

avoid methane slip, which refers to the discharge of methane due to the incomplete combustion of 

natural gas [13]. Even if the energy efficiency of the ships adopting an LNG fuel propulsion system 

is improved through the operational measures and technical measures, the GHG reduction goals for 

2050 may hardly be accomplished, and thus LNG is considered as a transient fuel prior to 

carbon-neutral fuels [14].

1.3.5 Hydrogen

Hydrogen, the lightest element on the earth, does not emit any pollutants except the tiny amount 

of NOx that is generated by the combustion. However, since the hydrogen on the earth is mostly 

included in water or organic compounds, hydrogen can be obtained through electrolysis of water, 

reforming of natural gas or from a petroleum refining process.

Hydrogen is usually stored by compression at high pressure or by liquefaction. The liquefaction 

of hydrogen allows for the storage of hydrogen in an amount of about 800 times more than the 

hydrogen gas at room temperature under atmospheric pressure. With regard to the storage capacity, 

the storage density of liquid hydrogen is about 4 times as high as high-pressure hydrogen (200 

bar), and the difference may be more than 10 times in terms of transport efficiency and installation 

site. This is because manufacturing large, high-pressure hydrogen vessels is very difficult, and 

numerous small-sized high-pressure hydrogen vessels are required.10) High-pressure hydrogen is 

normally stored at a pressure of 700 bar or lower, and a new technology is now being developed 
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in Korea to pressurize and store hydrogen at 900 bar.

Despite the disadvantage of hydrogen in terms of the volume energy density, it is best in terms 

of mass energy density [15]. As mentioned above, the method for store the largest amount of 

hydrogen in a limited volume is to liquefy it and store liquid hydrogen, and the method allow for the 

storage of the largest amount of energy per fuel mass.

Since the hydrogen molecule is very small, hydrogen can penetrate into a storage vessel or 

permeate into a material to cause damage. Therefore, the storage of hydrogen requires an analysis 

on the resistance to hydrogen damage and the hydrogen permeability and leakage. The storage of 

liquid hydrogen requires maintaining a temperature of -253℃ or lower, and a storage vessel of a 

dual vacuum structure is necessary to suppress or minimize the three modes of heat transfer.11)

10) The stress generated in a pressurized container is proportional to the internal pressure and the radius of the container, 

and reversely proportional to the thickness of the container. Hence, the radius of the container is limited in order to control 

the stress below the allowable stress.

11) Thermal conduction, thermal convention and thermal radiation.

111
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2.1 Introduction

Before proposing the appropriate materials for storage vessels according to the ship propellant 

fuels, this Section describes the factors to the mechanical performance of metallic materials after the 

processing and manufacturing. A performance test should be carried out to evaluate the factors, and 

the test results should satisfy the requirements specified in the IGC/IGF Code12) or the Korean 

Register Rules for the classification of steel ships.

2.2 Key Factors to Mechanical Properties

There are various factors to the mechanical behavior of a material, ranging from the composition 

ratio to manufacturing method of the material, but temperature and strain rate are considered as the 

major factors. The factors to the mechanical performance of a metal exposed to cryogenic and 

hydrogen environment are described below.

2.2.1 Temperature

Atoms of a solid-state material are in equilibrium due to the interaction energy. In equilibrium, 

migration of an atom from one place to another requires the application of an external force that 

exceeds the restoration force. When the displacement generated by an external force is small, the 

restoration force is considered as being proportional to the deformation, and the removal of the 

external force turns back to the equilibrium. When a displacement is generated by a large external 

force, the atomic bond is broken, and the original equilibrium is not completely recovered [16].

As temperature is decreased, the kinetic energy of atoms decreases, and the equilibrium distance 

of atoms also decreases [17, 18]. At that time, a geometric shrinkage of the material occurs. The 

thermal shrinkage may have a considerable effect on a cryogenic system. Cautions are needed 

because the thermal shrinkage that occurs in an excessively confined system may cause a high 

stress state.13) In addition, the low temperature lowers the molecular motion or the dislocation motion 

12) The International Code of Safety for Ships using Gases or other Low-flashpoint Fuels.
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in crystal, making it difficult to deform the material, which affects the material strength. In a tensile test 

performed in a cryogenic environment, the force to resist the deformation is stronger, and the yield 

strength and the tensile strength of a material are also higher [16]. At that time, the material also 

undergoes a decrease of the elongation, which is referred to as embrittlement, and the behavior of 

the material is referred to as brittle behavior (see Figure 2.1).

With the decrease of the temperature, there may be a point where the ductile behavior is changed 

to brittle behavior, which is referred to as Ductile-Brittle Transition Temperature (DBTT) and is 

generally validated by the Charpy impact test. Since sudden deformation of a structure, followed by 

a failure, may cause an unexpected accident, it is critical to predict the deformation in advance and 

prevent it from the design stage.

The behavior is significantly different between the Body Centered Cubic (BCC) and the Face 

Centered Cubic (FCC), which are the typical crystalline structures of metals or alloys (see Figure 2.2). 

Metals such as copper-nickel alloys, aluminum-based alloys and austenitic stainless steels have the 

FCC structure, and they are ductile at a low temperature. Ductility, which provides a safety margin 

against a failure, is a property that is required in the cryogenic application of materials. On the 

contrary, metals having the BCC structure, such as iron-based alloys, carbon steels and steels 

containing Ni 10% or less, undergo ductile-brittle transition at a low temperature, and thus they are 

not recommended as materials for cryogenic applications14) [16, 19].

Table 2.1 summarizes the FCC-structured metallic materials applicable to cryogenic environment 

and the trend of their mechanical performance under cryogenic environmental conditions [20]. 

Metallic materials having the same FCC structure show different levels of mechanical performance 

and their behavior may depend on the ranges of particular factors. Appendix E of the present 

technical document summarizes the effects of temperature and hydrogen environment on the 

mechanical performance of different materials.

13) It is because the application of a load in a high stress state may easily lead to yielding.

14) 9% nickel steel is applicable to -196℃. Different materials have different applicable temperature ranges.

115
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| Table 2.1 | Effect of low temperature on mechanical performance of FCC metallic materials

Test Characteristics

Tensile test Increase in yield and tensile strength and decrease in elongation

Charpy test Decrease in impact absorbed energy

Fracture toughness test Decrease in fatigue toughness [21]

Fatigue crack growth test Decrease in crack growth rate [22–24]

(a)

(b)

| Figure 2.1 | (a) Ductile to brittle transition of metallic material with decreasing temperature15) and 

(b) fracture surface of CVN specimen with decreasing temperature16) [25]

15) With decreasing temperature, the interval for plastic deformation from yielding to fracture is shortened. When there is 

almost no plastic deformation, the behavior is described as brittle.

16) With decreasing temperature, ductility is decreased, which can be found by observing the fragments for the Charpy 

impact test.
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(a) (b)

| Figure 2.2 | Schematic diagram of crystal structures; 
(a) body centered cubic (BCC) and (b) face centered cubic (FCC)

2.2.2 Strain Rate

Strain rate17) is a physical quantity that represents the rate for material deformation, and in most 

materials, flow stress18) is increased with the increase of strain rate [26]. The effect of strain rate is 

negligible in most materials at room temperature, but it is increased at a high or low temperature [26]. 

For the materials affected by strain rate, the sensitivity should be evaluated in a quasi-static strain 

rate range.19)

The IMO IGC/IGF Code and the Korean Register Rules for the classification of steel ships restrict 

that the test should not be performed in a strain rate range above a certain level in the evaluation 

of material performance. This is because, as described above, the yield strength and tensile strength 

results may be more conservative with the increase of strain rate. Ironically, however, an increase 

of strain rate may cause a decrease of fracture toughness [27].

At room temperature, a high strain rate may cause an increase of the material temperature, and 

the temperature increase is negligible in a quasi-static strain rate range (see Figure 2.3(a)). In 

contrast, the thermal conductivity of materials is also low in a cryogenic environment. in a cryogenic 

tensile test, a strain rate over an appropriate level causes local heat generation, which may lead to 

various problems, including serration and the deviation from the test target temperature range (see 

Figure 2.3(b)) [29,30]. Therefore, it is recommended not to exceed the strain rate of 10-3 s-1 in a 

tensile test [31]. In the case of a fatigue test, a test performed with titanium alloys at 4 K in the 

17) Strain rate is calculated as the parallel length of a tensile test specimen divided by the deformation rate of the specimen, 

and its unit is s-1.

18) Flow stress refers to the stress to cause continuous plastic deformation after yielding.

19) There is not a technically defined range, but it generally refers to the range below 10-3 s-1.
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frequency of 5 Hz showed that the temperature increase was 1 K [32]. Referring to these results, 

Ogata (2014) recommended that a fatigue test at 20 K should be performed at a stress ratio of 0.01 

and in a frequency of 2 Hz in order to prevent a temperature increase [33].

(a)

(b)

| Figure 2.3 | (a) Temperature increase as a function of true plastic strain of 316 
stainless steel at room temperature and (b) in accordance with strain-rate at 4 K [29,30]

2.2.3 Hydrogen

The hydrogen atoms have an atomic radius less than 1Å, which is much smaller than that of other 

atoms, and so they can easily penetrate into the lattices of metals. Hydrogen embrittlement refers to 

the decrease of mechanical properties of hydrogen-containing metals under an external force, 

including the yield strength, fracture strength and elongation, by the internal pressure or dislocation 
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slip due to the interactions between the grain boundary and hydrogen atoms. Generally, the average 

hydrogen concentration inside a material is not so high that embrittlement may be caused, but the 

propagation of hydrogen atoms under the application of a stress may result in the formation of 

hydrogen molecules in a local region of the material. When a threshold is reached, a sudden brittle 

fracture is likely to happen. The 3 major factors to hydrogen embrittlement fracture are known to be 

the external environment to which the material is exposed, the inherent properties of the material, and 

the stress applied to the material.

Hydrogen embrittlement is viewed from the different angles: the process in which hydrogen 

permeates into a metallic material; and the process in which the deterioration of the mechanical 

properties of a metallic material and the fracture occur due to hydrogen [34]. When a metallic material 

is exposed to high-temperature and high-pressure hydrogen atmosphere for a long time, hydrogen 

invades and diffuse into the material, reacts with solid-soluble carbon or carbines in the metal, and 

eventually generates methane gas. The irreversible internal cracking or swelling by the accumulation 

of the methane gas is explained by hydrogen attack. On the other hand, hydrogen embrittlement is 

known as the direct action of the hydrogen that penetrates into a metal on the deformation 

mechanism of the metal, resulting in a decrease of the mechanical properties such as strength and 

ductility. While hydrogen attack is considered as a direct cause of cracking, hydrogen embrittlement 

is related more with the enhancement of the crack growth. Researches have different theories about 

the mechanism of hydrogen embrittlement. The representative hydrogen embrittlement theories are 

listed below, and their details are described in Appendix C.

- Hydrogen Enhanced Decohesion Mechanism (HEDE)

- Hydrogen Enhanced Localized Plasticity Mechanism (HELP)

- Hydrogen Blistering

In a hydrogen environment, metallic materials undergo a decrease of the mechanical performance, 

for example, a decrease of the tensile strength and elongation. The effect is significantly different on 

the material characteristics, including the chemical composition and manufacturing process, and the 

hydrogen atmosphere. A previous study showed that in 316L stainless steel, despite having a high 

hydrogen concentration, the degree of hydrogen damage was almost constant at different hydrogen 

concentrations, and it was similar to the conditions without hydrogen charging. On the contrary, 

119



22221221 |  KOREAN REGISTER

Inconel 625 showed a considerable decrease in the elongation and tensile strength, as the hydrogen 

charging was increased [35]. Figures 2.4 and 2.5 show the results of the tensile test with 316L 

stainless steel and Inconel 625 depending on the hydrogen concentration.

| Figure 2.4 | Tensile test results of hydrogen charged 316L stainless steel [35]

| Figure 2.5 | Tensile test results of hydrogen charged Inconel 625 [35]

2.3 Required Performance Test with Materials

Metallic materials for low-flashpoint fuels containment system must satisfy the requirements by the 

IGC/IGF code and Korean Register Rules for the classification of steel ships. The Article 16 

(Manufacturing and Testing) of the Low-Flashpoint Fuels Ship Rules, published by Korean Register, 

stipulates that tensile test, impact test, flexural test and cross-sectional observation are necessary. 
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For a base metal, a tensile test and an impact test are mandatory, and other tests should be 

performed if necessary. For a welding part, a flexural test must be performed, and the 

cross-sectional observation and other tests should be performed according to Volume 2, Chapter 

2 (Welding) of the Korean Register Rules for the classification of steel ships.

Tests are required of the materials applied to the low-flashpoint fuels containment system 

depending on the design temperature. With regard to an impact test, ASTM E2320) stipulates the 

cooling requirements under various conditions, requiring that the test should be performed after a 

pre-cooling at a test temperature lower than the design temperature by 5℃ to 30℃. According to 

the standards, a specimen cooled in a cryostat should be tested within 5 second after it is placed 

on the testing apparatus. This requirement is to consider the temperature increase in the atmosphere 

as well as the temperature rise inside the specimen due to the high strain rate.21) When a tensile 

test is performed, the design temperature is not taken into account, because the most strength test 

results may be acquired by the room temperature conditions and the low quasi-static strain rate.

Besides the necessary testing methods and requirements specified in Section 2.3, the evaluation 

of thermal expansion coefficient and thermal conductivity (k) is required to acquire the physical 

properties for the design. Thermal conductivity should be evaluated to consider the insulation 

conditions applied to the design of the fuel containment system as well as the direct and indirect heat 

ingress through the pumps and towers. Storage of cryogenic liquid fuels requires the securing of 

sufficient strength and insulation performance, which are mutually conflicting material performance 

conditions. Therefore, it is necessary to consider the physical properties with respect to the thermal 

performance. In the cases where the base metal is structurally constraint, the thermal stress incurred 

by the operation of the system involving temperature differences may have the base metal easily 

reach the yield strength due to even a small externally applied load. The AIAA G-095A22) and the 

NASA Safety Standard for Hydrogen and Hydrogen Systems23) commonly state that low-temperature 

brittleness and thermal shrinkage must be taken into consideration in the selection of the materials 

for a liquid hydrogen storage system.

20) Standard Test Methods for Notched Bar Impact Testing of Metallic Materials.

21) The testing method is valid to specimens that are cooled to -196℃, and the testing method may not be valid if the 

pre-cooling is performed below that temperature. This is because when a specimen which is cooled down to ultra-low 

temperature is exposed to room temperature, an abrupt temperature rise may occur.

22) Guide to Safety of Hydrogen and Hydrogen Systems published by the American Institute of Aeronautics and Astronautics.

23) The regulations published by NASA have been abolished, but various hydrogen-related regulations prepared later, such 

as AIAA-G-095A and ISO, are based on the NASA documents.
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The Guidelines for Ships carrying Liquefied Hydrogen in Bulk, published by Korean Register, 

requires the selection of appropriate materials for preventing damage caused by hydrogen 

embrittlement. The technical document describes the typical methods and procedures for evaluating 

hydrogen embrittlement, including the international testing standards. It may seem that liquid hydrogen 

must be tested in a cryogenic environment (20 K). However, hydrogen embrittlement hardly occurs 

in a cryogenic environment because the hydrogen atoms lose their kinetic energy. According to 

Ogata (2008), when a test was performed with 304 and 304L stainless steels in the same 

high-pressure hydrogen (130 bar) by controlling the temperature only, the effect of hydrogen was 

negligible at 25 K, but a considerable ductility decrease by hydrogen was found at 190 K [36]. The 

material selection standards proposed by AIAA G-095A state that a performance test at a specific 

temperature and a hydrogen resistance evaluation should be individually performed, and when no 

problem is found from the two tests, the specific material may then be used.

This Section introduces the test methods that are needed to evaluate the performance of the 

materials for the low-flashpoint fuels containment system. In addition, this Section provides an 

introduction of the tests with the need for carrying out the test to help the customers to understand 

them. The details of the tests, including the cryogenic test setup, are presented in Appendix D.

2.3.1 Tensile Test

A tensile test is generally performed with a specimen having the shape and dimensions that make 

the cross-section of the specimen have a circular or rectangular parallel portion to measure the 

withstand force (resistance) of the specimen depending on the deformation by applying an external 

force at a constant strain rate until a fracture occurs in the axial direction. The test provides the 

information about the mechanical properties of the material, including the tensile strength, yield point, 

elongation, and reduction of area, as well as its physical properties, including the elastic limit, 

proportional limit, Poisson’s ratio, and elastic modulus. Through the test, the abovementioned basic 

design information for material selection is acquired, and the information obtained from the test can 

be used as the fundamental data for the design of a low-flashpoint fuels containment system.

The load and deformation measured by a tensile test can be normalized by dividing them by the 

initial cross-sectional area and gauge length at the parallel portion of the specimen, respectively, to 

obtain the stress-strain curve shown in Figure 2.6. An analysis of the stress-strain curve provides 

the following properties of the material with regard to the strength:
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- Tensile strength

- Yield strength

- Elongation

- Reduction of area

- Elastic limit and proportional limit

- Modulus of elasticity

A tensile test is generally performed by using a universal testing machine (UTM) (see Figure 2.7). 

The measurement principle of the tensile test performed by using a UTM is that when a work is 

applied to a specimen during a specific time at a constant force and in a constant direction, a load 

corresponding to the force is generated, and the load is measured. Different specimens and different 

testing methods can be used by considering the characteristics of the system that is subject to 

design. A tensile test of a metallic material is generally performed by applying ASTM E8/E8M and 

IACS UR W2.4.2.2 [37, 38], but different testing standards can be applied in different countries 

depending on the situation.

Many international standards specify that the test should be performed at room temperature, and 

the physical environmental conditions at the time of the test, including temperature and humidity, 

should be controlled to be constant and should be recorded. When a tensile test has to be 

performed at a temperature that is not room temperature, it should be guaranteed that the specimen 

is constantly maintained at the target temperature. With regard to the evaluation of the mechanical 

performance of a metallic material in a cryogenic environment, Appendix D describes the method for 

establishing the target environment and the details of the testing procedures.

| Figure 2.6 | Representative stress and strain relationship of ductile material
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(a)

(b)

| Figure 2.7 | Schematic diagram of (a) universal testing machine and (b) tensile specimen

2.3.2 Fracture Toughness Test

When a crack is generated in a system consisting of many components, the part including the 

crack may be fractured to two or more pieces, leading to a system failure [20]. Predicting this 

requires the evaluation of fracture toughness, representing the resistance of a material against 

cracking.

Fracture toughness is associated with the stress on a structure at the time of fracture and the 

crack length. The fracture toughness test may be performed by applying a load to a specimen at 

a constant rate to measure the load and displacement or by performing the Charpy impact test for 

examining the DBTT in terms of the impact absorption energy. This Section describes the fracture 

toughness with respect to the load, and the impact test for investigating the DBTT will be described 

in Section 2.3.3.
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The fracture toughness test is performed to measure the resistance of a material against crack 

growth. In the test, a single value of fracture roughness or a continuous curve, called resistance 

curve, is obtained from the relation between roughness parameters, such as K, J and CTOD (Crack 

Tip Opening Displacement, δ), and crack growth. While a load is applied to a specimen on which 

a fatigue crack is generated, a load-line displacement is obtained to calculate the load-displacement 

curve shown in Figure 2.8 [39].

ASTM E1820 is often employed as a standardized specimen shape and test procedures for 

determining the fracture roughness. Single-Edge Notch Bend (SENB) and Compact Tension (CT) are 

usually used as specimens, and a fatigue crack including a notch is applied to all specimens. Figure 

2.9 shows the shape of a standardized specimen [40].

Currently, a fracture roughness test is not required of the base metal for the low-flashpoint fuels 

containment system stipulated by the IGF Code,24) but the test is generally performed to evaluate the 

lifetime of welding portions and heat-affected zones from a structural point of view.

| Figure 2.8 | Characteristic type of force versus displacement records in fracture test [39]

24) The same is to the base metal for the cargo hold stipulated by the IGF Code.
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| Figure 2.9 | Standard CT specimen for fracture toughness (ASTM E1820) [40]

2.3.3 Impact Test

A fracture accident of a testing machine or a structure occurs more frequently by a dynamic 

(impact) load or a repeated load rather than a static load. Materials like low carbon steel show a 

high ductility at a high temperature or at a low strain rate, but they show brittle behavior at a low 

temperature or at a high strain rate. As mentioned in Section 2.2.1 about the effects of temperature, 

the major negative impact of a low temperature on a material is that the ductility is lost and the brittle 

behavior becomes dominant. Therefore, an impact test must be carried out according to the 

temperature conditions of the applied material to predict the possibility of brittle fracture of the material 

[41].

The impact absorption energy according to the material temperature is usually measured through 

the Charpy V-notch impact test. This is a standardized test for measuring the amount of energy 

absorbed by a material at a constant temperature and a high strain rate. The test is extensively 

carried out to measure the fracture toughness of materials due to the low cost, simplicity and 

popularity [42]. The standard specimens and procedures of the Charpy V-notch impact test are 

specified in ASTM E23, ISO 148 and ASTM D6110 [43-45].

Figure 2.10 shows the test apparatus used for the Charpy V-notch impact test. A falling pendulum 

or a falling hammer starts to swing from a predetermined height, as its potential energy is converted 

to kinetic energy until it reaches the notch impact specimen. Immediately after the potential energy 

is converted to the maximum kinetic energy, the hammer strikes the notch impact specimen. At that 

time, the specimen absorbs the impact is fractured at the notch cross-section, and the hammer 
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continues to swing up to a certain height as the remaining kinetic energy is converted to potential 

energy. In this process, the difference between the initial potential energy of the hammer and the 

maximum potential energy immediately after the impact is calculated to assess the energy absorbed 

by the notch impact specimen. Since the impact energy absorbed by the material, which is 

dependent upon the temperature, serves as an index that represents the temperature-dependence 

of the material toughness, the impact test should be performed at a constant and well-controlled 

temperature.

| Figure 2.10 | Setup for Charpy impact test [46]

2.3.4 Fatigue Test

Section ‘2.2.2 Fracture Toughness Test’ and Section ‘2.2.3 Impact Test’ described the two testing 

methods for investigating the fracture roughness. The present section introduces fatigue failure, which 

occurs when a stress state that is much lower than the yield strength is repeated, and its testing 

methods.

Fatigue is a gradual and permanent structural change that happens in a material under varying 

stress and deformation. When a machine or a structure is used under a varying load state, if a 

varying stress, even smaller than the static strength of the material, is repeated, the a machine or 

structure may reach a damage, which is defined as fatigue failure. Fatigue failure begins with an 

impurity, a tiny defect, a flaw generated during the material processing or a slip of crystalline particles. 
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Fatigue failure takes the two steps described below, and then reaches a complete breakage [20,26].

Crack initiation: As a resolved shear stress increases along crystal planes, cracks are initiated and 

gradually start to propagate.

Crack propagation: Crack generation is facilitated in a direction perpendicular to the applied stress.

A fatigue test is very important, because it allows for predicting the lifetime of a ship or a local 

structure. The knowledge about the magnitude of the repeated load that continues to act and the 

current state of the crack growth allows for the estimation of the fatigue lifetime of the material. The 

fuels contamination system, which is under the thermal load caused by the repeated temperature 

change from an extremely low temperature to room temperature and under the sloshing load, 

requires a design that considers the fatigue strength.

There are two tests for evaluating the fatigue lifetime. The first is a fatigue test for evaluating the 

varying fatigue strength depending on the type of the repeated load, the average stress and the 

maximum stress, and the S-N curve25) is generally obtained from the test. The second is the Fatigue 

Crack Growth (FCG) test for evaluating the crack growth behavior under a repeated load applied 

to the current crack length, and the relation between the crack growth rate (da/dN) and the stress 

intensity factor range (ΔK) is generally derived from the test results. The fatigue test may be 

performed by using various kinds of load, including axial tension, compression, rotation and bending, 

torsion, composite stress, and environment (erosion and heat). The specimens and the procedures 

are specified in the ASTM E466, E468, E606 and E647. The standard specimens stipulated in the 

ASTM may be appropriately modified for the test.

The number of times of repeated loading that a metal can tolerate before a fracture is increased, 

as the stress is decreased. For such materials as steels and titanium (see Figure 2.11), the S-N 

curve is horizontal at a specific stress, which means that fatigue failure does not occur even when 

the stress below the fatigue limit is continuously applied. Most nonferrous metals, like the aluminum 

alloy 7075-T6, lack a fatigue limit.

Figure 2.12 shows the typical fatigue crack growth behavior of metals, wherein the crack growth 

rate (da/dN) with respect to the stress intensity factor range (ΔK) is presented in a log scale. The 

diagram is divided in to three regions. While the curve is linear around the medium ΔK values 

(Region Ⅱ), the crack growth rate deviates from a linear trend at the lower or higher ΔK values 

25) S denotes ‘stress,’ and N is the number of load cycles until the breakage. The results from a fatigue test are generally 

presented as the number of cycles in a log scale, and the stress in a linear or log scale.
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(Region Ⅰ or Ⅲ). The linear region (Region Ⅱ) is generally expressed by the Paris law.

| Figure 2.11 | Typical S-N curves for constant amplitude and sinusoidal loading [47]

| Figure 2.12 | Typical fatigue crack growth behavior in metals [39]

2.3.5 Evaluation of Thermal Expansion

With the increase of temperature in metallic materials, the kinetic energy of atoms is decreased, 

and the equilibrium distance of the atoms is also decreased [17,18]. At that time, a material that lacks 

geometric nonlinearity and that is not structurally constraint undergoes linear shrinkage. However, a 

material that is constraint or that has geometric nonlinearity has a resistance to thermal shrinkage, 
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which is referred to as thermal stress. The thermal deformation is increased as the temperature 

change is increased. A considerable thermal stress is generated if the material is structurally 

constraint. Since the temperature is significantly dependent upon the manufacturing and operational 

state of a product in a cryogenic environment, securing the safety and reliability of a cryogenic 

system requires accurate measurement of the thermal expansion (shrinkage) coefficient [48]. In some 

cases, an isotropic material26) is assumed to simplify an analytical mode. Assuming that the thermal 

expansion or thermal shrinkage of a material is equal in all direction, a linear Coefficient of Thermal 

Expansion (CTE) may be calculated.

Except some materials, most materials have a positive CTE at room temperature. As the 

temperature is decreased to a low temperature, materials contract, rather than expanding, to have 

a negative CTE. In addition, with the decrease of the temperature, the degree of thermal shrinkage 

is also decreased [49]. With regard to the shrinkage from room temperature (300 K) to the absolute 

zero (0 K), 90% or more of the total shrinkage occurs before reaching 77 K, the evaporation 

temperature of nitrogen [49,50]. This can be easily found from the curves showing the thermal 

shrinkage of various materials depending on the temperature decrease, as in Figure 2.13.

| Figure 2.13 | Thermal shrinkage in accordance with temperature 
decrease from the reference temperature(300 K) [16]

26) Isotropy means that a material has equal physical properties in all direction. Materials that are not isotropic have 

anisotropy, and most materials are anisotropic.
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Figure 2.14 shows the method for measuring the linear CTE by using the vertical CTE 

measurement equipment (TMA 402 F1, NETZSCH) with the testing equipment. When the specimen 

is put into a sample holder and then heated, the specimen expands longitudinally. The change of 

the load and the displacement during the expansion is transmitted to the instrument and recorded. 

Figure 2.15 shows the continuous change of the length with respect to the temperature change.

| Figure 2.14 | Schematic diagram of vertical dilatometer method to

measure the coefficient of thermal expansion

| Figure 2.15 | Example of measurement of specimen length in 
accordance with temperature change [52]

As shown in the equation below, the expansion ratio (△L/L0) of the specimen is presented as ratio 

of the length change to the unit length, and the CTE as the ratio of the length change to the unit 

length per unit temperature. As shown in Figure 2.15, the CTE is expressed as a mean CTE (αm) 
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within the temperature range between T1 and T2, which can be replaced by a derivative to calculate 

the instantaneous gradient (αT) of the thermal expansion. The mean CTE (αm) is generally used 

[53].

The international standards of the methods for measuring thermal expansion to evaluate the 

mechanical and thermal properties include ASTM E83127) and ASTM E228.28) The limit of the 

minimum CTE that can be measured by ASTM E831 is 5m/m℃, and the method is applicable to 

-120~900℃ [52]. ASTM E228 is applicable to -180~900℃ [53]. The Thermomechanical Analysis 

(TBA) equipment employed in ASTM E831 has a wider spectrum of applicable specimen size than 

the method using the dilatometer according to ASTM E228. However, a small TMA specimen size 

is limitedly applied to the specimens having a very high CTE.

2.3.6 Evaluation of Thermal Conductivity

To store liquid hydrogen, the inside of the storage vessel should be in a cryogenic state below 

20 K, and the heat ingress from the outside should be inhibited as much as possible to prevent the 

vaporization of liquid hydrogen for long-term storage. Therefore, it is necessary to restrain the heat 

transfer from the external environment, and this should be carried out by considering all the three 

elements of heat transfer: convection, radiation and conduction [54].

A liquid hydrogen containment system requires the application of a multi-layered Insulation (MLI)29) 

for reducing the radiation heat and a dual vacuum structure30) for reducing convection. The support 

27) Standard Test Method for Linear Thermal Expansion of Solid Materials by Thermomechanical Analysis.

28) Standard Test Method for Linear Thermal Expansion of Solid Materials With a Push-Rod Dilatometer.

29) The heat inflow through radiation is blocked by using a film prepared by depositing a material having a low thermal 

emissivity, such as aluminum, on a polymer sheet like Mylar or Kapton film. To prevent the conduction by aluminum, 

aluminum layers are stacked alternatively with composite material layers having a low thermal conductivity

30) The inside of the container is prepared as vacuum to prevent convention. In addition, the dual vacuum structure 

decreases the thermal conduction from the outer container to the inner container.
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that connects the inner tank and the outer tank of a storage vessel is also element through which 

heat ingress by conduction may occur.

Conduction in a metallic material refers to the transfer of energy between the atoms or molecules 

of the material where there is a temperature gradient in the absence of a positional change of the 

particles. The heat is transferred in a direction from a point where the temperature higher to a point 

where the temperature is lower. Conduction can happen in all phases, including solid, liquid and gas, 

but it actively occurs in solid metals in which the molecules are densely arranged and thereby 

undergo strong interactions. The equation for the heat transfer coefficient by thermal conduction, 

known as the Fourier’s law, is given as follows (see Figure 2.16) [55]:

where   is the heat transfer rate (W), which is defined as the energy transferred per unit time. 

The coefficient k refers to the thermal conductivity (W/m·k), which is the inherent property of a 

metallic material and which is defined as the amount of energy (W) conducted per unit time in a 

medium (◿x) with a temperature difference (◿T). A is the cross-sectional area (m2) perpendicular 

to the direction in which heat is transferred, and ◿x is the unit length (m) in the heat transfer 

direction, which is defined as the thickness. Therefore, the thermal conductivity may be considered 

as an indicator for evaluating the difference of the heat transfer between materials.

Figure 2. 17 shows the basic principle of measuring the thermal conductivity. First, when the 

thickness (L) and the area (A) of a specimen are defined, one side of the specimen is heated while 

maintaining a constant heat transfer rate ( ). As long as no thermal energy is supplied from the 

outside, heat is transferred to the other side of the specimen. The temperature at the both sides is 

measured over time to derive the final thermal conductivity. Since the thermal conductivity is generally 

a function of temperature and the particle motion is decreased as the temperature is decreased, the 

thermal conductivity is low in a cryogenic environment (see Figure 2.18).
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| Figure 2.16 | Law of heat conduction, also known as Fourier's law [55] 

| Figure 2.17 | Basic principle of thermal conductivity measurement [55]
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| Figure 2.18 | Thermal conductivity of various materials and gases in accordance with temperature [16]

2.3.7 Evaluation of Hydrogen Embrittlement Susceptibility

Hydrogen ions can easily diffuse into steels or other materials. The diffusion of hydrogen ions into 

a material is caused by the exposure of the material to not only pure hydrogen gas but also 

environments of other hydrogen-containing gases, including hydrogen sulfide, hydrogen chloride 

(HCl) and hydrogen bromide (HBr). The hydrogen ions diffused into a material affect the mechanical 

properties. In the case of steel, the hydrogen ions decrease the toughness and ductility, thereby 

embrittling the material. Since the embrittlement may cause a material to be quickly destroyed by a 

small impact load or a small deformation, a careful preliminary review of embrittlement is necessary 

in view of the structural integrity.

Typical factors that cause embrittlement are cryogenic environment and hydrogen environment. For 

the cryogenic containment system for low-flashpoint fuels for ships, the embrittlement at a target 

temperature is the most important criterion in the material selection. Therefore, to store and utilize 

liquid hydrogen as a fuel in a ship, it is necessary to determine not only the temperature but also 

the embrittlement by hydrogen as one of the material selection criteria. ISO 16573 is a standard test 

method for evaluating the hydrogen embrittlement resistance of high strength steels, and it presents 

electrochemical hydrogen charging [56]. Compared to high-pressure hydrogen charging, the method 

is less expensive and safer. Considering that the amount of hydrogen charging is very small in a 

cryogenic environment where the hydrogen mobility is low, electrochemical hydrogen charging is a 

very appropriate testing method.
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The international standard provides a method for evaluating hydrogen embrittlement resistance 

(hydrogen delayed fracture) through a constant load test by using a hydrogen charging specimen. 

In the case of hydrogen continuous absorption such as hydrogen charging in aqueous solution at 

corrosion potential, hydrogen charging in atmospheric corrosion environments and hydrogen 

charging in high pressure hydrogen gas, the evaluation method is briefly described.

There are four hydrogen charging methods: hydrogen absorption in aqueous solution at free 

corrosion potential, cathodic charging, hydrogen absorption in atmospheric corrosion environments, 

and hydrogen absorption in high pressure hydrogen gas. The amount of hydrogen content absorbed 

in the specimens can be analyzed quantitatively by thermal desorption analysis such as gas 

chromatography, mass spectrometry and so on. The conditions for each method are described 

below.

Hydrogen charging by cathode charging : To estimate the effect of hydrogen on the 

mechanical properties of steels, the hydrogen is forced to diffuse into the specimens by the cathodic 

method. Table 2.2 shows the chemical compositions of the solutions for hydrogen charging. Solution 

1 may be used for introducing a relatively large amount of hydrogen, and Solution 2 may be used 

for introducing a small amount of hydrogen. The anode of the electrochemical cell for hydrogen 

charging is made of spiral platinum wire of 0.5 mm in diameter and 2 m in length, and the specimen 

serves as the cathode. After the platinum wire and the specimen are placed in the cell, the constant 

current having a current density in the range from 0 to 20 A/m2 is applied by using 

Potentio/Galvanostat for 48 hours. After finishing the hydrogen charging, cadmium (Cd) plating is 

performed to prevent hydrogen leakage. A charging time of 48 hours is recommended, but a total 

charging time of 72 hours may be applied to compensate the amount of hydrogen discharged by 

room temperature exposure during the hydrogen charging and cadmium plating. The hydrogen 

charging time may be increased for material with a low hydrogen diffusion coefficient. The surface 

area of the specimen should be calculated for proper current supply, and the charged hydrogen 

content may be changed by varying the current density or charging time. However, to obtain 

reproducible test results, it is recommended to use fixed charging time and current density.

Hydrogen absorption in aqueous solution at free corrosion potential : For hydrogen charging 

by corrosion in acid, HCl solutions with a CH3COOH/CH3COONa buffer solution are used. The 

specimen is immersed in a 5% HCl solution to perform hydrogen charging, and the charging time 

is determined according to the specimen size and the hydrogen diffusion coefficient of the material.
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Hydrogen absorption in corrosion environments : For hydrogen charging in corrosion 

environments, the Salt Spray Test (SST) or Cyclic Corrosion Test (CCT) including salt spraying, drying 

and humidifying is carried out.

Hydrogen absorption in high pressure corrosion environments : For hydrogen charging in 

high pressure corrosion, the specimen is exposed to high-temperature, high-pressure hydrogen 

environment to incur hydrogen invasion. The charging time is determined according to the specimen 

size and the hydrogen diffusion coefficient of the material.

Hydrogen thermal desorption analysis : Thermal desorption analysis is used to quantitatively 

calculate the amount of hydrogen diffusion to a material by the four hydrogen charging methods. The 

equipment for thermal desorption analysis consists of heating, gas sampling and detecting parts. 

When the specimen is heated, hydrogen inside the specimen diffuses and flows into the gas 

chromatography column with the carrier gas (high purity Ar or He gas). The heating rate is fixed at 

100 ℃/h, and the specimen is heated to 400℃. The gases may be separated by using an 

adsorption column. For accurate measurement of the hydrogen content, it is recommended to 

measure the background. Generally, the diffused hydrogen is calculated by integrating the first peak 

of the thermal desorption analysis curve. However, when several peaks are observed at low 

temperature (i.e. below 400 ℃), the diffused hydrogen may be calculated by integrating the peaks 

of the thermal desorption analysis curve below 400 ℃. Since the heating rate does not have a 

significant effect on the test results, a high heating rate, such as 100 ℃/h, is recommended.

In mass spectrometry, when radio frequency voltage is applied, only selected gas or ion is 

detected because of the characteristic mass-to-charge ratio. Hydrogen may be continuously 

detected during the heating. The heating rate is fixed at 100 ℃/h, and the specimen is heated up 

to 400 ℃.

| Table 2.2 | Chemical composition of the solutions for electrochemical hydrogen charging

Charging solution Element Content (g/L) Mark

Solution 1
NaCl 30

Large amount of hydrogen
NH4SCN 3

Solution 2 NaOH 4 Small amount of hydrogen
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3.1 Introduction

This chapter proposes the metallic materials for the containment system for restoring low-flashpoint 

fuels. Since low-flashpoint fuels have a wide range of storage temperature, various types of fuel 

storage vessels are required. Basically, the fuel storage vessels for ships should conform to the IMO 

types shown in Appendix A, and they include a primary barrier that is in direct contact with the fuel 

and a composite material-based insulation system for minimizing the heat ingress from the outside. 

The secondary barrier is a means for preventing the external leakage of the fuel from the inside, 

and it can be made of both composite materials and metallic materials. The present technical 

document focused on the base metal of the primary barrier in consideration of the storage 

temperature and characteristics of fuels.

Section 3.2 ‘Metallic Materials for Cryogenic Environments’ briefly introduces the materials that are 

applicable to LNG, a commercialized fuel for ships. The mechanical performance of the individual 

metallic materials according to temperature or hydrogen environments is summarized in Appendix E. 

Sections 3.3 to 3.6 propose metallic materials according to the fuel evaporation temperature. In the 

absence of conditions that lower the mechanical performance of materials, such as hydrogen 

exposure environment or corrosion, the materials that are applicable to cryogenic environments are 

generally applicable to higher temperature without a problem.

3.2 Metallic Materials for Cryogenic Environments

This Section introduces materials suitable for low-flashpoint fuels containment system. The materials 

mentioned herein are based on the materials applicable to a design temperature of -165℃ 

according to Volume 2 (Materials and Welding) of the Korean Register Rules for the classification of 

steel ships, and the rolled steel materials for cryogenic environment include nickel alloys, rolled 

stainless steels, aluminum alloys and high-manganese steels. Currently, low-temperature gases with 

very low evaporation temperature are used in various industries, and they may be applied to a 

variety of materials according to the purpose. However, the application to a containment system for 

large structures, such as ships, must include the consideration of not only the processibility and 

marine environment applicability but also the price competitiveness. Therefore, high-price materials, 
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such as titanium alloys,31) are excluded.

3.2.1 Stainless Steels

Steels containing at least 10% chromium are defined as stainless steels, and they have excellent 

corrosion resistance. The 300 series stainless steels contain 10% to 20% nickel and 17% to 25% 

chromium. Having the FCC crystal structure, stainless steels are highly stable even at low 

temperature. In a cryogenic environment, stainless steels go through slight decrease of ductility, but 

not an outstanding low-temperature embrittlement. Rather, they undergo secondary stiffening, which 

increase the strength further [20,57].

304 and 316 stainless steels are extensively used due to their excellent corrosion resistance, 

high-temperature strength, and oxidation resistance [58]. They can maintain high toughness even 

at temperature below -200℃ without DBTT, and they have excellent weldability and formability. 

However, it should be taken into account in the design of a fuel containment facility that their CTE 

is 1.5 times as high as the 9% nickel steel [59]. 316 stainless steel is a material of which corrosion 

resistance has been further improved by adding 2% to 9% molybdenum.

304L and 316L stainless steels have been developed from the existing materials by decreasing 

the carbon content below 0.03%, and thus inhibiting the generation of chromium carbides to 

decrease intergranular corrosion.32) Since they are not stiffened by the stress-removing heat 

treatment after welding and they show excellent resistance to intergranular corrosion, they are applied 

to heat resistance components that require durability and the components that are difficult to be 

subject to thermal treatment [58]. 316L stainless steels contain 2% to 3% molybdenum (Mo), and so 

they have excellent corrosion resistance and high-temperature strength, and are applied harsher 

environment, compared to 304L stainless steels [58].

Austenitic stainless steels are generally less sensitive and applicable to cryogenic environments, 

and thus they are recommended to apply to liquid hydrogen environments [49,60]. At present, 316L 

stainless steel is usually used for liquid hydrogen storage vessels. Kawasaki Heavy Industries in 

Japan is known to have applied 304L stainless steel to Suiso Frontier, a liquid hydrogen carrier. 

31) Titanium has never been applied to a fuel containment system for ships.

32) Intergranular corrosion: The grain boundary in a metal, the boundary where crystal grains meet together, is a region 

where the arrangement of atoms is irregular, and thus the solute element can be segregated or metal compounds, such 

as carbides, may easily be precipitated
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Besides, various types of 300 series stainless steels, including 321 and 347 stainless steels, have 

been known to applicable, but the information is still insufficient with regard to the cryogenic 

environment performance and hydrogen resistance. In the future, the Korean Register and the Korea 

Institute of Machinery & Materials will provide the technical information about the key materials through 

empirical studies in cryogenic and hydrogen environments.

3.2.2 Nickel Alloys

The representative nickel alloys that are used as the base metal for the LNG cargo and fuel 

containment system for ships are 9% nickel steel and INVAR (Fe-Ni36). At higher design 

temperature, nickel steels with lower nickel content may be used according to the temperature. Nickel 

alloys that are used as a welding material, rather than a base metal, include HASTELLOY and 

INCONEL.

In contrast to other cryogenic materials,33) the atomic arrangement in 9% nickel steel has a Body 

Centered Cubic (BCC) structure. Therefore, the material has a DBTT at which the ductility is drastically 

decreased.34) 9% nickel steel has been developed by refining the crystal grains through heat 

treatment in order to decrease the DBTT, the weak point of ferrite-based materials, below -200℃. 

Therefore, 9% nickel steel has excellent impact toughness in the range of the LNG storage 

temperature, and is applied to both the aboveground LNG containment systems and those for ships.

INVAR has 36% nickel content and a Face Centered Cubic (FCC) structure, and is usually applied 

to the primary and secondary barriers of membrane type storage tanks.35) Having a CTE that is just 

1/15 of austenitic stainless steels, INVAR is applicable to precise measurement instruments, optical 

instruments and so on [61,62]. Thanks to the feature, thermal stress is not a big issue to the primary 

barrier of the membrane type NO96 storage tank, despite having a flat structure rather than a 

corrugated structure. In addition, since INVAR maintains stable austenitic tissues even at extremely 

low temperature, it shows impact toughness over 200 J and high tensile strength [63].

Nickel and nickel-based alloys have excellent resistance to dry oxidization and chemical corrosion 

environments, but it does not lead to hydrogen resistance. Pure nickel, as an element, is vulnerable 

33) Including austenitic stainless steels, aluminum alloys, and high-manganese steels.

34) Brittle behavior in which ductility is lost and a sudden fracture occurs [161].

35) GTT membrane type NO96 type
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to hydrogen, and binary nickel alloys, such as Ni-Cu, Ni-Fe, Ni-Co and Ni-W, are highly vulnerable 

to hydrogen in a nickel-rich region [64,65]. Since there is not a previous study on the hydrogen 

resistance evaluation of INVAR, a material with high nickel content, there is not a sufficient basis for 

deciding its applicability to liquid hydrogen environment.36) 9% nickel steel is not suitable for a liquid 

hydrogen storage vessel, because it shows brittle behavior at extremely low temperature (-253℃), 

which is a liquid hydrogen environment [60].

3.2.3 Aluminum Alloys

Aluminum alloys have excellent mechanical properties and corrosion resistance in a 

low-temperature region. They are easily recycled and have a specific weight of just 2.6. Therefore, 

aluminum alloys are very light, and have a very high strength-to-weight ratio, compared to other 

metallic materials. Among various aluminum alloys, 5000 and 6000 series alloys, having excellent 

seawater resistance, are often used, because the materials for ships and offshore plants are 

considerably exposed to seawater [66].

Part 2(Materials and Welding) of the Korean Register Rules for the classification of steel ships 

specifies that 5083, 5086, 5059, 5754, 5456, 5056, 6005, 6061 and 6082 aluminum alloys are 

applicable to cryogenic environments. 5083 aluminum alloy, applied to the Moss type LNG 

containment system, does not undergo a decrease of the strength during the heating by welding, 

because it contains 4.5% magnesium. 6061 aluminum alloy has been developed to increase 

corrosion resistance by adding more silicon [66], and it is applicable to high-pressure hydrogen 

storage vessels. Aluminum alloys are generally known as having very low hydrogen permeability and 

being almost unaffected by hydrogen embrittlement [67]. However, compared to other cryogenic 

materials, aluminum alloys have high thermal conductivity and CTE [68], which may be 

disadvantages in design.

Generally, aluminum alloys low yield strength, tensile strength, elastic modulus and Charpy impact 

absorption energy, in comparison with steels. However, since aluminum alloys do not have DBTT, 

the Korean Register Rules for the classification of steel ships does not require an impact test of an 

aluminum alloy. 5000 and 6000 series aluminum alloys undergo, as the temperature is decreased, 

36) According to a report by NASA, alloys with nickel content of 12.5% to 35% are not sensitive to hydrogen [67]. However, 

the results do not include INVAR.
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even an increase of tensile strength and yield strength without a decrease of the elongation [66].

The disadvantage of aluminum alloys is that thermal stress is generated after the welding for 

aluminum bonding, and an internal stress continues to exist inside the base metal. The thermal stress 

and internal stress provide the major causes of thermal deformation and may cause material 

deformation, including torsion, giving a negative effect on the structural strength. Therefore, welding 

work conditions (current, voltage, welding rate, etc.) that can reduce thermal deformation as much 

as possible are required in the welding work with aluminum alloys [69,70]. Despite the disadvantage, 

aluminum alloys have considerable advantages to large structures, because they are unaffected by 

hydrogen environment and their light weight allows for the weight-lightening of the liquid hydrogen 

storage vessels. (However, cautions are needed because there are limited results about the 

hydrogen resistance evaluation of 5083-O aluminum alloys.)

3.2.4 High-Manganese Steels

High-manganese steels have FCC structure and contain 22% to 26% manganese. The 

high-manganese steel developed by POSCO is the only one that is commercially available. Since 

the high-manganese steel has been developed with the purpose of applying it to LNG fuel and 

cargo containment systems, its applicability to liquid hydrogen environments may not be determined 

based on the previous studies. The data are present about the results of a tensile test performed 

at -165℃, the boiling point of LNG, and at -196℃, the boiling point of nitrogen, and the results from 

a Charpy impact test, but the data are insufficient about the mechanical performance test at -253℃, 

the boiling point of liquid hydrogen. Moreover, since there is no data about an impact test performed 

at -269℃, the boiling point of liquid helium, the presence of DBTT may not be verified.

Austenitic high-manganese steel, manufactured by adding a large amount of manganese, has high 

austenitic stability and does not undergo martensitic transformation during the deformation, but it goes 

through significant hydrogen embrittlement.37) A tensile test performed in a hydrogen environment in 

another study showed that the hydrogen embrittlement of the high-manganese steel was proportional 

to its strength [71].

37) This means that hydrogen embrittlement resistance may not be evaluated with the austenitic stability alone, and other 

factors should also be taken into account [162].
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Year
Price (USD/ton)

Aluminum1 Nickel2 Chrome3 Manganese4 Magnesium5

2000 - - 1,279 - 1,344

2001 - - 1,168 - 1,271

2002 1,350 6,771 1,477 - 1,308

2003 1,432 9,640 1,411 - 1,577

2004 1,717 13,852 2,293 1,060 1,856

2005 1,898 14,733 2,337 715 1,559

2006 2,567 24,287 2,161 679 1,813

2007 2,639 37,181 3,197 1,151 2,594

2008 2,571 21,027 9,700 2,457 4,280

2009 1,668 14,700 4,872 1,466 2,668

2010 2,173 21,809 4,784 1,720 2,816

2011 2,395 22,831 5,027 1,708 3,083

2012 2,018 17,526 4,740 1,592 3,146

2013 1,845 15,004 4,431 1,453 2,699

2014 1,867 16,867 4,542 1,430 2,501

2015 1,661 11,807 4,564 1,188 2,161

2016 1,605 9,609 4,123 1,190 2,198

- Aluminum alloys: aluminum and magnesium

- High-manganese steels: manganese

The price of the raw materials, one of the factors to the price of the end products, is considered 

as an indicator that can indirectly determine the price stability of the products. Table 3.2 shows the 

yearly average price of minerals since 2000 provided by the Korea Mineral Resources Information 

Service (KOMIS). The years for which the price information form KOMIS is missing are marked with 

a dash (-).

| Table 3.1 | Cost comparison of metallic materials for LNG cargo tank [72]

High-Mn Al 5083 STS 304 9% Ni

Price 53% 100% 88% 114%

Welding cost 9% 100% 33% 133%

Total amount of material 167% 100% 200% 167%

Total cost 56% 100% 128% 205%

| Table 3.2 | Market price of metals for the last 20 years from KOMIS
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Year
Price (USD/ton)

Aluminum1 Nickel2 Chrome3 Manganese4 Magnesium5

2017 1,969 10,411 4,497 1,401 2,268

2018 2,110 13,122 4,806 1,578 2,575

2019 1,791 13,936 4,057 1,331 2,408

2020 1,704 13,789 3,638 1,172 2,032
1LME Cash
2LME Cash
3Ferro-chrome 0.10%C - 62% min Cr, US market price
4Ferro manganese 75% HC FOB China(CN)
5Magnesium min 99.9% FOB P.R.C.(CN)

Remembering that the inflation should be taken into account, aluminum, manganese and 

magnesium have not shown a significant price rise except the Lehman Brothers crisis in 2008, 

indicating that they are less expensive than nickel and chromium. The future popularization of the 

application of LNG and liquid hydrogen containment systems to large ships may increase the demand 

for cryogenic metallic materials. This may enhance the demand for nickel and chromium, making the 

high cost and price fluctuation problems severerr.

3.3 Liquid Hydrogen Containment Systems

The guidelines from the world’s major research institutes and the ISO standards (see Appendix B) 

provide the following considerations in the selection of the materials for liquid hydrogen storage.

① Resistance to hydrogen embrittlement: Materials that are not sensitive to hydrogen.

② Securing ductility at low temperature: Materials having a DBTT lower than the operational 

temperature.

③ Materials that satisfy the two abovementioned conditions simultaneously

Besides, thermal shrinkage should be considered. However, since thermal shrinkage involves the 

geometric shape of a structure, this Section does not include thermal shrinkage in the criteria for 

evaluating the materials suitable for liquid hydrogen containment systems.

A performance test in high-pressure hydrogen environment has been suggested as a method for 

evaluating the hydrogen embrittlement resistance of metallic materials. ANSI/CSA CHMC 1-2014,39) 

which is the standard for evaluating compatibility to compressed hydrogen applications, recommends 
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that the specimen should be exposed to a gaseous hydrogen environment at 300℃ and 100 bar 

for 8 days so that hydrogen can sufficiently reach to the inside of the specimen. However, in the 

liquid hydrogen environments below 20 K, the mobility of hydrogen is extremely decreased, and so 

the hydrogen penetration into a material is very small.40) Therefore, the high-temperature and 

high-pressure hydrogen environments may cause excessively hydrogen charging in contrast to 

cryogenic environment.41) The present document considers that the electrochemical hydrogen 

charging, provided in ISO 16573, may be appropriate for the evaluation of the compatibility with liquid 

hydrogen environments.

The candidate materials for the application to liquid hydrogen containment systems included a 

wider range of materials, compared to the material applicable to LNG containment systems. According 

to the evaluation results, the candidates were classified into 3 groups.

Group A includes materials that have already been applied to liquid hydrogen vessels extensively, 

as their performance and safety are validated. Group A includes 316L stainless steel and 6061-T6 

aluminum alloys. Aluminum alloys have considerably high resistance to hydrogen and are widely 

used in cryogenic environment, such that Al 6061-T6 is applied to Type 3 high-pressure hydrogen 

storage vessels.

Group B includes materials that are expected to be sufficiently applicable to liquid hydrogen 

environments, but that have not been used for a liquid hydrogen vessel. These are austenitic 

stainless steels and aluminum alloys that do not show brittle behavior in cryogenic environments. 

Austenitic stainless steels may be inappropriate for high-pressure hydrogen environment, but they 

are highly appropriate for cryogenic environments where the hydrogen mobility is decreased and the 

hydrogen permeation to the materials is very little. While the present technical document focuses on 

304L and 316L stainless steels, other austenitic stainless steels also have sufficiently high potentials. 

Al 5083-O, which is often applied to LNG containment systems for ships, is also applicable to 

cryogenic environment and hydrogen environment, but it has never been applied to liquid hydrogen. 

Most of these materials can be used at the temperature of liquid hydrogen, but they are inapplicable 

to high-pressure hydrogen environments and they are not free from Stress Corrosion Cracking 

(SCC).42) Since materials of a very wide range become applicable, they need to be evaluated with 

39) Test Methods For Evaluating Material Compatibility In Compressed Hydrogen Applications - Metals

40) Under cryogenic conditions, the mobility of hydrogen is slowed down, and thus hydrogen invasion is very difficult.

41) Under these conditions, even 316L stainless steels show a considerable decrease of elongation.
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respect to hydrogen environments. The present technical document classifies 304L stainless steel 

and 5083-O aluminum alloy as the applicable candidates.

Group C includes materials that are hardly applicable to cryogenic environments below 20 K or 

hydrogen environments. Nickel steels with low nickel content may not be used in cryogenic 

environments. Special alloy steels, containing much nickel, can be used in cryogenic environments, 

but they are highly vulnerable to hydrogen environments and so they are inapplicable. 9% nickel 

steel is not suitable for liquid hydrogen, because it shows brittle behavior in cryogenic environments 

below the LNG storage temperature. INVAR may be applicable to cryogenic environment since its 

strength or elongation is increased, when only temperature is taken into consideration. However, it 

was difficult to find out the results that can be used to determine its sensitivity to hydrogen. Pure 

nickel and nickel alloys with high nickel content are known to be highly vulnerable to hydrogen 

environments. However, according to the technical report published by NASA in 2016, nickel alloys 

with nickel content of about 36% are not significantly sensitive to hydrogen [67]. However, since the 

results are not about INVAR, the present technical document reserves the determination of its 

applicability to liquid hydrogen.

The determination of the applicability to liquid hydrogen is also reserved for high-manganese steel, 

because cases studies are not sufficient regarding liquid hydrogen environments.

The present technical document has gathered from previous studies the mechanical performance 

data of the candidate materials in cryogenic and hydrogen environment, and summarized in Table 

3.3. Some of the test conditions may be different as in the case of hydrogen environment. The details 

of the testing conditions for the individual materials are shown in Appendix E.

42) Stress Corrosion Cracking (SCC): A form of erosion in which brittle cracks are generated in an alloy under a stress 

in a corrosive environment. SCC is caused by the combination of the three factors, which are tensile stress, corrosive 

environment and material properties.
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Materials

Tests and 
parameters

Austenitic stainless steels Aluminum alloys
Austenitic high 

manganese steels

AISI 304L AISI 316L Al 6061-T6 22~26% Mn

Air Hydrogen Air Hydrogen Air Hydrogen Air Hydrogen

Yield strength 
(MPa)

300 K 280d 207e 230b 241b 272b 252b 470a 405b

20 K 330d 4301, f 442b 458b 346b - 1065b 1076b

Tensile strength 
(MPa)

300 K 600d 503e 592b 575b 310b 287b 901a 724b

20 K 1730d 21001, f 1759b 1780b 492b - 1404b 1394b

Elongation 
(%)

300 K 75d 48d 82.9b 44.7b 41.0b 54.6b 47.6b 24.6b

20 K 641, f 651, f 44.1b 47.1b 3.2b - 20.7b 17.2b

Reduction of Area 
(%)

300 K 82d 33d 80.3b 49.1b 14.5b 19.9b 57.7b 24.2b

20 K 721, f 721, f 42.7b 39.8b 23.7b - 14.4b 13.7b

Charpy impact energy 
(J, L-dir.)

300 K 194f 110f 350v 250u 37q - 290b 90w

20 K 1651, f 1101, f 2351, v 1601, u 241, q - 1501, a 52.51,w

Instantaneous thermal 
expansion (10-6/K)

300 K 15.9d - 16.5y - 23.2d,z - - -

20 K 0.5d - -0.5y - 0.2d,z - - -

Thermal conductivity 
(W/m·K)

300 K 14.7d - 15.3x - - - - -

20 K 2.12d - 5.9x - - - - -

Note

1. Performed at 77 K instead of 20 K
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3.4 LNG Containment Systems

The storage of LNG requires design temperature of -163℃ and design vapor pressure of 0.7 bar. 

The common LNG containment systems are Types B and C independent tanks and membrane type 

tanks, which are applied to both fuel and cargo containment systems. LNG, which is colorless, 

odorless, nontoxic and noncorrosive, does not require measures against hydrogen embrittlement, as 

in the case of liquid hydrogen. Therefore, in view of the materials for LNG containment system, the 

main interest is that the applied materials should maintain the strength and ductility and have 

sufficiently high impact resistance in cryogenic environments. With respect to the base metal, the 

Korean Register Rules for the classification of steel ships and the IGC/IGF Code require a tensile test 

and an impact test.
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In consideration of the LNG temperature requirements, the materials applicable to containment systems 

are listed below, and they have considerably high ductility at the design temperature and lack DBTT.

- Austenitic stainless steels: AISI 304(L), 316(L), 321, 347

- Nickel alloys: 9% Ni alloy, INVAR (Fe-Ni36)

- Aluminum alloys: Al 5083-O

- High-manganese steels: 22.5-25.5 Mn

According to the material property requirements at different fuel storage temperature specified in 

the Korean Register Rules for the classification of steel ships and the IGC/IGF Code, a material with 

minimum design temperature of -165℃ should be put to an impact test at -196℃, and the impact 

absorption energy of the base metal should be 27 J or higher. This is because when the test 

temperature is very low, the temperature rises very rapidly, and the high strain rate causes a 

simultaneous temperature increase inside the specimen. For the materials with higher design 

temperature, the specimen is cooled in an environment where the temperature is 5℃ to 20℃ lower 

than the design temperature, and then the impact test is performed within 5 seconds.

Table 7.3 in Chapter 7 of the IGF Code does not require an impact test of aluminum alloys and 

INVAR. In general, aluminum alloys are little affected by temperature in terms of strength or ductility, 

and although they fail to satisfy the impact absorption energy criterion, they do not have DBTT. INVAR 

has excellent strength and elongation , and the nickel content is controlled so that its DBTT is found 

below the absolute zero.

The Korean Register Rules for the Classification of Ships Using Low-flashpoint Fuels mentions that 

an impact test may be omitted for stainless steels in the material and pipe design. This is because 

stainless steels have sufficiently high impact toughness even after they are cooled with liquid helium 

[73].

All the metallic materials mentioned above, having FCC structure, do not show brittle behavior even 

at low temperature, and so they can be easily applied to cryogenic environment. However, nickel 

alloys, usually having BCC structure, are applicable to an environment down to 77 K if the nickel 

content is increased to 9% [74,75].

Table 3.4 summarizes the data from various references about the mechanical properties of the 

abovementioned materials at room temperature and in cryogenic environments.
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Materials

Tests and 
parameters

Austenitic stainless 
steels

Aluminum 
alloys

Nickel alloys
Austenitic high 
manganese 

steels

AISI 304 AISI 316 Al 5083-O 9% Ni
36% Ni 
(INVAR)

22~26% Mn

Yield strength 
(MPa)

300 K 260a 230d 170e 714l 280d 470a

110 K 425k 6101, d 179e 925l 8002, d 691c

Tensile strength 
(MPa)

300 K 650a 570d 320e 826l 510d 901a

110 K 1498k 14001, d 365e 1046l 10402, d 1125c

Elongation
(%)

300 K 66.6d 90h 19e 28l 40f 47.6b

110 K 38.8d 481, i 28.5e 27l 57g 20.72, b

Reduction of Area (%)
300 K 58.3d 75h 12e - 60f 57.7b

110 K 32.4d 571, i 44e - - 14.42, b

Charpy impact energy 
(J, L-dir.)

300 K 375a - 25a 275a - 290a

77 K 115a - 20a 175a - 150a

Instantaneous thermal 
expansion (10-6/K)

300 K 15.9d 15.9d 23.2d, o 10.97m 1.2d -

110 K 0.72, d 0.52, d 0.22, d, o 7.67m 02, d -

Thermal conductivity 
(W/m·K)

300 K 14.7d 14.7d 118d 17.2m 14d -

110 K 2.122, d 2.122, d 17.22, d 30.37m 8.081n -

Note

1. Performed at 4 K instead of 110 K
2. Performed at 20 K instead of 110 K 
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| Table 3.4 | Metallic material candidates for LNG fuel storage tank
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3.5 LPG and Ammonia Containment Systems

LPG, having critical temperature in the range from 96 to 152 ℃ depending on the composition 

ratio of propane and butane, can be stored at room temperature in a liquid state by using a 

pressurized type tank. For pressurized LPG storage, the tank pressure is higher than the vapor 

pressure of LPG, and the design pressure and materials should be determined in consideration of 

external heat ingress. Article 301.1 of Chapter 6 (LPG & Methyl/Ethyl Alcohol) of the Korean Register 

Rules for the Classification of Ships Using Low-flashpoint Fuels specifies that the maximum allowable 

setup pressure of a facility for LPG storage may exceed 1.0 MPa, and Article 402.1 specifies that 

a secondary barrier is not required if the fuel temperature is above -10℃ at room temperature, and 

that the hull structure may be considered as a secondary barrier if the fuel temperature is above 

-55℃. The guidelines on the LPG storage vessels and systems comply with the Article 413 of 

Chapter 6 (LPG & Methyl/Ethyl Alcohol) of the Korean Register Rules for the Classification of Ships 

Using Low-flashpoint Fuels.

When ammonia is stored by low-temperature liquefaction, a Type A independent tank may be 

used, and the design vapor pressure should be lower than 0.07 MPa. Generally, low-temperature 

steels that can tolerate -50℃ are employed. A Type C independent tank may be applied to 

pressurized transport of ammonia, and its design pressure is usually about 1.75 MPa, which 

corresponds to the saturated pressure of propane at 45℃. The Type C independent tank has low 

volume efficiency, and a high price due to the large barrier thickness. Half-pressurized and 

half-liquefied type transport is carried out by a Type C independent tank, of which design pressure 

is 0.5 to 0.7 MPa. Type C tanks have low design pressure and a smaller thickness, and are made 

of a metallic material that tolerates -10℃ [9].

Both ammonia and LPG are fuels that can be stored at low temperature near to room temperature, 

compared to liquid hydrogen or LNG, the common metallic materials for ship structures are not 

applicable to them. The Korean Register Rules for the Classification of Ships Using Low-flashpoint 
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Fuels, specifies that carbon manganese steels, killed steels and aluminum-treated fine grade steel 

may be used with reference to the design temperature for the fuel storage, and provides the details. 

In particular, ammonia may cause SCC at the vessels or manufacturing facilities made of carbon 

manganese steels or nickel steels. Therefore, Section 17 (Special Regulations) in Chapter 5 (LNG 

Bulky Carriers) in Part 7 of the Korean Register Rules for the classification of steel ships provides 

the following regulations.

- Cargo tanks, pressurized vessels for manufacturing, and cargo pipe devices made of carbon 

manganese steels should be manufactured by using fine grade steel43) having a maximum yield 

stress of 355 N/mm2orlowerandanactualyieldstrengthof440N/mm2 or lower.

- When carbon manganese steels having a yield stress higher than that, finalized cargo tanks and 

pipe devices should be subject to post-welding stress-removing heat treatment.

- Carbon manganese steels that fail to satisfy the requirements mentioned above or nickel steels 

with nickel content higher than 5% must not be used to manufacture the transport vessels and 

pipe devices of ammonia fuel, because the materials are vulnerable to SCC.

3.6 Methanol and Ethanol Containment Systems

Since the boiling points of methanol and ethanol at atmospheric pressure are 64.7℃ and 78.3℃, 

respectively, they have no issue related to the use of low-temperature steels However, since 

methanol and ethanol cause corrosion of some materials, compatibility should be taken into 

consideration when selecting the materials for tank coatings, pipes, seals and other components. 

Methanol is classified as toxic and thus requires an additional measure to limit the inhalation exposure 

and skin contact. On the contrary, ethanol is not considered as toxic to human body [5]. In 

December 2020, the IMO Maritime Safety Committee (MSC) published interim guidelines, considering 

the properties of methanol and ethanol fuels. Unlike LNG that is operated in cryogenic environment, 

methanol and ethanol are in a stable liquid state at room temperature. Therefore, the applied 

regulations are relatively simple, when only the material aspects are taken into consideration. The 

document does not consider low-temperature environments, such as cryogenic conditions, for the 

materials of methanol and ethanol fuels storage vessels, but it stipulates that the erosion by the fuels 

should be sufficiently considered [11].

43) Granulation refers to the process to make metallic tissues finer. Fine grade steels can be prepared by adding an 

appropriate granulation element, such as aluminum, to change the chemical composition or by performing thermal 

treatment.
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Most environment-friendly fuels for replacing the conventional fuels for ships are low-flashpoint 

fuels, which have corrosiveness or cause embrittlement. Therefore, it is necessary to identify the 

requirements for storing the individual fuels and choose the most realistic and economically feasible 

methods.

Among the many alternative fuels, sufficient information is available about the materials that can be 

applied to methanol, ethanol, ammonia, LPG and LNG. As these fuels have long 

been handled in ships as a fuel or cargo, there are sufficient regulations regarding 

the materials applicable to them. In the absence of conditions that lower the 

mechanical performance of materials, such as hydrogen exposure environment or 

corrosion, the materials that are applicable to cryogenic environments are generally applicable to 

higher temperature without a problem.

Liquid hydrogen is the fuel that gives the most difficult technical challenges to the large-scale 

storage in ships. Hydrogen should be liquefied and then stored in a containment facility that is 

designed to keep the temperature below 20 K. The IGC/IGF Code and the Korean Register Rules 

for the classification of steel ships require an impact test to be performed at temperature lower than 

the operational temperature, but realistically, it is very difficult to carry out an impact test in a 

cryogenic environment below 20 K.

The design and manufacturing of low-flashpoint fuels containment systems should consider the 

effect on not only the base metal but also welding. Hence, studies on the application of liquid 

hydrogen to ships need the results of performance tests carried out under conditions equivalent to 

or harsher than the operational environments. The empirical studies on liquid hydrogen storage and 

fuel propulsion ships, carried out in advanced countries, focus on 316L stainless steel, which has 

traditionally been known as having excellent hydrogen resistance and applicability to cryogenic 

environments. However, using only one material is a substantial design constraint, and may cause 

a problem in securing economic feasibility.

Therefore, the Research Division of Korean Registers and the Korea Institute of Machinery & 

Materials will establish in the second half of 2021 a test bed where tension, fatigue and fracture 

toughness evaluations can be performed at 20 K to secure the mechanical performance data. The 

technical documents that will be published later will provide the performance data of various materials, 

besides 316L stainless steel, in liquid hydrogen environments.
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| Appendix A. Types of Storage Tank |

Appendix A briefly describes the structural types and applied materials of the cargo/fuel 

containment systems specified in IGC/IGF Code. The present technical document, focusing in the 

material applications to different fuels, was prepared to provide the basic understand of the tank types. 

Several materials that satisfy the minimum requirements may be applied, but the present document 

focuses on the materials that are generally used in the industry for the individual storage tanks.

Basically, the fuel containment systems for storing low-flashpoint fuels in ships should be provided 

with a full secondary barrier capable of safely preventing all potential leakages through the primary 

barrier. In addition, a thermal insulation system should be provided to prevent lowering of the 

temperature of the hull to an unsafe level.

Figure A.1 shows the LNG storage tanks for ships presented by the IMO. Independent tanks are 

self-supporting tanks that can tolerate the load of the liquefied fuels with the tanks themselves without 

affecting the hull structure strength. Independent tanks are classified into Type A, Type B and Type 

C according to the type in consideration of the secondary barrier. Membrane tanks are 

non-self-supporting tanks that directly transfer the fluid load to the hull structure.

| Figure A.1 | IMO classification of LNG vessels
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A.1 Type A Independent Tank

Korean Register defines Type A independent tank as the tanks that are designed according to 

the standards accepted by the conventionally used hull strength analysis method with reference to 

Chapter 15 (Deep Tank Design Conditions) of Part 3 of the Korean Register Rules for the 

classification of steel ships. The literature provides the design standards with reference to the 

structural strength, but does not include the evaluation of fatigue strength. The design pressure of 

Type A independent tanks should be less than 0.07 MPa to prevent the external leakage of the fuels 

from the inside even if the fuel tank is broken [76]. A typical cross-sectional shape is a prismatic 

shape, as shown in Figure A.2. Therefore, the tanks may be designed to be similar to the hull 

structure, giving advantages in the space utilization compared to other independent tanks. However, 

as shown in Figure A.2, there is a possibility of leaking the liquefied cargo, and thus a secondary 

barrier that can tolerate the leakage is additional required to secure the stability. This applies to both 

Types A and B independent tanks and membrane type tanks. In Type A independent tanks, the 

entire hull serves as a secondary barrier. Generally, one of aluminum, nicely alloy steel and stainless 

steel is selected as the material for the primary barrier.

| Figure A.2 | IMO Type A independent tank structure [77]
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A.2 Type B Independent Tank

Type B independent tanks are tanks designed by using model tests, refined analytical tools and 

analysis methods to determine stress levels, fatigue life and crack propagation characteristics. 

Therefore, the suitability of the structure should be examined with respect to all the dynamic and static 

loads on the tanks, requiring the evaluation of plastic deformation, buckling, fatigue failure, and crack 

propagation. The design vapor pressure should be less than 0.07 MPa, and a partial secondary 

barrier and a means for safe treatment and removal of leakage are required. Figure A.3 is a 

schematic of the cross-section of a typical Type B independent tank. A partial secondary barrier is 

provided to safely treat the leakage through the primary barrier, and a thermal insulation system 

should be provided to prevent lowering of the temperature of the hull to an unsafe level. 

Representative Type B independent tanks are IHI-SPB (Self Supporting Prismatic type-B) developed 

by IHI and Moss types tanks developed by Moss Rosenberg. The Moss type tanks are usually used 

as a cargo hold, and IHI-SPB tanks may be used as a fuel tank. Aluminum alloys, 9% nickel steels, 

and austenitic stainless steels can all be used as the material of a primary barrier (Al 5083-O used 

for the Moss type tanks). IHI-SPB is known to be lighter than the Type C independent tanks. With 

reference to an LNG fuel tank of 2,000 m3, the weight of the IHI-SPB tanks is about 1/5 to 1/6 

of the weight of the Type C independent tanks. Even if stainless steel is applied, rather than an 

aluminum alloy, to the IHI-SPB tanks, the weight of the IHI-SPB tanks is about 1/3 of the weight 

of the Type C independent tanks [78]. Since POSCO has recently developed high-manganese steel 

that can be applied to the LNG fuel tanks for ships, the Japanese industry is also considering the 

application of high-manganese steel as the material of the primary barrier of the SPB tanks [79].
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| Figure A.3 | Schematic diagram of IMO Type B independent tank [77]

A.3 Type C Independent Tank

The design criteria for Type C independent tanks are based on the modified pressure vessel 

criteria, including the fracture mechanics and crack propagation criteria. The Type 1 pressure vessel 

requirements specified in Chapter 5 of Part 5 of Korean Register Rules for the classification of steel 

ships should be applied. The design vapor pressure, calculated in consideration of the dimensions 

and materials of a fuel tank, should ensure that the dynamic stress is sufficiently low, so that an initial 

surface flaw will not propagate more than half the thickness of the shell during the lifetime of the tank. 

Therefore, with the significantly low possibility of leakage, the installation of a secondary barrier is not 

required. While the design pressure of other types of LNG storage tanks is 0.07 MPa, the design 

pressure of Type C independent tanks is 0.2 MPa or higher. Therefore, the holding time is longer, 

compared with other fuel tanks having the same natural evaporation rate. In Type C independent 

tanks, insulating materials, such as polyurethane foam, are used to minimize the thermal conduction 

from the outside. As shown in Figure A.4, a vacuum structure with perlite may be used at the inner 

tank and the outer tank. The vacuum structure is applied only to relatively small tanks due to the 

difficulties involved in the vacuum holding. However, vacuum insulation was applied to the liquefied 

hydrogen carriers built by the Japanese Kawasaki Heavy Industries to secure the insulation 

performance, although the tank size was 1250 m3.
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| Figure A.4 | Schematic diagram of IMO Type C Independent Tank[76]

A.4 Membrane Type Tank

Membrane type tanks include tank walls consisting of thin membranes, and so the only function 

is fluid tightness to prevent the leakage of fluids. Unlike independent type tanks, the load of the fuel 

in the inside is not borne by the tanks themselves but by the adjacent internal hull through the 

insulation material on the external side. The design vapor pressure should not basically exceed 0.025 

MPa. However, if the supporting strength of the insulation structure is appropriate, the vapor pressure 

may be increased to 0.07 MPa. The primary barrier of the membrane type tanks should be a metallic 

material having thickness not exceeding 10 mm. A complete secondary barrier is required to prevent 

the leakage of the fuel by the breaking of the primary barrier. Different structures and materials are 

applied to the primary barrier and the insulation system depending on their characteristics. 

Representative membrane type tanks include Mark-III and NO96 models manufactured by GTT. As 

shown in Figure A.5, 1.2 mm thick 304L stainless steel is applied to the Mark-III system. When the 

temperature is decreased from room temperature to -163℃, the stainless steel usually undergoes 

thermal contraction of 2 mm per 1 m length, and if it is constraint geometrically, it may reach the 

yield strength by the thermal stress [80]. Therefore, to overcome the problem, a corrugated structure 

is provided to the primary barrier made of austenitic stainless steels to independently absorb the 

thermal deformation and the hull deformation. As shown in Figure A.6, the NO96 has a primary 

barrier made of INVAR, which has a very small CTE, compared to stainless steels, and has excellent 

low-temperature mechanical performance, as its elongation, tensile strength and yield strength are 

rather increased at room temperature [80,81]. Therefore, the primary barrier has thickness of 0.7 mm 

and a flat structure instead of a corrugated structure.
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| Figure A.5 | Membrane type tank: Mark-III system (Courtesy of GTT)

| Figure A.6 | Membrane type tank: NO96 system (Courtesy of GTT)

665

Top bridge pad Primary stainless steel membrane

Insulation panelComposite secondary membrane(Triplex)

Inner hull

Metallic insert

Primary and secondary insulation:
plywood filled with expanded perlite
(NO96 original design)

Primary Fe-36%
Ni membrane

Fe-36% Ni
tongue

Secondary
Fe-36% Ni
membrane

Mastic ropes

Coupler



66867667 |  KOREAN REGISTER

| Appendix B. International Codes and Standards: Material 

Part |

This Section summarizes the regulations provided by international organizations and institutes and 

the Korean Register regulations on the materials of cargo/fuel containment systems. This Section 

focuses on the materials suitable for liquid hydrogen, a fuel that is particularly difficult to store among 

various low-flashpoint fuels.

Having completely identified the risk factors of hydrogen, the current IMO and Korean Register rules 

focus on the removal or minimization of possible risk factors. With regard to materials, they specify 

that the materials should be free from the embrittlement by low temperature and hydrogen, and that 

butt welding is needed to minimize hydrogen leak.

The hydrogen-related regulations published by ASME, AIAA, ISO and NASA provide common 

material requirements. This Section quotes and summarizes the hydrogen resistance evaluation 

results from individual materials, and derives the applicability to gaseous hydrogen, liquid hydrogen 

and slush hydrogen in consideration of the temperature conditions. The common compatibility 

evaluation results of metallic materials are summarized below.

- Aluminum and aluminum alloys: There should be no particular issue in gaseous hydrogen and 

liquid hydrogen environments.

- Austenitic stainless steels: They are applicable to liquid hydrogen environment. However, when 

under a load at low temperature, martensitic transformation is facilitated. Austenitic stainless steels 

including a martensitic phase may be vulnerable to hydrogen environments.

- High nickel content alloys: High nickel content alloys may be vulnerable to hydrogen.

- 9% nickel steels: Not suitable for liquid hydrogen due to their brittle behavior under cryogenic 

conditions (20 K).
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B.1 IMO IGC and IGF code

The IGC Code (International Code of the Construction and Equipment of Ships Carrying Liquefied 

Gases in Bulk) is the international standards that regulate the details regarding the structure and 

system of ships for carrying liquefied gases in bulk. Due to the insufficient information about liquid 

hydrogen, the Interim Recommendations for Carriage of Liquefied Hydrogen in Bulk (MSC.420[97]) 

was adopted in 2016, and the relevant discussion has continued to provide the basis of the 

requirements of liquefied hydrogen carriers. The document provides 8 special requirements about the 

danger of liquefied hydrogen that should be taken into account in the design of liquefied hydrogen 

carriers.

The IGF Code (International Code of the Safety for Ships using Gases or other Low-flashpoint 

Fuels) is the safety regulations on gas fuel propulsion ships, including ships using natural gas and 

low-flashpoint fuels. A clear revision may need to be developed for the application to hydrogen 

carriers and alternative fuel propulsion ships in consideration of the individual codes and the 

properties of alternative fuels.

The metallic materials that are used to manufacture the primary and secondary barriers of fuel and 

cargo containment systems should satisfy the minimum requirements provided in Tables 6.1, 6.2 and 

6.3, Chapter 6 of the IGC Code, and in Tables 7.1, 7.2 and 7.3, Chapter 7 of the IGF Code. 

However, the IMO IGC/IGF Code does not specify the conditions for liquefied fuels and cargos below 

77 K.

B.2 Classification Rules

The interim guidelines directed to the methods for storing liquefied hydrogen in ships include the 

guidelines proposed by Korean Register in 2021. This Section describes the metallic materials for 

storage vessels and the effects of hydrogen provided in the Guidelines for Ships carrying Liquefied 

Hydrogen in Bulk, published by Korean Register in March 2021.
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B.2.1 Guidelines for Ships carrying Liquefied Hydrogen in Bulk

According to Chapter 2 Section 2 of the Korean Register Guidelines for Ships carrying Liquefied 

Hydrogen in Bulk , the materials for cargo containment systems should take into account the special 

requirements regarding low-temperature and hydrogen embrittlement. Considering low-temperature 

embrittlement, the selection of the materials for primary and secondary separator plat welding, cargo 

process pipes, pressure vessels and other systems, of which design temperature is below -165 ℃, 

should be based on appropriate certified standards. In this regard, the AIAA publications introduce 

several materials that satisfy the design temperature.

Documents should be filed to show that a selected material is suitable for specific utilization 

conditions and environment, including the design temperature, pressure, and utilization stress. A 

fracture toughness test that can basically be recognized by the Association should be performed to 

verify if the material has the toughness for tolerating low-temperature embrittlement. The Association 

accepts an impact test as an alternative of a fracture toughness test, and the test may be omitted 

if the material is considered as satisfying the requirements of the certified standards. When an impact 

test should be performed, it should be performed at temperature lower than the minimum design 

temperature, which is 5 ℃. The test results should show that the strength and toughness are not 

severely lowered or cracks are not generated under the utilization environments, including the design 

temperature, pressure and utilization stress [82].

B.3 ASME

B.3.1 ASME B31.12

ASME B31.12 (Hydrogen Piping and Pipelines) deals with the requirements of the piping system 

for the utilization of gases and liquefied hydrogen. The regulation specifies the general requirement 

of the piping system with regard to the materials, welding, forging, heat treatment, forming, testing, 

inspection and maintenance. The section devoted to industrial piping systems recites the components, 

design, manufacturing, and assembly as well as their testing methods. The Nonmandatory Appendix 

A provides the effects on the materials under cryogenic hydrogen environments as well as the 

standards for selecting appropriate materials [83].
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B.3.2 ASME Boiler and Pressure Vessel Code

SME Boiler and Pressure Vessel Code provides the requirements, specific prohibitions, and 

nonmandatory guidelines applied to the materials, design, manufacturing, installation, inspection, 

testing and certification of pressure vessels. The particular requirements are applied to materials of 

various classes used for pressure vessel components as well as manufacturing methods, such as 

welding, forging and brazing. The Code also includes the mandatory and nonmandatory appendices 

that describe in details the additional design standards, nondestructive examination and the inspection 

approval standards.

Nonmandatory Appendix includes the alternative rules for pressure vessels and vessel 

components in low-temperature areas. It shows the materials that are applicable to the temperature 

as well as the minimum tensile strength and the maximum allowable stress of the materials. However, 

since the Codes covers only down to -320℉ at present, a revision may need to be developed 

about the material selection, minimum tensile strength and maximum allowable stress at -400℉, 

corresponding to liquefied hydrogen environments [84].

B.3.3 ASME STP-PT-006

ASME STP-PT-006 (Design Guidelines for Hydrogen Piping and Pipelines) covers all the metallic 

materials that are commonly used in the construction of pipes and pipelines. The design factors 

include the operational conditions, the hydrogen environment within the pipe and pipeline systems, 

and the effects of dry hydrogen on the construction materials. The guidelines describe the effects 

of the hydrogen environment on the individual metallic materials as well as the characteristics that 

the suitable materials should have [85].

B.3.4 ASME STP-PT-005

ASME STP-PT-005 (Design Factor Guidelines for High-Pressure Composite Hydrogen Tanks) 

includes the guidance to high-pressure hydrogen tanks. The scope of the tanks include storage and 

transportation tanks but not vehicle fuel tanks. The reference is the design lifetime of composite tanks 

with a metallic liner.

The margins of short-term and long-term rupture are based on the experiences on the existing 
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standards. The guidance provides the recommendations for further studies and the means for 

designing a lifetime that is shorter or longer than the design lifetime, and describes how to determine 

the stress ratio of a fiber reinforced system through a test for manufacturers. The effects of hydrogen 

on the tanks should be handled in other parts of the Code, like the parts devoted to material selection 

and fatigue and toughness requirements [86].

B.3.5 ASME STP-PT-003

ASME STP-PT-003 (Hydrogen Standardization Interim Report for Tanks, Piping, and Pipelines) 

includes the review of the existing standards about tanks, the comparison with the ASME BPVC 

Section VII, and the recommendations of appropriate design requirements applicable to small and 

large ships in pursuit of high strength.

ASME STP-PT-003 also include the design, manufacturing and testing related to the utilization of 

existing pressure vessel standards in high-strength application at a maximum strength of 15000 psi, 

the materials that are typically used, and the development of data about hydrogen ships. The same 

applies to pipes and pipelines [87].

B.4 AIAA

AIAA (American Institute of Aeronautics and Astronautics) provides aerospace-related standards 

approved by the American National Standards Institute. AIAA G-095A Guide to Safety of Hydrogen 

and Hydrogen Systems provides the operation of hydrogen-related systems, securing of safety, 

material behavior, storage systems, detection, solution to risk factors of hydrogen transport, and the 

review data for the review of urgent procedures.

B.4.1 Hydrogen Embrittlement

Exposure to hydrogen environments causes degradation of mechanical properties of metals. 

Therefore, the metals used for structures or measurement instruments exposed to hydrogen 

environments should be assessed with regard to the decrease of their mechanical properties due 

to the exposure to hydrogen environments. The evaluation standards about the performance 
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decrease are recited in ‘NASA TM-2016-218602.’

| Table 4.1 | Category of hydrogen embrittlement [49]

Category HEE index Notes

Negligible 1.0 - 0.97 Materials can be used in the specified hydrogen pressure & temperature range with 
fracture mechanics & crack growth analysis in hydrogenSmall 0.96 - 0.9

High 0.89 – 0.7
Cautiously use only for limited applications with detailed fracture mechanics & crack 
growth analysis in hydrogen

Severe 0.69 – 0.5 Not recommended for usage at specific pressure and temperature where the HEE 
index is measured.Extreme 0.49 – 0.0

Hydrogen embrittlement is divided into HEE (Hydrogen Environment Embrittlement), IHE (Internal 

Hydrogen Embrittlement) and HRE (Hydrogen Reaction Embrittlement).

- HEE: The degradation of mechanical properties that occur when a metal or alloy material is 

exposed to gaseous hydrogen environment or under plastic deformation. The crack initiation is 

usually near a notch or surface defect. The effects of hydrogen embrittlement are found as a 

result of the increase of the surface cracks, the decrease of the ductility and the decrease of 

the breaking strength, usually at the joints or lines with a pressure vessel.

- IHE: Recognized as the result of hydrogen inflow into a metallic material vulnerable to hydrogen. 

IHE occurs by the exposure to hydrogen-containing impurities during forming or finishing 

processes of melt metals or welding. The impurities include moisture, atmospheric humidity or 

organic contaminants on the weld parts. Hydrogen enters into a melt metal in the welding or 

casting process. As a result of the increased hydrogen solubility in a hot metal, the solubility of 

the material may not accommodate hydrogen any longer in the cooling process of the material, 

leading to HEE. Hydrogen atoms can form hydrogen molecules by themselves at the grin 

boundary, inclusions or defects inside the metal. The hydrogen that is charged in this manner 

enhances internal cracks or other harmful effects. A small amount of hydrogen can also result 

in an early fracture of a metallic material, and the fracture may happen without any signs.

- HRE: Embrittlement by the coupling of the hydrogen that is absorbed into a metal with a certain 

substance in the metal and the formation of hydrogen compounds. The formation of hydrogen 

compounds occurs in heating and pressurizing processes in which hydrogen diffusivity is 

increased, but direct bonding with a metallic base metal may occur at relatively low temperature. 

HRE is often found in some alloys based on titanium, zirconium, iron or carbon steel. An example 
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of the reaction is the generation of methane gas by the reaction of carbon steel with hydrogen 

ions. Methane gas generated inside a material migrates through grain boundaries, inclusions and 

defects, and connects voids, blisters and micro-cracks to cause a brittle fracture.

Effects on mechanical properties of materials: Hydrogen embrittlement is increased with the 

increase of the strength of alloy steels. Hydrogen embrittlement is observed in a wide temperature 

range, but IRE and HEE in many metallic materials are maximized in the temperature range from 200 

to 300 K. On the contrary, HRE is enhanced at high temperature above room temperature with the 

increase of the reactivity. The hydrogen sensitivity of steels is increased with the increase of the purity 

and pressure of the exposed hydrogen. The crack propagation rate that is increased by the 

embrittlement results in the reduction of the fatigue life. Hydrogen is easily entrapped by the 

dislocations generated in the metal, grain boundaries, voids, oxygen or oxidative inclusions, carbon 

particles, and lattice defects, and the entrapped hydrogen definitely shows a trend of embrittlement 

in a range from low temperature to room temperature.

B.4.2 Reducing the Effects of Hydrogen Embrittlement

Most materials under cryogenic conditions show almost no embrittlement even in a high-pressure 

environment. Metallic materials such as aluminum show almost no hydrogen embrittlement. 

Understanding the characteristics of these materials can effectively exclude the effects of hydrogen 

embrittlement in the design of fuel containment systems. However, it is recommended to thoroughly 

exclude the application of cast iron or BCC phase materials to hydrogen environments.

Generally, most of the gaseous hydrogen storage systems are made of steels of moderate 

strength, and liquefied hydrogen storage systems are made of stainless steels. In the design of the 

systems, the effects of hydrogen embrittlement are determined by the thickness increment, surface 

treatment, welding technology and materials.

Metal surface coating has the advantages of low hydrogen solubility and diffusivity, as it delays the 

hydrogen inflow into the metal, and it can change the surface properties by decreasing the hydrogen 

adsorption to the metal surface and the catalytic reaction of the metal.

The hydrogen inflow to a metal may be decreased by lowering the hydrogen pressure and purity. 

The hydrogen flow into a metal is decreased in a low-temperature environment, but IRE and HEE 

are maximized at 200 to 300 K. A baking process in the absence of a crack releases hydrogen 

from a metal. A cathodic method may be employed for the application to a corrosive environment 
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by moisture exposure. In a water system, hydrogen embrittlement can be prevented  with corrosion 

inhibitor. 

In most materials, reduction of the maximum working stress is a method for effectively control the 

effects of hydrogen embrittlement. The impact of hydrogen embrittlement is decreased by reducing 

the residual stress generated in the heat treatment, manufacturing and welding processes. Based on 

the fatigue life of metallic materials decreased in a hydrogen environment by applying fracture 

mechanics, a fatigue life reduction factor is applied, such as the hydrogen life reduction factor 

provided in NASA TM-2016-218602. In the absence of the data, a designer must apply a fatigue 

life that is about 5 times lower, as a replacement.

Hydrogen effects in low-temperature environment : The selection of materials for liquid 

hydrogen and slush hydrogen (Slush Liquid Hydrogen, SLH2) must include the evaluation of 

mechanical properties, such as yield strength, tensile strength, ductility, impact strength, and notch 

sensitivity. For the materials applied the environments, the optimal mechanical property criteria should 

be taken into account in consideration of the operational environments as well as accidental 

environments, such as hydrogen explosion. The metallic materials that are applied to 

low-temperature hydrogen environments should be in a metallurgically stable state, and should not 

undergo a phase transformation over time or depending on the thermal cycle.

B.5 ISO

B.5.1 ISO/TR 15916

ISO/TR 15916 (Basis Considerations for the Safety of Hydrogen Systems) is a guidance to the 

utilization of gaseous and liquefied hydrogen, and it provides the safety-related characteristics and 

considerations of hydrogen. The guidance provides the risks related to the characteristics of 

hydrogen and the methods for minimizing the risks. It also provides the considerations with regard 

to the selection of appropriate structural materials.

The ANNEX C provides the considerations for the selection of the materials suitable for hydrogen 

systems as well as the guidelines about the material adaptability involved in the utilization of hydrogen 

in order to select the materials appropriate for the application to liquefied and gaseous hydrogen 
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environment [60].

B.5.2 ISO 13984

ISO 13984 (Liquid Hydrogen - Land Vehicle Fuelling System Interfaces) is the standards that 

specify the characteristics of the liquefied hydrogen fuelling of land vehicles and the relevant systems. 

It specifies the protective measures to minimize the problems and risks during a fuelling process and 

to minimize the damage of human life.

In addition, it includes the system design, installation, testing and inspection methods, and the 

maintenance requirements.

ISO 13984 also presents several materials that are used in the production of the pipes for liquefied 

hydrogen supply in the requirements of the systems for handling liquefied hydrogen and cryogenic 

hydrogen [88].

B.5.3 ISO 13985

ISO 13985 (Liquid Hydrogen - Land Vehicle Fuel Tanks) is the standards the describe the 

structural requirements and experimental methods for the liquid hydrogen fuel storage vessels in land 

vehicles. It applies to the fuel storage tanks that can be continuously mounted on a land vehicle.

ISO 13985 applies to fuel tanks and components, and provide the requirements of the design, type 

test, general test and inspection. ANNEX C and ANNEX D describe the regulations on the fuel tanks 

and the component, respectively [89].

B.5.4 ISO 11114-1

ISO 11114-1 (Gas Cylinders – Compatibility of Cylinder and Valve Materials with Gas Contents – 
Part 1 : Metallic materials) provides the requirements regarding selective combinations of the metallic 

gas cylinder and valve materials with gases. The gases include compressed gases, liquefied gases 

and solution gases, and they are applied to seamless metal cylinders, weld metal cylinders, 

composite material cylinders and valves. The cylinder refers to the pressurized vessel for carrier gas.

ISO 11114-1 introduces the metallic materials that are commonly used in the manufacturing of gas 

cylinders, and describes the general applications for determining the compatibility with gases as well 
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as the compatibility characteristics of individual gases. The regulation provides the compatibility of 

metallic materials with regard to hydrogen embrittlement [90].

B.5.5 ISO 21010

ISO 21010 specifies the gas/material requirements of cryogenic vessels, but it does not handle the 

mechanical properties, providing only the compatibility such as chemical resistance. ISO 21010 

(Cryogenic vessels - Gas/Material Compatibility) is the general guidance to the compatibility of 

cryogenic vessels with gas. It provides the detailed requirements about oxygen and air.

It also defines the method for testing the oxygen compatibility of the materials (metals and 

nonmetals) used for the systems related to cryogenic vessels, focusing on the materials that are or 

may be in contact with a cryogenic fluid. Annex A describes the metallic materials that are generally 

applied to liquefied oxygen [91].

775



77877777 |  KOREAN REGISTER

| Appendix C. Effect of Hydrogen |

C.1 Hydrogen Damage

When a material is exposed to hydrogen atmosphere and a certain surrounding environment, the 

overall mechanical properties of the material are decreased, compared to the same environment in 

the absence of hydrogen. Hydrogen damage refers to the early fracture of a material due to 

weakening of the internal binding force of the material by the direction reaction of the material with 

hydrogen or by the hydrogen that has invaded into the material. Hydrogen damage, referring to the 

fracture or damage caused by the exposure to a hydrogen environment, is classified into the cases 

where hydrogen is directly involved in the fracture of the material or where hydrogen works as a 

factor that accelerates the material fracture. Hydrogen attack, hydrogen blistering, hydride 

embrittlement, and hydrogen embrittlement are included in the cases where hydrogen is directly 

involved in the fracture of the material, and the other cases are included in the cases where 

hydrogen accelerates the material fracture and damage.

C.1.1 Hydrogen Attack

Hydrogen attack refers to the generation of cracks by the growth of methane bubbles resulting 

from the binding of hydrogen atoms, diffused from a metal, with carbon atoms in high-temperature 

(over 220℃) and high-pressure hydrogen environments (see Figure C.1). Hydrogen molecules 

(H2)aredisassociatedonasteelsurfaceintohydrogenatoms,whichareeasilydiffusedintothesteel.Atgrainboun

daries,dislocations,inclusionsandintervalvoids,thehydrogenatomsreactwithdissolvedcarbonsormetalcarbi

destogeneratemethanegas.

The pressure of methane gas generated by the reaction of the hydrogen ions in a steel causes 

intercrystalline cracks, fissures (long cracks) and hydrogen blisters, and the decarburization by the 

carbonization in the steel reduces the strength of the steel.

Stainless steels containing chromium 12% or more suppress the formation of methane in the steels. 

However, since hydrogen can diffuse into such steels, steel cladding may not prevent blisters [92].
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| Figure C.1 | Failure accident by hydrogen attack 150 bar, 
240℃ hydrogen induced decarburized pipe failure[92]

C.1.2 Hydrogen Blistering

Hydrogen blistering refers to the severe deformation of a metal by the invasion and accumulation 

of hydrogen inside the metal, characterized by the severe swelling of the surface. Hydrogen 

blistering, known as low-temperature hydrogen embrittlement, is predominantly found in low carbon 

steels containing hydrogen ions diffused into the steels [93] (see Figure C.2).

Hydrogen blistering is caused by the generation of hydrogen due the corrosion of a material 

surface and the invasion of the hydrogen into the material. The amount of hydrogen is much enough 

to damage the steel material even in weakly acidic atmosphere. Certain substances in a corrosive 

environment, such as sulfides, can facilitate hydrogen diffusion by inhibiting the recombination of 

hydrogen ions into hydrogen molecules on the steel surface. Hydrogen blistering may be prevented 

by coating the steel surface or by cladding44) stainless steels and 400 Series alloys [92].

| Figure C.2 | Hydrogen blistering failure on a vessel [93]

44) Cladding refers to the manufacturing method where two different metallic materials are joined together by welding, rolling, 

casting and extruding in order to add to the materials a new characteristic that the base metal does have.
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C.1.3 Hydride Embrittlement

Hydride embrittlement refers to the degradation of the mechanical performance of metals, such as 

magnesium, tantalum, niobium, vanadium, zirconium and titanium, and their alloys in hydrogen 

environments [94].

Hydrogen inflow occurs during the welding without sufficiently protective atmosphere or heat 

treatment, corrosion process or casting in the absence of a controllable environment, where the 

damage is caused by brittle metal hydrides (see Figure C.3). The formation of hydrides in titanium 

is caused by a hydrogen-containing gas or hydrogen adsorption during corrosion. When hydrogen 

more than 150 ppm is adsorbed, brittle titanium hydrides are precipitated. In particular, when the 

oxide film on a steel surface is damaged by friction or chemical reaction, hydrogen diffusion is 

abruptly increased, and the hydrogen diffusion is facilitated by surface damage and contamination 

and an environment over 70℃ [92].

| Figure C.3 | Hydride embrittlement of titanium pipe (6bar, 130℃, pH 12) [92]

C.1.4 Hydrogen Embrittlement

Hydrogen embrittlement, caused by diffusion of hydrogen ions in a metal matrix, results in the 

embrittlement of steel by the diffused hydrogen and an abrupt fracture (Figure C.4).

Diffusive hydrogen inflow occurs by corrosion, pickling solution, electroplating and cathodic 

protection. Since it causes no reaction in the inside, the hydrogen ions diffused into the inside of the 

steel may be re-diffused out of the steel through heating.

High-strength steels are vulnerable to hydrogen embrittlement, but alloys containing nickel and 
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molybdenum are highly resistant to hydrogen embrittlement [92].

 

| Figure C.4 | Environment hydrogen embrittlement of martensitic stainless steel [92]

C.1.5 Stress Corrosion Cracking

Stress corrosion cracking is caused by hydrogen-inducted embrittlement due to a 

hydrogen-vulnerable metallic material or tensile stress at a pipe or pressure vessel that is exposed 

to a low-oxygen environment or that receives a high-pressure fluid (see Figure C.5). The crack 

growth has such characteristics as embrittlement and cleavage fracture, but some steels show 

behavior including plastic behavior. In this mechanism, the hydrogen ions flowing in through the 

crack tip are the major factor to the embrittlement [95]. Stress corrosion cracking can occur when 

a fracture occurs below the yield strength of a material and the wall thickness is decreased by 

corrosion.

| Figure C.5 | Hydrogen induced SCC on overhead condenser(pH>9, H2S, NH3, 40℃)[92]
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C.1.6 Weld Decay

Weld decay of stainless steels refers to the intercrystalline corrosion that happens at a 

heat-affected zone 5 mm separated from a weld point. The weld decay formed in a heat-affected 

zone is put in a temperature range from 425 to 815℃ during welding, and the isolation of chromium 

carbide occurs at the grain boundary [96] (see Figure C.6).

The chromium in stainless steel is changed to form chromium carbides, and the surface particles 

thereby go through severe chromium degradation. As a result, the material loses its corrosion 

resistance, and thus is sensitized locally (see Figure C.7). The intercrystalline corrosion can happen 

during not only welding but also the heat treatment in the manufacturing process that is performed 

to relax the residual stress after welding. Weld decay changes a material to become vulnerable to 

hydrogen embrittlement. In addition, the sensitization by the heat treatment of stainless steels 

increases the martensite start temperature (Ms) of steels, causing martensitic transformation of 

austenite in a cryogenic or low-temperature range even in the absence of an external load. Austenite 

has strong resistance to hydrogen embrittlement due to the hydrogen infiltrating into a metal, while 

martensite shows distinctive embrittlement behavior at a low hydrogen diffusion concentration. 

Therefore, the rise of the Ms of steel increases the temperature range in which the material becomes 

vulnerable to hydrogen embrittlement, and reduces the hydrogen embrittlement resistance of the 

material.

| Figure C.6 | Intergranular stress corrosion on heat affected zone [96]
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| Figure C.7 | Schematic of grain boundary chromium depletion(400 – 900℃)[96]

C.1.7 Strain Induced Phase Transformation

Stainless steels may undergo permanent phase transformation from austenite to martensite due to 

deformation, and the increased martensite phase is vulnerable to grain boundary corrosion by a load 

in or long-term exposure to a hydrogen environment.

When a hydrogen storage vessel is manufactured as a pressure vessel, the stainless steel goes 

through plastic processing, and the martensite phase formed by the process has a significant impact 

on the resistance of the hydrogen storage vessel. The evaluation of the hydrogen embrittlement 

behavior of 304L steels, used for the cryogenic liquefied cargo storage vessels, showed that the 

embrittlement by hydrogen environments was increased by deformation [97] (see Figure C.8).

| Figure C.8 | 304L pre-strain effect with hydrogen pre-charging(Cathodic pre charging, 500A/m2)[97]
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C.2 Theory of Hydrogen Damage

Hydrogen embrittlement of metal is defined as the fracture of a metallic material without a plastic 

deformation by the invasion and gradually diffusion of hydrogen molecules into a metal and the 

decrease of the ductility and toughness of the material. Due to the complexity and diversity of the 

mechanisms of hydrogen embrittlement, the theory has not been fully established yet. The major 

theories that have been developed until now include the generation of hydrides by hydrogen 

invasion, the formation of hydrogen pressure by voids, the weakening of the metallic bonds, and the 

crack growth due to local plastification. Hydrogen embrittlement of metals is based on the interactions 

between the hydrogen behavior and the initial defects of the metals. In other words, hydrogen 

embrittlement occurs when the ‘hydrogen behavior,’ such as hydrogen dissolution, diffusion and 

rearrangement, is combined with the ‘initial defects of the metals,’ such as dislocation, grain boundary 

and interface. Table C.1 shows the 7 cases that can best describe hydrogen embrittlement.

C.2.1 Hydrogen Pressure Theory

The hydrogen pressure theory describes that the hydrogen ions that have invaded into a metal 

are preferentially isolated to defect regions, including micropores. The hydrogen ions locally 

accumulated in the defects of the metal are coupled to be hydrogen molecules, and with the 

continued diffusion of hydrogen into the defect over time, the generated hydrogen causes damage. 

The hydrogen-induced cracking at pipes in a hydrogen sulfide environment is a representative 

example that describes the hydrogen pressure theory. The hydrogen pressure theory classifies the 

effects of hydrogen embrittlement into the effects in high temperature environments and those in low 

temperature environments according to the temperature. 

With regard to the effects in high temperature environments, when carbon steel is exposed to a 

high-pressure or high-temperature hydrogen environment, the hydrogen gas that is diffused into the 

steel binds with carbon to form methanol. If the reaction occurs near the metal surface, the steel 

releases methane. The decarburization deep inside the steel material replace the metal with pearlite 

to reduce the mechanical properties, and the methane accumulated in the micropores generates 

cracks.

The effects of hydrogen embrittlement in a low-temperature environment are classified into the 
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internal effects and external effects. The internal effects include HIC (Hydrogen Induced Cracking), 

SOHIC (Stress Oriented Hydrogen Induced Cracking) and SWC (Stepwise Cracking) (Figure C.9). The 

internal effects are caused by the micropores inside the material, exposure to a hydrogen 

environment, and the ductile material. The ferrite-based steel materials are sensitive to the internal 

effects (e.g.: 8Cr-2Mo, 26Cr-1Mo, 29Cr-4Mo, 29Cr-4Mo-2Ni). In low-temperature hydrogen 

environment, the hydrogen embrittlement in the absence of an external force is the defects caused 

by the hydrogen pressure accumulated in the voids in the forms of HIC and SWC, which develop 

to cracking or blister, which a mechanical damage. In the presence of an external force, the 

hydrogen pressure accumulated in the voids causes SOHIC when a material fracture is generated 

at a stress lower than the existing tensile strength.

| Table C.1 | Hydrogen embrittlement theories, process, and consequence [98]

Mechanism Proposed by Explained HD Starting process Consequence

Pressure theory
Zapffe and Sims, 

1941
Blistering and loss in 

tensile ductility
Hydrogen diffusion 

into metal
Voids growth or cracking due 

to high internal pressure

Surface adsorption 
theory

Petch and Stables, 
1952

Hydrogen 
embrittlement

Hydrogen adsorption 
on the Griffith crack 

surface

Crack propagation 
increases due to reduction 

in work of fracture

Decohesion Pfeil, 1926
Hydrogen 

embrittlement

Hydrogen presence 
reduces the bond 

strength of the alloy 
atoms

Rupture at lower levels of 
stress

Enhanced plastic 
flow and instability

Beachem, 1972
Hydrogen assisted 

cracking

Dislocation motion or 
generation due to 
hydrogen-steel 

interaction

Different deformation 
processes ahead of the 
crack tip, decrease of 
microscopic plasticity

Hydride formation
Gahr, Grossbeck 
and Birnbaum, 

1977

Metal hydride 
formation

Hydride formation at 
the front of a crack

Hydride precipitation which 
increases when stress is 

applied

Hydrogen attack Vitovec, 1982
Hydrogen attack 

and high temperature 
HD

Hydrogen diffusion into 
or at the surface of 
group Vb metals

Surface or internal 
decarburization

Hydrogen trapping
Darken and Smith, 

1949

Behaviour by alloys in 
different hydrogen 
bearing systems

Hydrogen diffusion in 
iron or steel

Retardation in hydrogen 
diffusion rate or lag time due 
to traps filling by hydrogen
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(a) (b) (c)

| Figure C.9 | High temperature-pressure hydrogen attack (a) HIC, (b) SWC, (c) SOHIC [99]

The external effects include SSC (Sulfide Stress Cracking) and HSC (Hydrogen Stress Cracking), 

which are generally known as hydrogen embrittlement. They usually occur in the presence of 

mechanical solicitation and hydrogen load, and in the presence of a reaction catalyst such as H2S, 

H3A and HCN. Electrochemical charging or a cation-conductive catalyst, such as hydrogen sulfide, 

causes the hydrogen ions that have diffused into a metal to bring a significant change to the metallic 

crystals, causing a local stress, and the external force and the local stress result in cracking 

[99][100].

C.2.2 Hydrogen Enhanced Localized Plasticity (HELP)

The HELP, directed to materials that do not generate hydrides, explains that damage is caused 

by locally severe plastic deformation due to hydrogen [101]. Hydrogen ions are aggregated at a 

crack tip of a metal by the high hydrostatic stress, which produces pores and smaller local 

deformations and cracks, and the theory explains that deformation can occur by the cracks caused 

even by a small stress [102][103] (Figure C.10).
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| Figure C.10 | Schematic illustration of HELP mechanism

C.2.3 Hydrogen Enhanced Decohesion (HEDE)

The HEDE mechanism, the oldest and the most widely accepted hydrogen embrittlement theory, 

explains that the hydrogen at a crack tip weakens the covalent bonding of metal, which causes brittle 

fracture (Figure C.11). The mechanism is directed to the fracture caused in a stress range lower than 

the allowable stress by the decrease of the surface energy of a material. The theory explains that 

when a metal is in a hydrogen environment with a large amount of hydrogen atoms, the diffusion 

of the hydrogen atoms can weaken the covalent bonds of the metal, and thereby cause fracture 

even in a low stress range [104]. The hydrogen-damaged area is observed slightly away from the 

crack tip to which the maximum tensile stress is applied. The maximum tensile stress higher than 

the cohesive strength of the material, and when it reaches a crack tip opening displacement, a 

fracture occurs. The hydrogen in a metal weakens the covalent bonding of the metal, and is likely 

to cause atomic isolation at a low tensile stress. As the local hydrogen cohesion is enhanced, the 

binding force of the metal is decreased [105][106].
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| Figure C.11 | Schematic of HEDE mechanism on grain boundary
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| Appendix D. Test Methodology: Effect of Temperature and 

Hydrogen |

Appendix D describes material performance test methodologies in consideration of the 

characteristics of low-flashpoint fuels. In contrast to the conventional residual fuels or distillates, most 

low-flashpoint fuels should be stored in low temperature environments, and some should be kept 

in a containment system made of a material that has resistance to hydrogen environment or 

corrosion. Therefore, the materials applied to low-flashpoint fuel containment systems need a 

performance test in hydrogen environments and low temperature environments. Since these 

environments are different from the general testing environments, the test should be performed in a 

special environment, and the methods for processing the data acquired from the test have 

differences as well.

A common testing system may be prepared since most of the tests are performed by giving a 

uniaxial load to a specimen, except the impact test. Since the evaluation related to impact requires 

a different test methodology, the system and method of the impact test are different from the tests 

that require a low temperature environment. Therefore, Appendix D describes below the equipment 

setup for the performance test in hydrogen environments and low temperature environments, as well 

as the performance evaluation procedures and remarks.

D.1 Low Temperature Test

This Section is limited to the mechanical performance tests with metallic materials under low 

temperature conditions. The testing procedures, including the chemical components of the materials 

subject to the test, should comply with the IACS Unified Requirements or the testing regulations 

specified by each country.

Volume 2 (Materials and Welding) of the Korean Register Rules for the classification of steel ships 

limits the materials that are applicable to the tanks of liquefied gas carriers and liquefied propulsion 

ships to nickel alloy steels, aluminum alloys, stainless steels, and high-manganese steels. Since the 
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same applies to the rules of other classification societies, this Section focuses on the test methodology 

for cryogenic steels. Table D. 1 summarizes the international testing standards of tensile test of 

materials applied to liquefied hydrogen vessels.

| Table D.1 | List of international standards for tensile test of metallic material

Standard Number Title of Standard

ASTM E8/ E8M Standard Test Methods for Tension Testing of Metallic Materials

IACS UR W2 Test specimens and mechanical testing procedures for materials

ASTM A370 Standard Test Methods and Definitions for Mechanical Testing of Steel Products

ASTM E1450 Standard Test Method for Tension Testing of Structural Alloys in Liquid Helium

ASTM E8/E8M, IACS UR W2 and ASTM A370 cover the manufacturing of the specimens and the 

testing methods depending on the base metal thickness of various cryogenic metals. The procedures 

for approving metallic materials for the application of low-flashpoint fuel containment systems should 

comply with the rules of the classification societies entrusted by the individual flag states.

One notable thing is that a proof stress is generally obtained with 0.2% offset from the materials 

having an indistinctive yield point, but materials that undergo phase transformation by stain hardening, 

such as austenitic stainless steels, may have 0.2% proof stress and 1.0% proof stress. 

DNVGL-RU-SHIP Pt.2 Ch.2 Metallic Materials requires that the 0.2% and 1.0% proof stresses of 

stainless steels should be specified [107]. Cryogenic metallic materials require the results of a tensile 

test performed in a room temperature environment, because yield strength and tensile strength are 

increased even if the ductility is decreased in a cryogenic environment. 

Below is the description of the method for establishing a cryogenic environment as well as the 

remarks for cryogenic tensile test. These are applicable to the general cryogenic mechanical 

performance tests, and so they can include tensile test, fatigue test and fracture toughness test. The 

Charpy impact test performed in a cryogenic environment will be described later.

D.1.1 Cooling Method

This Section describes the method for establishing a cryogenic environment and the relevant 

system. Here, the cryogenic environment refers to the vaporization temperature of natural gas or a 

lower temperature (< 110 K). The two methods for reaching an extremely low-temperature environment 

are a method using a cryogenic refrigerant or a method using a mechanical cooler [108].
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Typical cryogenic refrigerants include liquid nitrogen (77 K), liquid hydrogen (20 K) and liquid 

helium (4 K). Cooling by using a refrigerant can expect a temperature environment equal to or higher 

than the vaporization temperature of the liquid. For example, liquid nitrogen can be used to establish 

a constant vaporization temperature (77 K). A target temperature above 77 K may be prepared by 

vaporizing liquid nitrogen and using a heater. Considering the cost, liquid nitrogen is preferred in most 

cases to establish temperature equal to or higher than 77 K. liquid hydrogen and liquid helium may 

be used to prepare an environment above 20 K, but helium, an inert gas, is preferred.

The method using a mechanical cooler typically involves a cryostat with a G-M refrigerator [109]. 

Ogata (2010) cooled the internal wall surface of a cryostat by using a GM refrigerator. The helium 

gas inside the cryostat was cooled down to 20 K by the heat transfer mechanism of convention, 

and it took 10 hours. The method using a mechanical cooler allows for establishing a cryogenic 

environment at a low cost when the liquid helium supply is not smooth. However, the cooling by 

mechanical convention has disadvantages, compared to liquid helium, because it requires a long time 

[39,109–111], and the adiabatic heating during the deformation of the specimen is more difficult to 

control [31,112].

D.1.2 Environmental Chamber

Reaching a target temperature requires not only the considerations on the cooling method but also 

other facilities. As mentioned earlier, for establishing a temperature environment over 90 K, a polymer 

foam-based insulation chamber is often employed to reach the target temperature by vaporizing 

liquid nitrogen. Rigid polyurethane foam is generally used, since it allows for manufacturing chambers 

of various sizes and easily attaching and detaching a large specimen (see Figure D.1). Liquid 

nitrogen is continuously fed into the chamber before reaching the target temperature, and a control 

system is needed to measure the internal temperature and control the liquid nitrogen supply 

[113,114].
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(a) (b)

| Figure D.1 | Polymeric foam based cryogenic chamber for (a) material test and 
(b) structural test (Courtesy of Hydrogen Ship Technology Center)

Establishing a temperature environment equal to or lower than 77 K requires a different insulation 

system instead of a rigid polyurethane foam-based system. To perform a material test at a constant 

temperature of 77 K, the specimen should be impregnated with liquid nitrogen, and a 

vacuum-insulated cryostat is recommended to reduce the natural vaporization of liquid nitrogen. A 

vacuum-insulated cryostat is designed to inhibit all external convention, radiation and conduction to 

prevent the vaporization of the refrigerant in the inside. The cryostat proposed by McClintock (1961) 

and Wessel (1960), having a Dewar with a completely closed structure, represses the heat transfer 

through the convention to the inside, and the narrow neck of the Dewar suppresses the heat 

conduction [115,116]. In McClintock and Wessel’s cooling system, the pull rod for applying a load 

to a specimen is in alignment with the cryogenic test frame so that the heat transfer from the outside 

to the chamber occurs at the top and the bottom simultaneously. On the contrary, the cryostat 

suggested by Reed (1962) has a structure in which the Dewar does not need to bear the load 

without modifying the existing Dewar to a straightly penetrating structure [117], and so it is a 

groundbreaking method to decrease the heat inflow (see Figure D.2). Currently, many types of 

cryogenic chambers are based on the combination of the systems proposed by McClintock and 

Wessel and Reed.

Most of the systems employ liquid helium as a refrigerant, and so a system for continuously feeing 

liquid helium is needed. In addition, a system for capturing and re-liquefying all the vaporized helium 
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after the test is necessary. Due to the recent shortage of helium, it is very difficult to purchase and 

store a large amount of liquid helium. Moreover, the system for capturing and re-liquefying helium 

is very expensive. To overcome these problems, the Korea Research Institute of Standards and 

Science has established a system for performing a material system in a 4 K environment by using 

only a small amount of helium with a GM refrigerator (see Figure D.3)

| Figure D.2 | Representative cryogenic mechanical testing system with Dewar developed by Reed (1962)
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(a)

 

(b)

| Figure D.3 | (a) Schematic diagram and (b) photographs of Mechanical testing cryostat using a 4 K G-M refrigerator

D.1.3 Restrictions

The issues involved in the material tests in a cryogenic environment are that the target temperature 

should be maintained ad that the materials show behavior that is different from room temperature. 

These two issues are briefly discussed in this Section. The volume of a refrigerant needed for cooling 

is important to reduce the temperature of a specimen. When liquid helium is used as a refrigerant, 

a large amount of liquid helium is needed. When gaseous helium and a refrigerator are used, a 
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considerable amount of time is necessary.

Therefore, it is recommended to use a subsize specimen as long as the material properties are 

not changed. The diameter of the standard round bar specimen for ASTM E8/E8M is 12.5 mm, but 

ASTM E1450 recommends using a specimen having a diameter of 7 mm and ASTM E8/E8M 

recommends using a subsize specimen of the standard specimen. A round bar specimen having 

a stainless steel diameter of 7 mm is generally applicable to a universal testing system that has a 

maximum load capacity of 100 kN.

Many materials show brittle behavior at temperature below 20 K. Hence, a testing device and its 

components that are exposed to a cryogenic environment of the testing system in a chamber should 

have sufficiently high ductility and strength at the operational temperature. In particular, the grip, pull 

rod and load frame, which should tolerate the load, may appropriately be made of austenitic stainless 

steels, maraging steels, and extra-low-interstitial (ELI) grade titanium alloys [31].

In a tensile test under a cryogenic environment, serration may happen, which refers to 

discontinuous yielding in the force-time and force-elongation data before and after a yield strength. 

The discontinuous yielding may be defined as instability in the stress-strain relation, and can be 

observed in specific temperature and strain rate ranges during a tensile test. Serration is observed 

from stainless steels, aluminum alloys, nickel alloys and the like [118]. This is caused by the 

continuous locking and unlocking of dislocations during deformation, resulting in a gradual expansion 

of the deformed area [119–121].

In a cryogenic environment, an abrupt temperature rise may happen by adiabatic heating because 

the heat conductivity is very low in a cryogenic environment. The abrupt temperature rise may limit 

the strain rate during a tensile test. Therefore, it is recommended not exceeding a strain rate of 10-3 

s-1 during a tensile test [31]. With regard to fatigue test, a previous study showed that the 

temperature increase was 1 K in a test performed at 4 K with a titanium alloy at a frequency of 5 

Hz [32]. Based the results, Ogata (2014) recommended that fatigue tests should be performed at 

a stress ratio of 0.01 and a frequency of 2 Hz to prevent a temperature rise [33].
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D.2 CVN at Low Temperature

Volume 2 (Materials and Welding) of the Korean Register Rules for the classification of steel ships 

specifies that an impact test should be performed by using a Charpy impact tester having a capacity 

of 150 J or higher at an impact speed of 4.5 - 6.0 m/sec within ±2℃ with reference to the target 

temperature. The ASTM E23 provides the procedures needed for a cryogenic test, as summarized 

below.

- Cool in a normal cryogenic bath

- Position the specimen at least 25 mm above the bottom and 10 mm from a liquid bath, and 

place a refrigerant at least 25 mm above the specimen.

- Agitate the refrigerant.

- Hold the testing temperature for at least 5 minutes if the refrigerant is a liquid or at least 30 

minutes if the refrigerant is a gas before performing the test.

- Finish the test within 5 seconds (Error from the target temperature: ±1 C, measured with a 

thermocouple)

In Charpy V-notch impact test, it is difficult to reach a target temperature by configuring a 

cryogenic environment chamber in the same manner as the tensile test. Most studies are conducted 

by performing the impact test after moving the specimen impregnated with liquid nitrogen to an impact 

tester. ASTM E23 (Standard Test Methods for Notched Bar Impact Testing of Metallic Materials) 

recommends that the impact test should be performed within 5 second after moving a specimen. This 

is based on the fact that the temperature of a specimen heated to 100℃ is decreased by 10℃ 

within 5 seconds [122]. However, since the temperature rise may be faster in a specimen that is 

cooled to extremely low temperature, it may be necessary to measure the temperature change 

depending on the specimen movement time. In addition, since the test is performed quickly, the 

temperature inside the specimen may be increased during the test [21].

The method for a cryogenic impact test has not been standardized [33], but an impact test has 

been performed by directly flowing liquid helium into a tube containing a specimen to reach a target 

temperature [73,123]. Yoshida (1983) cooled the specimen by using a styrofoam insulation cover to 

which liquid helium was fed to flow (see Figure D.4). The temperature of 4.2 K was reached 60 

seconds after using 1 L of liquid helium, and the specimen was impacted at the temperature with 

an impact pendulum. The styrofoam cover had almost no effect on the impact absorption at the 
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temperature around 4 K, and the rapid strain rate during the impact test cause a temperature rise 

which was observed at the thermocouple attached to the specimen.

(a) (b)

| Figure D.4 | (a) Schematic diagram of Charpy impact test machine and specimen with helium insulation and 
(b) cooling time of Charpy specimen using liquid helium flow [73,124]

D.3 Hydrogen Resistance

With regard to metallic materials, the typical methods for hydrogen charging are electrochemical 

hydrogen charging and high-pressure hydrogen charging. This Section introduces the representative 

methods for evaluating the hydrogen resistance of metallic materials as well as their procedures. The 

evaluation of hydrogen embrittlement resistance of materials is classified into ex-situ and in-situ 

methods. In the ex-situ method, the evaluating is performed by charging hydrogen into the sample 

and exposing the sample to the normal atmospheric environment. In the in-situ method, the 
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mechanical properties are tested in a predetermined hydrogen pressure and temperature 

environment without a preliminary exposure to a hydrogen environment.

D.3.1 ISO 16573: Ex-situ method

The mechanical properties of high-strength steels, such as tensile strength, elongation and 

reduction of area, are degraded by the effect of hydrogen, known as hydrogen embrittlement, and 

the sensitivity to hydrogen embrittlement is increased, as the strength is increased. ISO 16573 

propose a standardized testing method for evaluating the hydrogen embrittlement of high-strength 

steels [56]. The international standard provides a method for evaluating the resistance to hydrogen 

embrittlement (hydrogen delayed fracture) through a constant load test by using a hydrogen charging 

specimen [56]. The amount of hydrogen content absorbed in the specimens is analyzed 

quantitatively by thermal desorption analysis such as gas chromatography, mass spectrometry and 

so on. In the case of hydrogen continuous absorption such as hydrogen charging in aqueous 

solution at corrosion potential, hydrogen charging in atmospheric corrosion environments and 

hydrogen charging in high pressure hydrogen gas, the evaluation method is briefly described. This 

method is mainly applicable to the evaluation of hydrogen embrittlement of high-strength steel bolts.

Hydrogen continuous charging methods are classified into three methods: ① in aqueous solution 

at free corrosion potential, ② corrosion environments, and ③high-pressure hydrogen gas. Hydrogen 

analysis is carried out after failure of the specimen, but if a specimen does not fail up to 100 hours 

(up to 200 hours, if necessary), qualitative comparison of the resistance to hydrogen embrittlement 

is carried out by hydrogen analysis of an unbroken specimen. Hydrogen charging methods are 

hydrogen charging in an aqueous solution at free corrosion potential, cathodic charging, hydrogen 

absorption in corrosion environment, and hydrogen absorption in high-pressure hydrogen gas. The 

methods are each carried out the conditions described below.

D.3.1.1 Cathodic Hydrogen Charging

To evaluate the effect of hydrogen on the mechanical properties of steels, hydrogen is diffused 

into the specimens by the cathodic hydrogen charging method. Table D.2 shows the chemical 

compositions of the charging solution for hydrogen pre-charging. Solution 1 may be used for 

introducing a relatively large amount of hydrogen to the specimens, and Solution 2 may be used 

for introducing a small amount of hydrogen.
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| Table D.2 | Hydrogen Charging solution of electrochemical hydrogen charging method

Charging solution Element Content g/L Mark

Solution 1
NaCl 30

Large amount of hydrogen
NH4SCN 3

Solution 2 NaOH 4 Small amount of hydrogen

The electrochemical cell for hydrogen charging may be placed in a 200 ml to 1000 ml beaker, 

and it is recommended that the anode of the electrochemical cell be made of platinum wire of spiral 

type of 0.5 mm in diameter and 2 m in length. After placing the platinum wire and the specimen 

in the cell, potentio/galvanostat is used to apply the constant current having a current density in the 

range of 0 - 20 A/m2 for 48 hours (see Figure D.5 and Figure D.6). A charging time of 48 hours 

is recommended, but other charging times may be used for a total of 72 hours for hydrogen 

charging and the homogenization treatment by room temperature exposure after cadmium (Cd) 

plating. For materials having a low hydrogen diffusion coefficient, the hydrogen charging time and the 

total time may be increased. For proper current supply, the specimen’s surface area should be 

calculated. The amount of the pre-charged hydrogen may be changed by varying the current 

density or the pre-charging time. However, it is recommended to use fixed pre-charging time and 

current density to obtain reproducible test results.

| Figure D.5 | Schematic of hydrogen pre-charging system
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| Figure D.6 | Hydrogen pre-charging for 304L stainless steel

The cathodic hydrogen charging method according to the ISO 16573 standard is to charge 

hydrogen after applying a constant current density to the specimen by using a potentiostat. In the 

charging process, the continuous operation time of the equipment is determined according to the 

voltage capacity of the potentiostat. An increase of the voltage capacity is necessary to apply a high 

current density to materials having excellent hydrogen embrittlement resistance, such as austenitic 

stainless steels. In addition, a high current density setup is impossible for a round bar type tensile 

test specimen due to the wide area of the specimen.

Aluminum alloys have excellent corrosion resistance in an environment at pH 4.5 to 8.5, as an 

oxidized film protects the base metal. However, due to the high ionization tendency, aluminum alloys 

are severely eroded in contact with Fe, Cu, Pb and so on in a corrosion environment. Therefore, 

this method may not be applied to aluminum alloys to evaluate the hydrogen embrittlement resistance.

C.3.1.2 High-pressure Hydrogen Charging

For hydrogen charging by hydrogen gas, the specimens should be exposed directly to gaseous 

hydrogen up to 140 MPa. The exposure time is determined by the specimen size and hydrogen 

diffusion coefficient of the tested material. However, extreme care is necessary, and the method is 

not recommended due to the danger of the experiment.

In the method, the specimens are exposed to a chamber of a high-temperature and 

high-pressure hydrogen environment for a long time to force hydrogen to diffuse into the specimens. 

Therefore, the method is suitable for materials having low hydrogen diffusivity and excellent hydrogen 

embrittlement resistance performance to evaluate their hydrogen embrittlement behavior (see Figure 

D.7).
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However, for martensite-based steels, the hydrogen diffused in the materials is released 

immediately after the specimen is removed from the chamber due to the high hydrogen diffusivity, 

and thus the hydrogen embrittlement tendency is not clearly observed. Therefore, the method is not 

suitable for the evaluation of the hydrogen embrittlement resistance of martensite-based steels.

The evaluation of hydrogen embrittlement resistance by this method requires more than 200 hours, 

and so this method is not appropriate for the testing and evaluation performed by applying various 

materials and scenarios.

| Figure D.7 | High pressure-high temperature pre-charging system

D.3.1.3 Thermal Desorption Spectroscopy (TDS)

TDS is a method for quantitatively evaluate the hydrogen charged into materials subject to the 

testing. Through the analysis of the hydrogen charging amount over time, the time at which the 

degree of hydrogen diffusion is saturated in the materials is identified, and the degree of diffusion 

of hydrogen into heterogeneous materials is compared in the same hydrogen charging environment 

(see Figure D.8). Generally, diffusible hydrogen is calculated by integrating the first peak of the curve 

of thermal desorption analysis (see Figure D.9). When several peaks are observed at low 

temperature (i.e. below 400℃), diffusible hydrogen can be calculated by integrating the peaks below 

400℃ of the curve of thermal desorption analysis. Since the heating rate does not have a significant 

effect on the test results, a high heating rate such as 100℃/h is recommended. In addition, when 

the specimens are heated to temperature above 400℃, the ratio of diffusible hydrogen to 

999
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non-diffusible hydrogen may be analyzed through the peak points of the TDS. 

When the quantitative data about the hydrogen desorption according to the temperature is not 

necessary, an inorganic material analyze may be used to analyze the total amount of the hydrogen 

diffused into the material with respect to the hydrogen charging time [125] (see Figure D.10).

| Figure D.8 | TDS apparatus for Hydrogen analysis and schematic of thermal gas chromatography [126]

| Figure D.9 | TDS analysis example: dual phase steel(ferritic-martensitic) hydrogen desorption results with different 
hydrogen charging time[127] 
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| Figure D.10 | Inorganic material analyzer for hydrogen concentration analysis[125]
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| Appendix E. Mechanical Properties |

Appendix E is aimed at providing the necessary information for the development of liquefied 

hydrogen storage vessels. First, the impact of temperature and the change of the material properties 

in hydrogen environments were investigated about austenitic stainless steels, nickel alloys, aluminum 

alloys and high-manganese steels, which are the materials applicable to LNG containment systems. 

The investigation in Appendix E includes the mechanical performance, such as the properties 

obtained from material tensile tests and a Charpy impact tests, and thermal performance, including 

thermal expansion coefficient and thermal conductivity.

Some materials have never been studied about the applicability to liquefied hydrogen 

environments, and so the analytical results about their mechanical and thermal performance were not 

available. In particular, nickel alloys show brittle behavior in a cryogenic environment at 4 K to 20 

K, and high-nickel alloys are vulnerable to hydrogen. The high-manganese steels from POSCO, 

developed for the application to LNG storage tanks, lack the previous results that can be used as 

basis for determining their applicability to liquefied hydrogen environments.

The mechanical performance and thermal performance data provided in Appendix E is a summary 

of research data from different sources, and the specimens and environmental conditions are not the 

same. Since the mechanical performance is significantly dependent upon the heat treatment 

conditions and the specimen sampling conditions (directions and positions), the material performance 

data provided in this document can appropriately be used as the basis for search the candidate 

metallic materials for the design of liquefied storage vessels, rather than applying the data to the 

design without modification.

E.1 Austenitic Stainless Steel

E.1.1 General

Austenitic stainless steel is a representative material that is known to be applicable to a cryogenic 

liquid hydrogen environment at -253℃. The evaluation of austenitic stainless steels in hydrogen 
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environments has been reported mainly about 304(L) and 316(L), and the data from comprehensive 

tests under liquefied hydrogen temperature conditions and hydrogen atmosphere is not available for 

321 and 347 stainless steels. Therefore, this Section summarizes the mechanical and thermal 

performance of mainly the 304(L) and 316(L) stainless steels. Table E.1 shows the reference 

chemical compositions of 304(L) and 316(L) stainless steels according to Volume 2 (Materials and 

Welding) of the Korean Register Rules for Steel Ships.

| Table E.1 | Chemical composition of austenitic stainless steel 

AISI Cr Ni Mn Si C Mo

304 18.0~20.0 8.0~10.5 max 2.0 max 1.0 max 0.08 -

304L 18.0~20.0 8.0~12.0 max 2.0 max 1.0 max 0.03 -

316 16.0~18.0 10.0~14.0 max 2.0 max 1.0 max 0.08 2.0~3.0

316L 16.0~18.0 10.0~14.0 max 2.0 max 1.0 max 0.03 2.0~3.0

E.1.2 Effect of Hydrogen

In the evaluation of the effect of hydrogen, hydrogen may be charged before conducting a 

mechanical performance evaluation test or during the test. The typical methods for charging 

hydrogen are high-pressure hydrogen charging and electrochemical charging. The performance 

decrease of a metal is usually evaluated with reference to the hydrogen concentration, but it is also 

affected by how and when hydrogen is charged. The data shown below may have differences 

because the data were obtained from tests performed under different conditions.

This Section firstly summarizes the hydrogen concentration depending on the hydrogen charging 

conditions, and then provides the representative mechanical performance data from individual tests. 

The common description about stainless steels, nickel alloys, aluminum alloys and high-manganese 

steels is provided only in this Section, and then omitted in the following Sections.

E.1.2.1 Hydrogen Concentration

Table E.2 shows the hydrogen concentration depending on the hydrogen charging conditions.

1103103
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Material
H2-charging Hydrogen concentration 

(ppm)
Ref.

Condition Time

304
10MPa 300℃, H2 

pre-charging

0 3.90
[128]

8 days 41.70

304L annealed 69 MPa H2 470K - 72~81
[129]

304L cold work 69 MPa H2 470K - 71-81

304L
H2SO4 + As2O3

100mA/cm2

0 6.0

[130]12 hours 16

24 hours 18

316L

10MPa 300℃, H2 
pre-charging

0 4.26
[128]

8 days 35.78

3% NaCL+0.3% 
NH4SCN
20A/m2

0 3.52

[41]24 hours 10.1

48 hours 8.74

316L

0.5M H2SO4

100 mA/cm2 25℃

0 1.01

[131]

15 hours 4.98

72 hours 10.11

0.5M H2SO4

100 mA/cm2 50℃

1 hours 4.11

15 hours 4.13

72 hours 10.95

0.5M H2SO4

100 mA/cm2 80℃

1 hours 5.85

15 hours 23.24

72 hours 88.44

| Table E.2 | Hydrogen concentration of stainless steel 

E.1.2.2 Tensile Test

When hydrogen is charged to most metallic materials, their elastic modulus and yield strength are 

unaffected, but the elongation is usually reduced [67]. Since hydrogen charging does not affect the 

flow stress, the tensile strength is not affected by hydrogen, either. However, for the materials that 

rapidly go through fracture after reaching a tensile strength in the nominal stress-strain rate diagram 

(i.e. materials that have a very short necking interval), such as high-manganese steels, the 

elongation is decreased by hydrogen, and the tensile strength may also be decreased [132].

Generally, the fracture of soft materials is affected by the stress state of the materials, including the 

stress triaxiality and Lode angle [133]. The stress triaxiality is expressed with a hydrostatic stress and 

an equivalent stress. When the tensile specimen has a notch at the center, a high hydrostatic stress 
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Material
Pre-

charging
Test condition

0.2% Proof 
stress 
(MPa)

Tensile 
strength
(MPa)

Elongation
(%)

Reduction 
of area

(%)
Ref.

304

None

H2SO4+As2SO4

100Ma/cm2, 0h
- 832 68 -

[39]

H2SO4+As2SO4

100Ma/cm2, 12h
- 815 60 -

H2SO4+As2SO4

100Ma/cm2 24h
- 779 59 -

10 MPa H2

Air
209 476 16.0 17.2

224 824 58.3 66.6

H2 10MPa 
300℃, 
8 days

Hydrogen free - 750 54 -
[128]

Hydrogen charged - 560 19 -

304L None

Air 207 573 75 82
[139]
[140]

69 MPa He 186 565 74 81

69 MPa H2 207 503 48 33

H2SO4+As2SO4

100Ma/cm2 0h
- 736 68 -

[39]
H2SO4+As2SO4

100Ma/cm2 12h
- 716 67 -

H2SO4+As2SO4

100Ma/cm2 24h
- 715 64 -

can be created, which causes the reduction of the elongation [134–137]. When the stress triaxiality 

is increased, hydrogen introduction to the specimens is accelerated [71], and thus the stress state 

of the material in hydrogen atmosphere may have a greater impact on the reduction of the 

elongation. In constant hydrogen atmosphere, the effect of the stress triaxiality is significantly related 

with the microstructure of the material [138].

Table E.3 shows the results from tensile tests performed with general tensile specimens without 

a notch, and the remarks are described below.

- The 304 stainless steel that has been treated by annealing is sensitive to hydrogen 

embrittlement.

- When tested in the air, sensitized 304 stainless steel has lower ductility than annealed 304 

stainless steel.

- The room temperature tensile characteristics of 316L stainless steel show that it generally 

experiences almost no ductility loss.

| Table E.3 | Effect of hydrogen condition on tensile property of stainless steel
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Material
Pre-

charging
Test condition

0.2% Proof 
stress 
(MPa)

Tensile 
strength
(MPa)

Elongation
(%)

Reduction 
of area

(%)
Ref.

316L

None

Air 230 592 82.9 80.3

[39]

10MPa H2 230 518 32.3 34.5

H2SO4+As2SO4

100mA/cm2 0h
- 657 68 -

H2SO4+As2SO4

100mA/cm2 12h
- 652 65 -

H2SO4+As2SO4

100mA/cm2 24h
- 651 66 -

H2 10MPa 
300℃,
8days 

Hydrogen free - 590 50 -
[128]

Hydrogen charged - 580 33 -

Material
Specimen

type
Pre-charging

Test condition
(K)

Absorbed energy 
(J)

Ref.

304 (b)

none

298 115

[128]

223 112

153 90

123 79

77 71

10MPa H2 300, 8days

298 110

223 108

153 75

123 60

77 52

E.1.2.3 Impact Test

Table E. 4 shows the results from the impacts tests performed with the standard specimens and 

the subsize specimens according to ASTM 23, and with the dynamic tear specimens, and the 

remarks are described below.

- 304L stainless steel is more significantly affected by hydrogen, as the testing temperature is 

decreased.

- 316L stainless steel is little affected by hydrogen even at low temperature.

| Table E.4 | Effect of hydrogen condition on impact property of stainless steel
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Material
Specimen

type
Pre-charging

Test condition
(K)

Absorbed energy 
(J)

Ref.

304L (a)

None
298 194

[141]
78 165

17.9MPa H2 470K, 1000h
298 185

78 110

316L

(b)

None
123 100

[128]

77 85

10MPa H2 300, 8days

298 131

223 128

153 95

123 94

77 84

(c)
3% NaCl + 0.3% NH4SCN, 

20A/m2,24h + zinc electroplating

25 250

[41]
223 225

148 182

77 160
(a) modified Naval Research Laboratory dynamic tear specimen
(b) V-notch and dimensions 55x10x5mm specified by ASTM E23 standard
(c) V-notch and dimensions 55x10x10mm specified by ASTM E23 standard

E.1.3 Effect of Temperature

This Section summarizes the mechanical performance of stainless steels in low-temperature 

environments, focusing on the tensile test and Charpy impact test. Generally, the fatigue performance 

of metallic materials is increased, and their fracture toughness is decreased in low-temperature 

environments, compared to room temperature [20].

E.1.3.1 Tensile Test

Table E.5 shows the mechanical performance of 304(L) and 316(L) stainless steels in room 

temperature and low-temperature environments (20 K, 77 K). All the materials showed an increase 

of the strength and a decrease of the elongation and cross-sectional area reduction rate in the 

cryogenic conditions, compared to room temperature.
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| Table E.5 | Effect of temperature on tensile property of stainless steel

Material
Temperature

(K)
0.2% Proof stress 

(MPa)
Tensile strength 

(MPa)
Elongation

(%)
Reduction of 

area (%)
Ref.

304

300 520 640 66.6 58.3 [68]

77 726 1530 52.2 61.8 [142]

20 900 1730 38.8 32.4 [68]

304L

300 280 600 75.0 82 [68]

110 556.3 1410 45.3 - [57]

20 330 1730 64.0 72 [68]

316

300 230 570 90.0 75 [68]

77 517 1276 59.0 - [143]

4 610 1400 48.0 57 [144]

316L

300 230 592 82.9 80.3 [39]

77 460 1200 50.0 - [145]

20 442 1759 44.1 42.7 [39]

E.1.3.2 Impact Test

Table E.6 summarizes the results of the impact test according to the temperature, and the remarks 

are described below.

| Table E.6 | Effect of temperature on impact property of stainless steel

Material Temperature (K) Absorbed energy (J) Ref.

304

300 115

[128]

123 78.5

77 71.1

20 -

4 -

304L

298 194

[141]
78 165

20 -

4 -

316L

300 129

[128]

123 95

77 85

20 -

4 -



1101110110| 1. Introduction | 2. Evaluation of Cryogenic Environment Applicability | 3. Material Selection for Cryogenic Environments |
| 4. Conclusions and Proposals | Appendix | References |

E.1.3.3 Thermal Properties

This Section summarizes the thermal conductivity and the coefficient of thermal expansion, which 

are the most representative thermal properties. The instantaneous coefficient of thermal expansion 

shown in Table E.7 is the coefficient of thermal expansion at a specific temperature. The linear 

thermal expansion at 20 K is based on the displacement when the temperature was decreased from 

293 K to 20 K. As the temperature was decreased, the thermal conductivity and the coefficient of 

thermal expansion were decreased.

| Table E.7 | Thermal properties of austenitic stainless steel

Material
Temperature

(K)

Thermal 
conductivity
(W/m·k)

Linear thermal 
expansion

(m/m)

Instantaneous coefficient 
of thermal expansion 

(10-6/K)
Ref.

304
300 14.7 12x10-5 15.9

[68]

20 2.12 -298 x10-5 0.7

304L
300 14.7 12 x10-5 15.9

20 2.12 -298 x10-5 0.5

316
300 14.7 12 x10-5 15.9

20 2.12 -298 x10-5 0.5

316L
300 15.3 - 16.2

[146], [147]
20 5.19 - -0.5

The Material Measurement Laboratory at the US National Institute of Standards and Technology 

(NIST) provides the numerical values of the properties of individual materials at room temperature and 

in a cryogenic range (4 K to 300 K). The web site of the Material Measurement Laboratory 

summarizes the thermal conductivity, specific heat, elastic modulus and linear thermal expansion 

depending on the temperature so that they can be easily calculated through polynomial regression. 

Among the candidate metallic materials for cryogenic applications provided in the present technical 

document, the list of the materials included in the web site is shown below with the web address.

※ Web Address: https://trc.nist.gov/cryogenics/materials/materialproperties.htm

- Stainless Steel 304 (UNS S30400)

- Stainless Steel 304L (UNS S30403)

1109109
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- Stainless Steel 316 (UNS S31600)

- Invar (Fe-36Ni) (UNS K93600)

- Nickel Steel Fe 9.0 Ni (UNS S21800)

- Aluminum 5083-O (UNS A95083)

- Aluminum 6061-T6 (UNS A96061)

E.2 Nickel Alloy

E.2.1 General

Nickel and nickel-based alloys have excellent characteristics with regard to high-temperature 

strength, oxidation and thermal resistance. However, a nickel-based alloy that has a high grade in 

dry oxidation and chemical corrosion environment does not always have resistance to hydrogen 

embrittlement.

Pure nickel as an element is severely embrittled by hydrogen. Therefore, most nickel-rich binary 

alloys, such as nickel-copper, nickel-iron, nickel-cobalt and nickel-tungsten, are also considered 

as highly vulnerable to hydrogen [67].

Nickel steels containing 9% nickel or less can be used in cryogenic environments (over 77 K) 

depending on the nickel content [49]. Hydrogen invasion into metals in cryogenic environments is 

not as active as room temperature, but due to the absence of the results about the hydrogen 

sensitivity of 9% nickel steels, it is not recommended to apply 9% nickel steels to liquefied hydrogen 

environments or cryogenic environments involving exposure to hydrogen.

The mechanical performance of 9% nickel steels and INVAR, which may be used as a base metal 

for LNG storage vessels, is summarized below. However, in the absence of previous reports about 

the application of the two materials to liquefied hydrogen environments, the data are provided with 

reference to the previous reports mostly centered on LNG storage temperature. Table E.8 shows the 

chemical composition of 9% nickel steel according to Volume 2 (Materials and Welding) of the Korean 

Register Rules for Steel Ships, and that of INVAR, which is 36% nickel alloy according to ASTM 

F1684.
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| Table E.8 | Chemical composition of Nickel alloy 

Alloy Ni S P Mn Si C

9% Ni 8.5~10.0 max 0.005 max 0.02 0.38~0.90 max 0.35 max 0.10

INVAR 36~36.5 max 0.0015 max 0.008 max 0.2 max 0.25 max 0.04

E.2.2 Effect of Temperature

E.2.2.1 Tensile Test

Table E.9 summarizes the results of the tensile test performed with 9% nickel alloy and INVAR at 

room temperature and 110 K, and the remarks are described below.

- As the temperature was decreased, the yield strength and tensile strength of both materials were 

increased.

- 9% nickel steels: The elongation and the cross-sectional area reduction rate were decreased 

at low temperature.

- INVAR: The elongation was increased at low temperature.

| Table E.9 | Effect of temperature on tensile property of nickel alloy

Material
Temperature

(K)
0.2% Proof stress 

(MPa)
Tensile strength 

(MPa)
Elongation

(%)
Reduction of 

area (%)
Ref.

9% Ni
300 714 826 28 70

[148]
110 925 1046 27 58

INVAR
293 280 507.5 40 60

[138,164]
110 529.6 870.6 57 -

E.2.2.2 Impact Test

| Table E.10 | Effect of temperature on impact property of nickel alloy

Material Test environment (K) Impact energy (J) Ref.

9% Ni
77 175

[151]
300 275

INVAR 77 100 [152]
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E.2.2.3 Thermal Properties

| Table E.11 | Thermal properties of Nickel alloys

Material Temperature(K)
Thermal 

conductivity
(W/m·k)

Linear thermal 
expansion(m/m)

Instantaneous thermal 
expansion
(10-6/K)

Ref.

9% Ni
300 17.2 - 10.97

[153]
110 30.37 - 7.67

INVAR

300 14 0 1.2
[68]

110 8.081 - -

20 1.65 -40x10-5
0 [68]

E.3 Aluminum Alloy

E.3.1 General

Aluminum alloys show excellent mechanical properties, including strength, fatigue resistance and 

fracture toughness. The mechanical properties are influenced by the alloy composition, processing 

and thermal treatment. Aluminum alloys are easily forged into accurate and complicated shapes, 

since they are very soft at normal forging temperature, and they do not generate scale during 

heating. Aluminum alloys, forming aluminum oxide on the surface, have excellent corrosion resistance 

[154]. According to AIAA-G095, most materials are embrittled by hydrogen even at relatively high 

pressure at cryogenic temperature, but aluminum is one of the few metals that are known as 

minimizing the sensitivity to hydrogen, effectively removing hydrogen embrittlement. 5083 aluminum 

alloy is currently used as a material for LNG fuel storage tanks, and 6061 aluminum alloy is used 

as a material for solid hydrogen storage vessels and applied to hydrogen tanks for aircrafts. 

Therefore, the investigation was performed about the evaluation of the hydrogen embrittlement 

resistance of 6061 aluminum alloy, and the mechanical behavior of 5083 and 6061 aluminum alloys 

in cryogenic environments. Table E.12 according to Volume 2 (Materials and Welding) of the Korean 

Register Rules for Steel Ships shows the chemical compositions of aluminum alloys.
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| Table E.12 | Chemical compositions of aluminum alloys

Al alloy Si Fe Cu Mn Mg Cr Zn Ti

5083 max 0.4 max 0.4 max 1.0 0.4~1.0 4.0~4.9 0.05~0.25 max 0.25 max 0.15

6061 0.4~0.8 max 0.7 0.15~0.4 max 0.15 0.8~1.2 0.04~0.35 max 0.25 max 0.15

E.3.2 Effect of Hydrogen

E.3.2.1 Hydrogen Concentration

The issues involving hydrogen in aluminum are usually raised in the formation of voids that are 

exposed to moisture and filled with gas in the melting, casting and solidifying processes. The voids 

affect the mechanical properties of casting and processing products, such as ductility and fatigue 

toughness [67].

It was found that the mechanical performance of aluminum and its alloys was not significantly 

affected by hydrogen pressurized to 69 MPa. However, electrochemical charging of hydrogen to 

high-strength aluminum alloys in an aqueous solution can cause an increase of ductility. The key 

mechanism of embrittlement of aluminum alloys in hydrogen medium is probably stress corrosion 

cracking rather than the pure hydrogen embrittlement effect [67].

E.3.2.2 Tensile Test

| Table E.13 | Effect of hydrogen condition on tensile property of aluminum alloy

Material
Pre-chargin

g
Test condition

(in-situ)

0.2% Proof 
stress 
(MPa)

Tensile 
strength
(MPa)

Elongation
(%)

Reduction of 
area
(%)

Ref.

6061-T6 None
Air 272 310 41.0 14.5

[39]
10 MPa H2 252 287 19.9 54.6

E.3.2.3EE.3.2.3 Impact TestE.3.2.3 Impact TestE.3.2.3 Impact TestE.3.2.3 Impact TestE.3.2.3 Impact TestE.3.2.3 Impact Test E.3.2.3 Impact TestImE.3.2.3 Impact TestE.3.2.3 Impact TestpaE.3.2.3 Impact TestE.3.2.3 Impact Testct E.3.2.3 Impact TestE.3.2.3 Impact TestE.3.2.3 Impact TestTE.3.2.3 Impact TestestE.3.2.3 Impact TestE.3.2.3 Impact TestE.3.2.3 Impact Test

No study has been conducted on an impact test with hydrogen-charged aluminum alloys.
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E.3.3 Effect of Temperature

E.3.3.1 Test Tensile

Table E.14 shows the data about the strength, elongation, and cross-sectional area reduction rate 

of 5083 and 6061 aluminum alloys at room temperature and cryogenic temperature. The data 

indicates that the strength was increased with the decrease of the temperature. The tensile strength 

and yield strength of the aluminum alloys are lower than those of stainless steels.

From the viewpoint of ductility evaluation, both the elongation and cross-sectional area reduction 

rate of 5083 aluminum alloy were increased, as the temperature was decreased. In particular, the 

cross-sectional area reduction rate at room temperature was very small, because necking did not 

occur [155]. In the case of 6061 aluminum alloy, the elongation was decreased and the 

cross-sectional area reduction rate was increased at room temperature and 20 K.

| Table E.14 | Effect of temperature on tensile property of aluminum alloy

Al alloy
Temp.

(K)
0.2% Proof stress 

(MPa)
Tensile strength 

(MPa)
Elongation

(%)
Reduction of area 

(%)
Ref.

5083-O
300 170 179 19 12

[155]
110 315 421 28 44

6061-T6
300 272 310 41 15

[39]
20 346 492 13 24

E.3.3.2 Impact Test

Table E.15 shows the impact absorption energy of 6061 aluminum alloys. It was decreased, as 

the temperature was decreased. An impact test may need to be performed at 20 K and 4 K.

| Table E.15 | Effect of temperature on impact property of aluminum alloy

Material Temperature (K) Impact energy (J) Ref.

6061-T6
77 24

[156]
298 37

5083-O
77 22

[157]
298 245
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E.3.3.3. Thermal properties

| Table E.16 | Thermal properties of aluminum alloy

Material
Temp.

(K)
Thermal conductivity

(W/mk)
Linear thermal 

expansion (m/m)

Instantaneous 
thermal expansion

(10-6/K)
Ref.

5083-O
300 118 +16 x 10-5 23.2

[72,172]
20 17.2 -415 x 10-5 0.2

6061-T6
300 - +16 x 10-5 23.2

20 - -415 x 10-5 0.2

E.4 High Manganese Steel

E.4.1 General

Table E.17 shows the chemical compositions of high-manganese steels according to KS D 3031. 

Other particular composition conditions are described below.

- Cr equivalent (Cr+1.5Si+Mo+5V+3Al+0.5Nb+1.5Ti): 0 to 20.0

- Ni equivalent (Ni+0.87Mn+0.33Cu+30C+30(N-0.045)): 28.0 to 48.0

- Nb+Ti+V: 0 to 0.3|

| Table E.18 | Chemical composition of austenitic high-manganese steel [159]

Material C Si Mn P S B N

High-Mn 0.2~0.6 0.1~1.0 22.0~26.0 max 0.03 max 0.01 max 0.01 max 0.15
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E.4.2 Effect of Hydrogen

E.4.2.1 Hydrogen Concentration

| Table E.19 | Hydrogen concentration of High manganese steel

Material
H2-charging Hydrogen concentration 

(ppm)
Ref.

Condition Time

High-Mn

4% NaOH, 100A/m2 6 hour 25 [160]

10MPa H2 300℃ 
- 2.68

[128]
8 days 41.44

E.4.2.2 Tensile Test

Table E.20 shows that the yield strength of high-manganese steels is decreased after hydrogen 

charging. The yield strength of the materials is decreased by hydrogen charging. Although the plastic 

deformation capacity of the materials is increased, as the mobility of the dislocations is increased. 

However, dislocation pile-up is rapidly caused at obstacles such as microstructural grain boundary, 

and then early fracture occurs. With regard to the yield strength and elongation, the reduction of the 

elongation was relatively enhanced as the strength was increased [71].

| Table E.20 | Effect of hydrogen condition on tensile property of high manganese steel

Pre-
charging

Test 
condition

0.2% Proof stress 
(MPa)

Tensile strength
(MPa)

Elong.
(%)

Reduction of 
area (%)

Ref.

-

4% NaOH,
100A/m2,48hr

381 861 54 -

[160]

15MPa H2 
300℃, 72hr

410 884 41 -

10MPa H2, 
25℃

380 685 21 -

Air 455 934 57 -

-
10MPa H2 381 677 21.7 18.8

[39]
Ar gas 379 910 60.9 49.7

10 MPa H2, 
300℃

Air, RT 405 724 24.6 24.2

Air, 20 K 1076 1394 13.7 17.2

- - 900 40 -
[128]

300℃ 10MPa H2, 8days - 810 26 -
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E.4.2.3 Impact Test

As the temperature is decreased, the absorbed energy is decreased. The absorbed energy of the 

hydrogen-charged specimens was lower than that of the non-charged specimens. Table E.21 

shows that the energy absorption by the hydrogen-charged and non-charged specimens is 

decreased with the decrease of the testing temperature, which suggests a decrease of the 

toughness. This means that hydrogen charging does not have a significant effect on the Charpy 

impact toughness of high-manganese steels. There is a difference in the absorbed energy, but the 

difference is not significant [128].

| Table E.21 | Effect of hydrogen on impact property of high manganese steel

Material Pre-charging
Test condition

(℃)
Absorbed energy

(J)
Ref.

High-Mn

-

25 95

[128]

-50 95

-120 75

-150 71.6

-196 63.9

10MPa H2 300, 
8days

25 92

-50 89

-120 66

-150 65.4

-196 52.5

E.4.3 Effect of Temperature

E.4.3.1 Tensile Test

Table E.22 shows that as the testing temperature is decreased, the yield strength and extreme 

tensile strength are increased but the elongation is decreased.
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| Table E.22 | Effect of temperature on tensile property of high manganese steel

Material
Temp.
(℃)

0.2% Proof stress 
(MPa)

Tensile strength 
(MPa)

Elongation 
(%)

Reduction of 
area(%)

Ref.

High-Mn

25 470 901 54 57.7

[131]-100 569 1038 49 -

-163 691 1125 45 -

-253 1065 1404 20.7 14.4 [39]

E.4.3.2 Impact Test

| Table E.23 | Effect of temperature on impact property of high manganese steel

Material Temperature (K) Absorbed energy (J) Ref.

High-Mn

300 290

[128]

173 230

77 150

20 -

4 -
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